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ABSTRACT
Geopolymerization has been considered as a new technology to replace the ordinary Portland
cement in construction industry. It provides an option to manage the industry waste and byproducts
like fly ash, mine tailings. At the same time, the CO2 emissions can be reduced about 80%
compared to that of ordinary Portland cement.
The present research includes three main parts. First part is applying mine tailings as construction
materials using geopolymerization method. The study is focused on efficiently activating mine
tailings, reducing alkali consumption, decreasing curing time and improving compressive strength.
We investigate the activation temperature effects, the impacts of additives and effects of forming
pressures. The results show that a 40 MPa unconfined compressive strength (UCS) can be achieved
with the geopolymerization samples after mine tailings are activated by sodium hydroxide at
170°C for 1 hour with the addition of calcium hydroxide and alkali dissolved aluminium oxide,
further compressed with a 10 MPa forming pressure and finally cured at 90°C for 3 days. To
elucidate the mechanism for the contribution of additives to geopolymerization, microscopic and
spectroscopic techniques including scanning electron microscopy/ energy-dispersive X-ray
spectroscopy (SEM/EDX), X-ray diffraction (XRD), and Fourier transform infrared (FTIR)
spectroscopy are used to investigate the micro/nanostructure and the elemental and phase
composition of geopolymerization specimens. The stress-strain behavior was also characterized.
The results shows that the mechanical behavior is similar with that of concrete and the dynamic
modulus is 22 GPa, which is comparable with that of concrete. The Young’s modulus of
geopolymer product was also calculated and the value is in the range of 2.9 to 9.3 GPa. The
findings of the present work provide a novel method for the geopolymerization of mine tailings as
construction materials.
Second section is applying fly ash as a high strength water-resistant construction material. Through
the present investigation, a procedure has been studied. The experiment results indicate that the
concentration of NaOH, water content, and curing condition can significantly affect the
mechanical property of geopolymer matrix. At the same time, the chemical composition, especially
the Si/Al ratio and calcium content, is also an important factor during geopolymerization. XRD
results show that the amorphous feature can be observed for both high and low calcium fly ash. It
is the key of the success of geopolymerizaton due to its high reactivity. XRD, FTIR and SEM tests
were performed to study how experiment conditions and the properties of fly ash affect
geopolymerization. The obtained compressive strength of the geopolymerization product can reach
above 100 MPa. The stress-strain behavior was also characterized. The results shows that the
dynamic modulus is 36.5 GPa,The product obtained from the present work shows very high water
resistance without losing any compressive strength even after a one month soaking time.
Third part is applying the mixture of class C fly ash and mine tailings as construction materials.
Through the present investigation, a protocol has been set up. The experiment results of the present
work also help set up the working conditions such as activation temperature and time, the
concentration of NaOH, the addition of Ca(OH)2, forming pressure, mine tailing to class C fly ash
weight ratio, curing temperature and curing time. To elucidate the mechanism for the contribution
of additives to geopolymerization, microscopic and spectroscopic techniques such as SEM/EDX,
X-ray diffraction and FTIR spectroscopy were used to investigate the micro/nanostructure and the
10

elemental and phase composition of geopolymerization composite. The obtained compressive
strength of the geopolymerization product can reach above 60 MPa.The stress-strain behavior of
the geopolymer matrix of the mixture of mine tailing and fly ash were also characterized and the
results show that the mechanical behavior is similar to that of concrete with a 24 GPa dynamic
modulus. The Young’s modulus of geopolymer product was also calculated and the value is in the
range of 4.0 to 13.5 GPa. The findings of the present work provide a novel method for the
geopolymerization of the mixture of mine tailings and class C fly ash as construction materials,
such as bricks for construction and road pavement.
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CHAPTER 1 INTRODUCTION
LITERATURE REVIEW
Background
Undesirable pollutants are produced and released into the environment along with the
industrialization. Each year, a considerable amount of mine tailings are generated in the mining
industry. Mining tailings are fine grained waste material generated from mineral processing, 370
tons mine tailings being produced for 1 ton metal based on 0.3% ore grade and 90% total recovery.
Because the D80 particle size is around 200 um, storage of mine tailings in impoundments has
several safety and environmental problems, including tailings dam failure, leaching out of heavy
metal, dust problem. In addition, in recent years, there is an increasing awareness on another waste
material, fly ash, which is produced during the combustion of coal in the power plant for electricity
generation. It is reported that 52 million short tons were generated in the United States, 2012. Most
common management of the fly ash is to dispose it in landfills at suitable sites. However, this
method still has the potential threat to ground water contamination due to the toxic metals in fly
ash. Industry is looking for a new technology that can handle the waste materials and by product
easily, economically and effectively. Disposal of the waste materials containing hazardous metal
should meet two requirements. Firstly, safe chemical immobilization, keep the hazardous metal
from releasing into ground water. Secondly, the waste materials are structural stable with respect
to different environment condition [1].
On the other hand, cement manufacturing requires the thermochemical processing of substantial
amounts of raw materials, including limestone, clay, gypsum and fuel. 6000-14000 m3 dustcontaining air-streams is generated during the production of one ton cement. At the same time, a
large amount of greenhouse gas CO2 is released to the atmosphere as a result of de-carbonation of
lime in the kiln during the manufacturing of intermediate product called clinker [2, 3].
5 CaCO3 + SiO2  3 CaO ·SiO2 + 2 CaO ·SiO2 + 5 CO2

(1)

A technology was therefore needed to substantially or partially replace Portland cement.
Geopolymers emerged as a possible solution can easily and economically handle large amount of
waste materials and by products, to solve the above problems.
Geopolymerization
Since the transformations of some volcanic rocks into zeolites takes place during formation of
sedimentary rocks at low temperatures and pressure, Victoe Glukhovsky assumed that, it might be
modelled and carried out in cementitious systems. In 1950s, Glukhovsky and Pavel Krivenko
developed alkali activated systems, containing calcium silicate hydrated (CSH) and aluminosilicate phases, which were used to build a building in Russia. These alkaline alumino-silicate
cementitious systems were first called ‘‘soil silicates’’ [4-6].
In 1972 Davidovits developed amorphous to semi-crystalline tri-dimensional alumino-silicates
materials by mixing alumino-silicate powder with highly concentrated alkali hydroxide or silicate
solution at low temperature and short time [7]. It is a kind of mineral polymer material with 3-D
cross-linked polysialate chain (Fig.1) [8]. This inorganic polymer was later called “geopolymer”
12

(mineral polymers resulting from geochemistry) [9]. The geopolymer exhibits several advantages
over the traditional construction materials such as rapid strength development, excellent heat and
fire resistance, stabilization of toxic and radioactive materials.

Figure 1 Computer molecular graphics of polymeric Mn-(-Si-O-Al-O-)n poly(sialate)
The basic process of geopolymerization involves leaching of Si and Al from the solid aluminosilicate materials in the strongly alkaline aqueous solution, diffusion of dissolved Al and Si from
particle surface, polycondensation reaction of geopolymeric precursors to form a threedimensional alumino-silicate framework, and bonding of the solid particles into the geopolymeric
framework and hardening of the whole system into a final solid polymeric structure [10]. Xu and
Van Deventer [11] proposed the following reaction scheme for polycondensation during
geopolymerization.
Al-Si material (s) + MOH (aq) + Na2SiO3 (s or aq) (M: alkali metal)

(2)

Al-Si material (s) + [Mz(AlO2)x(SiO2)y·nMOH·mH2O] gel

(3)

Al-Si material (s) [Mz((AlO2)a(SiO2)b)nMOH·mH2O]

(4)

In reaction (2) and (3), the extent of reaction in Al-Si material depends on the particles size and
the concentration of alkaline solution. Alkali metal hydroxide is necessary for the dissolution of
silica and alumina as well as for the catalysis of the condensation reaction. Since aluminum is four
fold, some cations must be present to play a charge-balancing role, keep the structure neutrality.
13

Cation is either bonded into the matrix via Al-O or Si-O or present in the framework cavities [12].
The amorphous to semi-crystalline three dimensional structures are formed at reaction (4). The
empirical formula is displayed as [Mz((AlO2)a(SiO2)b)n·mH2O], n is the degree of
polycondensation. The different types of polysialates are illustrated in Fig. 2 [13].

Figure 2 Types of polysialates[13].
Dissolution of the initial materials is the major step. Polysialate species are liberated from aluminosilicate powder in a similar way as in the formation of zeolite precursors, but there is no sufficient
time for crystal growth [14]. Geopolymers with tightly packed polycrystalline structure are formed
after shorter setting and hardening time. It exhibits better mechanical properties than zeolites,
which have lower density and cage-like crystalline structure [15]. In addition, Geopolymers set at
lower temperature than that required for zeolite preparation. It is believe that factors affecting the
synthesis of zeolite, including pH, temperature and cations, also affect the geopolymerization [10].
Geopolymerization involves a chemical reaction between various alumino-silicate with silicates
under highly alkaline conditions. It offers attractive option to stabilize the large volume of waste
materials for simple industrial applications [1]. Geopolymer is essentially different with ordinary
Portland cement. Pozzolanic cement depends on the calcium-silicate hydration to attain structural
integrity, however, polycondensation and hardening are the key steps to obtain structural strength
during geopolymerization [16].

Resource materials for geopolymerization
The resource materials play an important role in the microstructure and properties of geopolymer.
A lot of researchers use different materials to develop various methods to improve the performance
of geopolymer. Materials rich in Si, like fly ash, slag and mine tailings, and materials rich in Al,
14

like kaoline and metakaoline, are the primary requirement for undergo geopolymerization. Some
materials, such as water glass, calcium hydroxide, high calcium minerals, glass fiber, and so on,
are utilized as additive to obtain good mechanical properties.
Fly ash
Fly ash, one of important resource materials, is produced by the combustion of pulverized coal in
power stations. Its chemical composition depends on the mineral composition. In general, fly ash
can be divided into Class C and Class F based on the CaO% by weight according to ASTM C 618.
An indication of the composition for both low and high calcium is given in Table 1 [17].
Table １ Range of chemical composition for low and high calcium fly ashes
Class F (%)

Class C (%)

SiO2

47.2 to 54

18 to 24.8

Al2O3

27.7 to 34.9

12.1 to 14.9

Fe2O3

3.6 to 11.5

6.3 to 7.8

CaO

1.3 to 4.1

13.9 to 49

MgO

1.4 to 2.5

1.9 to 2.8

SO3

0.1 to 0.9

5.5 to 9.1

Na2O

0.2 to 1.6

0.5 to 2

K2O

0.7 to 5.7

1 to 3

Class F fly ash contains less than 10% CaO. It is produced by the burning of harder, older anthracite
and bituminous coal typically. This fly ash possess pozzolanic properties, it requires calcium
hydroxide in order to form strength-imparting products. Class C fly ash generally contains more
than 10% CaO, it is produced from the burning of younger lignite or sub-bituminous coal. In
addition to having pozzolanic properties. Class C fly ash also has some self-cementing properties.
Several researches demonstrated that fly ash rich in calcium can produce calcium silicate hydrate
(CSH) gel when activated with alkaline solution, which is beneficial to the strength development.
A number of studies were conducted using the fly ash as the resource material for
geopolymerization, which were reported in Table 2. The effects of activating solution, Si/Al ratio,
curing regime and additives were studied. The compressive strength, resistance to chemical attack
and elevated temperature, durability and immobilization of heavy metals were tested. The results
indicate that the fly ash based geopolymer not only possess properties comparable to Portland
cement, but also has additional advantages, including high early strength, good durability,
satisfactory resistance to chemical attack, ability to immobilize the toxic metals, and significantly
15

reduced energy consumption and CO2 emission. It was reported that the particle size of the fly
ashes is the key in the development of the mechanical strength. Fernandez-Jimenez and Palomo
stated that the mechanical strength increased significantly when the particles with size larger than
45 um were removed [36]. Marjanovic [37] also observed that the reduction in particle size of
Class F fly ash resulted in drastic increase of geopolymer compressive strength. The strength can
reach up to 70 MPa when the D50 is around 10 um, and the strength is lower than 10 MPa when
the D50 higher than 20um. Fly ash spheres contain amorphous (glass) and crystalline phases,
mostly mullite, quartz and unburned carbon residue. It is believed that the reactivity of fly ash
depends on the property and portion of the amorphous phase [19, 20, 22].
Kaolinite and metakaolin
The use of kaolinite and other clays dates back to 1974 for the encapsulation of radioactive wastes
into monolithic solid. They are aluminosilicate materials with high pozzolanic activity comparable
to or exceed the activity of silica fume when thermally activated at temperature between 600 °C
and 900 °C. The thermal treatment cause the crystalline structure of the clay material to be
destroyed, while the silica and alumina remain active amorphous state. The pozzolanic reactivity
depends upon the clay mineral content and the heat treatment condition. The use of kaolinite for
geopolymerization process has been extensively investigated. Davidovits firstly synthesized
geopolymers using kaolinite [38]. Later many other researchers also studied the manufacture of
geopolymers and their industrial applications using kaolinite as additive [15, 39, 40]. Xu and Van
Deventer claimed that the addition of kaolinite is necessary to others alumino-silicate sources,
since it can provide additional Al source [11]. However the low dissolution rate of Al requires
sufficient time for interactions among the source materials. There are two major processes
involved in the mineral phase transformation of kaolinite in alkaline solutions.
1. Dissolution of kaolinite releasing monomeric Si and Al
Al2O3 ∙ SiO2 ∙ 2H2O + 6 OH- → 2Al(OH)4- + 2H2SiO42(5)
2. Precipitation of the hydrosodalite
6Al(OH)4- + 6H2SiO42- + 6Na+ → Na6Si6Al6O24 + 12 OH- +12 H2O
(6)
Although the use of kaolinite as the addition to other alumino-silicate materials has been
previously reported, few people use kaolinite alone without presence of other alumino-silicates in
geopolymer synthesis. It is claimed that a weak structure is formed when kaolinite is used alone
[41].
The use of metakaolin, thermally treated from kaolinite mineral, is also a well-documented practice.
It was not only used as main raw materials in the geopolymerization, but also used as an additive
to other industrial waste materials, such as red mud, furnace slag, fly ash and rice husk ash [4246].
The reaction for kaolinite and metakaolin in the process of solidification is similar [47]. The only
difference is that the dissolution of kaolinite starts on the out face of the crystal, then continues
layer by layer from the edge to inside. On the other side, the dissolution of metakaolin starts at the
edge and surface of the amorphous region. The metakaolin’s reactivity is higher than that of
kaolinite, and the hardening is faster [48].This can be explained that the structure of kaolinite is
changed from crystalline to amorphous after the calcination. It is believed that amorphous structure
displays higher reactivity [49].
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Industrial waste materials
Slags
Slags from the extracting metal process, especially from pyrometallurgy process, are used
individually or as a partial resource materials to produce geopolymers. It is claimed that blast
furnace is the most convenient precursor for slag-based geopolymer. Puligilla and Mondal [50]
conducted the reserach into the use of ground granulated blast furnace slag and class F fly ash for
the production of geopolymer. It was found that (a) the addition of slag can increase the hardening
rate and (b) the calcium that dissolves from slag significantly influences both early and late age
properties. Islam et al. [51] used ground granulated blast furnace slag, palm oil fuel ash, and low
calcium fly ash produced geopolymers, the specimens were covered with plastic film and cured at
65 ℃ for 24 h. The compressive strength can reach up to 66 MPa with the optimum composition.
Chen and Chiu produced geopolymers by using granulated blast furnace and metakaolin. It was
concluded that activation rate correlates well with temperature, particle size distribution, the
mineral composition of the resource materials, as well as the type and concentration of activator
[52].
Most slags for geopolymer production reported in literature have a high content of CaO. However,
Nazari and Sanjayan produced geopolymers using aluminium and grey cast iron slags, which have
low amount of CaO [53]. It is indicated that slag based geopolymer can be synthesized at
appropriate ratios of aluminium slag (alumina source) and grey cast iron slag (silica source). The
compressive strength can reach up to 72 MPa after 28 days curing.
It has been proved that the calcined materials such as slag, fly ash, and the metakaolin possess high
reactivity compared to non-calcined materials [54, 11]. This can be explained by that the materials
are activated during calcination by changing the crystalline structure to amorphous phase, and the
extra energy is stored in amorphous phase [49].
Mine tailings
The disposal of mine tailings is becoming more serious with the increasing mining activities. It
requires consolidation of the tailings, and immobilization of the contaminants. Geopolymerization
process can be applied to stabilize the mine tailings, the silicon and aluminum rich mine tailing
are suitable raw materials for geopolymerization (Table 3).
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Table ２ Range of chemical composition for low and high calcium fly ashes
No

Raw materials

1

Fly ash - C

Additives
(Mass %)
-

SiO2/Al2O3
(at Wt)
2.03

2

Fly ash - C

-

2.26

NaOH + Na2O ∙ SiO2

3

Fly ash - C

-

1.65

NaOH

4

Fly ash - C

-

2.12

NaOH + Na2O ∙ SiO2

5

Fly ash - C

-

2.00

NaOH + Na2O ∙ SiO2

6

Fly ash - C

Rice husk bark
ash (20%)

1.52

NaOH + Na2O ∙ SiO2

7

Fly ash - C

Cement (10%)

2.42

NaOH + Na2O ∙ SiO2

8
9

Fly ash - C
Fly ash - F

Cement (12%)
-

1.64
1.54

NaOH + Na2O ∙ SiO2
NaOH + Na2O ∙ SiO2

10

Fly ash - F

-

1.79

NaOH

11
12

Fly ash - F
Fly ash - F

-

2.05
2.05

NaOH
KOH

13

Fly ash - F

-

2.09

NaOH

14

Fly ash - F

-

2.09

NaOH

15

Fly ash - F

-

1.81

NaOH

16
17

Fly ash - F
Fly ash – F

Aggregate (75%)
Kaolinite (14%)

1.62
1.67

NaOH + Na2O ∙ SiO2
NaOH + Na2O ∙ SiO2

18

Fly ash - F

Kaolinite (15%)

1.75

KOH + K2O ∙ SiO2

19

Fly ash - F

Sand (33%)

2.14

NaOH

20

Fly ash - F

Sand (75%)

2.49

NaOH + Na2O ∙ SiO2

Activator

Curing condition

NaOH + Na2O ∙ SiO2

65 ℃ for 2 days
Room temperature for 28 days at sealed
condition
Room temperature for 60 days
45 ℃ for 1 day at sealed condition, and at
room temperature for another 7 days
75 ℃ for 8 hours at sealed condition, and
at room temperature for another 28 days
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80 ℃ for 36 hours at sealed condition
40 ℃ for 1 day, and at room temperature
for another 28 days
45 ℃ for 1 day
40 ℃ for 7 days
75 ℃ for 30 days after 2 h precuring at
room temperature
85 ℃ for 1 days
85 ℃ for 1 days
85 ℃ for 1 day, and at room temperature
for another 1 day
85 ℃ for 1 day, and at 21 ℃ for another
28 day with 95% relative humidity
60 ℃ for 1 day at sealed condition, and at
room temperature for another 3 days
80 ℃ for 10 hours
23 ℃ for 7 days
30 ℃ for 1 day, and at room temperature
for another 6 days
85 ℃ for 20 hours with 98% relative
humidity
65 ℃ for 1 day

UCS
(MPa)
70

Ref
[18]

36.2

[19]

25

[20]

56

[21]

63.4

[22]

30

[23]

67

[24]

50
53

[25]
[26]

45

[27]

34.6
23.3

[28]
[28]

46

[29]

33.77

[30]

41.5

[31]

38.3
32.7

[32]
[33]

51.4

[16]

45

[34]

21

[35]

Van Jaarsveld et al. [55] reported that geopolymerization technology can be used to consolidate
gold mine tailings with fly ash as an additive. After 21 days curing at room temperature, the final
product exhibits satisfactory compressive strength and durability, as well as low permeability. Ye
et al. [56] successfully synthesized geopolymer from the tailing of bauxite and fly ash with sodium
silicate and sodium hydroxide as the alkali activator. The specimens were cured at room
temperature and relative humidity of 95% for 7 days before tested. The results indicates that the
compressive strength can reach up to 55 MPa with optimal activating conditions. At the same time,
the specimens exhibit good resistant to elevated temperature below 400 ℃. However, their process
involved a thermal treatment, which renders the process unattractive from an environmental and
economic perspective. Barrie et al. [57] studied the geopolymers synthesised using volcanic glass,
calcined halloysite-rich clay and mine tailings. Tests were performed to determine the compressive
strength and immobilization of heavy metals. The results indicate that a water insoluble
geopolymer with a compressive strength of 30 MPa was synthesised, but the geopolymerization
does not cause a complete immobilization of heavy metals. Jiao et al. [58] utilized vanadium tailing
to synthesize thermally stable geopolymers. For geopolymer synthesis, the milled vanadium tailing
was combined with fly ash and activated by sodium silicate. Results showed that apparent damage
to its microstructure was not observed after heat treatment at elevated temperature. They suggested
that the vanadium tailing was potential for synthesizing fire-resistant geopolymer products. Zhang
et al. and Ahmari et al. [59, 60] studied production of geopolymer using copper mine tailings, with
addition of 0 to 10% cement kilin dust. They use sodium silicate and sodium hydroxide as the
alkali activator, and the specimens were cured at 90 ℃ for 7 days before tested. The results indicate
that the addition of cement kilin dust can enhance the strength significantly. The water absorption
of final product is slightly higher than ASTM standard, and 23% of strength was lost after
immersion in water. These studies reveal the possibility of apply geopolymerization technology to
consolidate and utilize mine taiings. However, the studies to use 100% mine tailings as raw
materials are very limited and very few studies have been carried out to study the durability of
geopolymer products in water.
Alkali activators
Strong alkali is usually required for geopolymer production and it has a twofold role. Firstly, it
helps dissolve the alumino-silicate oxide to provide the liberated Si and Al complex, which is the
first and basic step of geopolymerization. Secondly, it provides a charge balancing mechanism for
the substitution of tetrahedral Si and Al [61]. Van Jaarsveld [55] claims that almost all stages of
geopolymerization is controlled and affected by alkali metal cations, especially during gel
hardening and the structure formation of geopolymer.Theoretically, any alkali cations can be used
as the alkali metal for geopolymer production. However, most of the researches have focused on
sodium and potassium ions. Panagiotopoulou et al. [62] conducted the research to compare the
dissolution effects between NaOH and KOH using different alumino-silicate minerals as raw
materials. It is reported that the extent of dissolution is higher when NaOH is used. This can be
attributed to the fact that the size of Na+ is smaller, which displays strong pair formation with
monomers and dimers present in the solution, enhancing thus the minerals dissolution rate [49, 63].
Phair and Van Deventer claimed that K+ allows more dense and intimate polycondensation
reactions that enhance the overall strength of the matrix, since the K+ has a smaller hydration sphere
than Na+ [64]. Both Na+ and K+ affect the degree of polycondensation in different ways. The
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addition of KOH may increase the degree of polycondensation, while the addition of NaOH tends
to increase the quantity of monomeric silicate.
The selection of alkali metal depends on many factors. The most important thing is the type of
resource minerals as well as the future application of the produced geopolymers [55].
Existing and potential applications of geopolymer
Geopolymer has been continually investigated during the past decades as a new emerging material
with many desirable and unique properties. A significant property is the high early strength. In
1991, the world was impressed on how fast the US air force built temporary military airports during
the Gulf War. One of the reason of this efficiency is the application of the rapid high strength
geopolymeric cement. The geopolymeric cement harden rapidly at room temperature and may
reach a compressive strength of 20 MPa after 4 hours. Hardjito et al. [65] studied the strain and
stress behavior of fly ash based geopolymers. They claimed that the Young’s modulus, Poisson’s
ratio, tensile strength of fly ash based geopolymer is similar to those of Portland cement concrete.
The measured stress-strain relations of the geopolymer also fit well with the measured equations
for Portland cement concrete.
The unique properties of the geopolymer also include the long-term durability. Wallahe et al.
claimed that the geopolymer concrete possesses low creep and little shrinkage properties [66].
Hardjito [67] also reported that the drying shrinkage strain of fly ash based geopolymer concretes
were found to be insignificant. It was reported that there is no significant effect on geopolymer
concrete after 12 to 24 weeks of sulfate exposure. The results indicated that the variance of
compressive strength and length change of the geopolymer was extremely small [66]. Davitovits
[68] also performed the acid resistance test of geopolymers with 5% HCl and H2SO4, and compare
it with traditional Portland cement concrete. The results shows that the geopolymers possess better
durability in acid environment.
Geopolymer can be made from recycled mineral wastes and the CO2 emissions from traditional
cement and concrete industries can be reduced almost of 80% by the introduction and use of
geopolymeric concrete [69]. Rangan et al. [70] reported that the production of fly ash based
geopolymer concrete may be 10-30% cheaper after taking into account the cost of activator and
fly ash. All of these advantages make geopolymerization a promising technology for new
construction materials.
Cheng and Chiu [52] reported that the granulated blast furnace slag-based geopolymer possess
good fire resistance property. For fire resistance tests, a 10 mm geopolymer panel was exposed to
1100 ℃ flame and the measured reverse-side temperatures reaching less than 350 ℃ after 35 min.
They also observed that the compressive strength can be raised and the fire resistance
characteristics can also be improved with increasing K2O content.
Presently, geopolymerization technology has received significant attention for the immobilization
of toxic metals and radioactive wastes. Heavy metals can be immobilized through a combination
of physical encapsulation and chemical bonding into the amorphous phase of the geopolymeric
matrix. It is claimed that the metal cation can be incorporated into the geopolymeric network,
potentially reduce the leaching rate [71]. Davitovits [68] stated that the geopolymeric matrix is
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Table ３ Studies on geopolymerization of mine waste
No.

Raw materials

Activator

Curing condition

Primary findings

Ref

1

Gold mine tailings

Alkaline Silicates

Room temperature for 21 days

Compressive strength with 23 MPa,

[55]

(60-75%) and fly ash-F
2

Calcined bauxite mine

satisfactory durability and permeability
NaOH + Na2O ∙ SiO2

Room temperature curing for 7

Compressive strength with 55 MPa, resistant to

days with 95% relative humidity

elevated temperature below 400 ℃

Room temperature curing for 7

Compressive strength with 30 MPa, incomplete

glass and calcined halloysite-

days, and at 60 ℃ for another 24

immobilization of heavy metals

rich clay

hours

tailings and furnace slag

[56]

(30%)
3

4

Gold mine tailings, volcanic

Milled vanadium tailings and

NaOH + Na2O ∙ SiO2

NaOH + Na2O ∙ SiO2

fly ash-F (30%)

After exposed to the pressure of

High compressive strength with 97 MPa,

20 MPa for 30 s, curing at room

resistant to elevated temperature (900 ℃)

[57]

[58]

temperature at 28 ℃ for 7 days
5

Copper mine tailings

NaOH + Na2O ∙ SiO2

90 ℃ oven curing for 7 days

Compressive strength with 33 MPa, water

[59]

absorption can meet the ASTM standard
6

Copper mine tailings and

NaOH + Na2O ∙ SiO2

90 ℃ oven curing for 7 days

cement kilin dust (10%)

Compressive strength with 51 MPa, water
absorption is slightly higher than ASTM
standard, 23% of strength losses after
immersion in water
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[60]

very effective in immobilizing uranium waste and nuclear waste as shown in Figure 3. The toxic
metals were locked into the three dimensional framework. Geopolymeric matrix greatly minimize
the leaching of iron, cobalt, cadmium, nickel, zinc, lead, arsenic, radium and uranium. According
to Xu et al. [72], the heavy metal present in the waste materials seem to affect the chemical and
physical properties of the final product, while the immobilization behavior of a geopolymeric
system could be affected by the concentration of alkali activator.
Factors affecting unconfined compressive strength
Many researchers utilize the compressive strength measurement as a tool to assess the success of
geopolymerization. Not only due to the low cost and simplicity of the compressive strength testing,
but also due to the fact that the strength development is the primary consideration when the
materials are applied in the construction industry.

Figure 3 Percentage of toxic metals locked in geopolymeric matrix [68].
Alkali concentration
Putertas et al. [73] claimed that the alkali concentration is the most significant factor that controls
the compressive strength. The higher alkali content was found to promote the solubility of
aluminosilicate. It has been proven that the compressive strength, apparent density and the content
of amorphous phase of metakaolinite based geopolymers increased with the increasing the NaOH
concentration [74]. This can be explained by the fact that the dissolution of metakaolinite particles
was promoted and in turn the condensation of the monomer was accelerated in the presence of
higher NaOH concentration. Hanjitsuwan et al. [75] supported the idea that the pastes with high
NaOH concentration results in increased setting time and compressive strength due to a high
degree of leaching of silica and alumina. Luz Granizo et al. [76] reported similar idea that the
increasing pH of the activation solution enhanced the compressive strength of metakaolin based
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geopolymer. The effects of NaOH concentration on the compressive strength is summarized in Fig.
4.
70

Compressive Strength (MPa)

60

50

40

30

[18]
[20]
[21]
[77]
[78]
[79]

20

10
4

6

8

10

12
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16

18

Concentration of NaOH Solution (mol/L)
Figure 4 Compressive strength of geopolymer strength with various NaOH concentrations
High alkali concentration could enhance the chemical dissolution, benefit the strength and fire
resistance characteristics, however, an excess of OH- concentration decreases the strength of the
final product [80]. Higher the alkalinity of the hydration water results in slower hydration rate [81].
Wang et al. [82] indicated that additional NaOH tends to increase the strength of binder at early
stage, but the strength decreases at later age. The reason may be that the excessive NaOH results
in undesirable morphology and non-uniformity of hydration products in the pastes thereby
reducing the binder strength.
Silicate and aluminum ratio
One of the major factors controlling the property of geopolymer is the silicate and aluminum ratio.
The research indicates that maximum strength could be obtained when the Si/Al ratio in the range
of 1 to 3 (SiO2/Al2O3 = 1.2 to 3.6 by weight), the specific value depending on the source material
used [62]. Duxson et al. reported that the compressive strength of metakaolin based geopolymers
increased linearly from Si/Al =1.15 to Si/Al = 1.90, where the maximum strength is obtained [83].
It is believed that the unreacted particles with higher silica content act as the defect site and
adversely affects the final strength. Xu and Van studied the effects of Si/Al ratio on the
microstructure and mechanical properties of geopolymer by mixing different combinations of
kaolinite and fly ash. The results indicated that the mixture of kaolinite and fly ash with Si/Al ratio
of 2 has the highest compressive strength [49]. Jun and Oh [84] performed study using six different
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Korean Class F fly ashes. They reported that there was a clear inverse-proportional relationship
between the Si/Al atomic ratios of reaction products and the compressive strengths of samples.
The optimum ranges of Si/Al ratio are summarized in Table 4.
Table ４ Optimum ranges of Si/Al ratio in literature
No.

Raw Materials

Optimum Si/Al ratio

Reference

1

Kaolinite + Fly ash

2

[49]

2

Metakaoline

1.9

[83]

3

Fly ash + Kaolinite +albite

2.0 ~ 2.1

[85]

4

Metakaolin

3.4

[86]

5

Metakaolin

3.0 ~ 3.4

[87]

Calcium source
The presence of calcium compounds in the raw materials also plays an important role on the final
compressive strength. It has been proved that addition of calcium compounds as a fly ash substitute
improved mechanical properties for the ambient temperature cured samples [88]. Xu and Van
Deventer have found that the calcium has a positive effect on the compressive strength of
geopolymeric binders [63]. When the CaO is high, the amorphous structure Ca-Al-Si gel can be
formed, at the same time, high CaO content decreases the microstructural porosity. Both of them
in turn enhance the final product’s strength [12, 89]. Van Jaarsveld and Van Denventer in the study
of alkali activated fly ash reported that calcium containing compounds such as calcium silicates,
calcium aluminate hydrates, and calcium-silico-aluminates are formed during geopolymerization,
which affects the workability and setting of the matrix.
Curing condition
Curing conditions have strong impact on the formation of new phases. Several researchers studied
the effects of curing condition for different types of geopolymer (Table 5). Miller et al. investigated
the effect of curing time and temperature on the flexural properties of class C fly ash based
geopolymer. It was concluded that curing regime has a very significant impact on the physical and
chemical properties of final product. Geopolymers contain a relatively small amount of water, its
subsequent removal by evaporation is the critical step for obtaining crack free geopolymer. Perera
et al. indicated that curing at a relative low humidity is preferable, and the rapid drying should be
avoided [90]. Nguyen et al. [91] have proved that higher curing temperatures is beneficial to
compressive strengths due to the fact that all steps during geopolymerization need energy to occur,
although an increase in the curing temperature beyond 60 ℃ did not increase the compressive
strength significantly. They also indicated that at the same curing temperature, longer curing time
resulted in a higher compressive strength because the longer curing time extends the chemical
reaction. However other researches indicated that longer curing time at elevated temperature has
negative effects in the product’s structure and compressive strength [97, 16]. They believe that
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Table ５ The effect of curing regime on the compressive strength of geopolymer
No.

Types of
geopolymer

Curing condition

UCS (MPa)

24 hours procuring period followed by 36

1

FA based

49-60

2

FA based

3

FA-based

4

FA-based

5

FA-based

6

MK-based

40-100 ℃ oven curing

2-8

7

MK-based

20-80 ℃ oven curing for 7 days

17-52

8

MT-based

60-120 ℃ oven curing for 7 days

4-34

hours 30-90℃ oven curing
40-100 ℃ oven curing for different time

25-42

30-90 ℃ oven curing at sealed condition for
24 hours
30-90 ℃ oven curing at sealed condition for
7 days
30-90 ℃ oven curing at sealed condition for

compressive strength
higher curing temperatures and longer curing
times result in higher compressive strength

[18]

[32]

Optimum curing temperature is 90 ℃

[92]

18-77

Optimum curing temperature is 75 ℃

[93]

FA: fly ash, MK: metakaolin, MT: mine tailings, UCS: unconfined compressive strength
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Higher curing temperature results in higher

Ref

43-70

9-50

different time, age in air

Primary finding

optimum curing temperature is 75 ℃ with the
curing duration of not less than two days
Increase in temperature favors the strength
development
Elevated temperature accelerates the
strength development
Optimum curing temperature is 90 ℃

[94]

[95]

[96]
[59]

small amounts of retained structural water can avoid cracking and maintain structural integrity. In
general, adequate curing is recommended to obtain advanced mechanical and durability
performance.
Additives
Wide range of additives can be used to enhance specific property of geopolymer production.
Several researches were involved in the improvements of workability, final density, and toughness
by the proper choice of additive.
Addition of superplasticizers, polymeric molecules with several anionic segments, can improve
the workability of geopolymeric paste. The reason maybe that, after the superplasticizers are added,
the negative charged segments adsorb onto the surface of geopolymeric particles, which are
negative charged, this could increase the overall negative charge, and then the mutual repulsion of
the geopolymeric particles break up the flocculation and release the trapped water. The released
water reduces the porosity of hardened geopolymer product, which leads to higher density and
strength [98]. Hardjito et al. found that the workability of the fresh geopolymer concrete can be
improved by the addition of naphthalene-based superplasticizer without resulting in any
segregation and degradation in the compressive strength when up to 2% of this admixture by mass
of resource materials [94].
Geopolymer products are characterised by low tensile strength and toughness, and are sensitive to
micro cracking when they are used for infrastructure construction. Fiber is introduced to overcome
these deficiencies [99, 100]. Steel fiber is widely used in concrete for construction materials, but
the research on the utilization of steel fiber in geopolymer is limited. A range of non-metallic fibers
have been received attention for the enhancemenmt during the geopolymerization, particularly
toughness and thermal performance. These include, but not limited to, alkali resistant glass fiber,
E glass fiber, carbon fiber, basalt fiber.
Conclusion
Geopolymerization has been considered as a new technology to replace the ordinary Portland
cement in construction industry. It provides an option to manage the toxic metals in industry waste
and byproducts like fly ash, mine tailings, metakaolin, and furnace slag. At the same time, the CO2
emissions can be reduced about 80% compared to that of ordinary Portland cement.
The geopolymerization is influenced by many factors. The properties of resource materials, like
reactivity, amorphous phase, Si/Al ratio and calcium content, have substantial effects on chemical
and physical behaviors of final geopolymer product. The type and concentration of activator
utilized during geopolymerization also play an important role in geopolymer development. Curing
conditions, like temperature, time and humidity, seem to affect the development of compressive
strength. Stress-strain relationship, Poisson’s ratio, Young’s modulus and other mechanical
behavior is similar to Portland cement concrete.
Many more works have been done with application focused. More research efforts are required to
understand the detailed mechanism, geopolymerization process and structure control for its
commercial and industrial use.
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RESEARCH OBJECTIVES
The overall objective of present work is to enhance the understanding of the underlying mechanism
of geopolymerization and promote large scale utilization of mine tailings and fly ash as
construction material for sustainable development. The factors that may affect the physical
performance, mechanical properties and durability are to be carefully studied. Scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD)
analysis will help make better understanding of the underlying mechanism of geopolymerization.
The specific goals of this research include:
1. To synthesize copper mine tailings based geopolymer product using the innovative
geopolymerization technology and conduct the compressive strength and durability test.
2. To synthesize two types of fly ash (Class C and Class F) based geopolymer product using
the innovative geopolymerization technology and conduct the compressive strength and
durability test.
3. To synthesize copper mine tailings based geopolymer product using fly ash as additive and
conduct the compressive strength and durability test.
4. To investigate the micro scale structure and phase compositions of geopolymers at different
experiment conditions to better understand the mechanism of geopolymerization.
DISSERTATION ORGANIZATION
The first chapter describes the background, research objectives and dissertation organization. The
second chapter summarizes the main finding of this research presented in the appendices and
describes the future work. The results obtained in the present work have been reported in appendix
A, B and C, which are ready to be submitted for publication.
Appendix A reports the geopolymerization of copper mine tailings. The application of the
geopolymerization of mine tailings as construction materials is hindered by the fact that
conventional geopolymerization of mine tailings usually involves a large consumption of alkali,
i.e., sodium hydroxide (NaOH), and a long curing time, because of the relatively low reactivity
and the high Si/Al ratio of mine tailings when compared to other active resources such as fly ash
and clay minerals. The present study is focused on efficiently activating mine tailings, reducing
alkali consumption, decreasing curing time and improving compressive strength. Firstly, the
temperature effect on the alkali activation of mine tailings during geopolymerization is
investigated. Secondly, the impact of additives, i.e., calcium hydroxide and aluminium oxide, on
the compressive strength of samples is studied. Thirdly, different forming pressures have been
applied to remove excessive alkali and its impact on samples' strength has been investigated. The
results show that a 40 MPa unconfined compressive strength (UCS) can be achieved with the
geopolymerization samples after mine tailings are activated by sodium hydroxide at 170°C for 1
hour with the addition of calcium hydroxide and alkali dissolved aluminium oxide, further
compressed with a 10 MPa forming pressure and finally cured at 90°C for 3 days. To elucidate the
mechanism for the contribution of additives to geopolymerization, microscopic and spectroscopic
techniques including scanning electron microscopy/ energy-dispersive X-ray spectroscopy
(SEM/EDX), X-ray diffraction (XRD), and Fourier transform infrared (FTIR) spectroscopy are
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used to investigate the micro/nanostructure and the elemental and phase composition of
geopolymerization specimens. The stress-strain behavior was also characterized, the results shows
that the mechanical behavior is similar with that of concrete and the dynamic modulus is 22 GPa,
which is comparable with that of concrete. The Young’s modulus of geopolymer product was also
calculated and the value is in the range of 2.9 to 9.3 GPa. The findings of the present work provide
a novel method for the geopolymerization of mine tailings as construction materials.
Appendix B reports the geopolymerization of fly ash. Efforts have been tried to apply fly ash as a
high strength, water-resistant construction material. Through the present investigation, a procedure
to make a high strength water-resistant construction material using fly ash has been studied. The
experiment results indicate that the concentration of NaOH, water content, and curing condition
can significantly affect the mechanical property of geopolymer matrix. At the same, the chemical
composition is also an important factor during geopolymerization, especially the Si/Al ratio and
calcium content. XRD results show that the amorphous feature can be observed for both high and
low calcium fly ash. It is the key of the success of geopolymerization due to its high reactivity.
XRD, FTIR and SEM test were performed to study how experiment conditions and the properties
of fly ash affect geopolymerization. The obtained compressive strength of the geopolymerization
product can reach above 100 MPa and the dynamic modulus is 36.5 GPa. The product shows very
high water resistance without losing noticeable compressive strength after a one month soaking
time. The findings of the present work provide a novel method to apply fly ash as a high strength
water-resistant construction material.
Appendix C reports the geopolymerization of the mixture of mine tailings and fly ash as
construction materials. Efforts have been tried to apply the mixture of mine tailings and class C
fly ash as construction materials. Through the present investigation, a protocol to make
construction materials using the mixture of mine tailings and class C fly ash has been set up. The
experiment results of the present work also help set up the working conditions such as activation
temperature and time, the concentration of NaOH, the addition of Ca(OH)2, forming pressure, mine
tailing to class C fly ash weight ratio, curing temperature and curing time. To elucidate the
mechanism for the contribution of additives to geopolymerization, microscopic and spectroscopic
techniques including scanning electron microscopy/ energy-dispersive X-ray spectroscopy
(SEM/EDX), X-ray diffraction (XRD), and Fourier transform infrared (FTIR) spectroscopy are
used to investigate the micro/nanostructure and the elemental and phase composition of
geopolymerization composite. The obtained compressive strength of the geopolymerization
product can reach above 60 MPa. The stress-strain behavior was also characterized and the results
show that the mechanical behavior is similar to that of concrete with a 24 GPa dynamic modulus.
The Young’s modulus of geopolymer product was also calculated and the value is in the range of
4.0 to 13.5 GPa. The findings of the present work provide a novel method for the
geopolymerization of the mixture of mine tailings and class C fly ash as construction materials,
such as bricks for construction and road pavement.
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CHAPTER 2 PRESENT STUDY
SUMMARY
Appendix A presents a study of geopolymerization of mine tailings as construction materials. The
research has been focused on addressing the problems associated with conventional
geopolymerization of mine tailings such as a large consumption of alkali, low compressive
strength and a long curing time. The following conclusions can be drawn based on the experimental
results:
1)

2)

3)

4)

5)

6)

7)

8)

Increasing the activation temperature and activation time can increase the reactivity of
mine tailings, but too high activation temperature and too long activation time have adverse
impacts on the compressive strength of geopolymer composition of mine tailings. This can
be attributed to the fact that leaching rate of Si is faster than that of Al, and higher Si/Al is
not beneficial for the strength of geopolymer.
The addition of reacted Al2O3 powder can help improve the compressive strength by
decreasing the Si/Al ratio. The addition of unreacted Al2O3 powder has negative effects for
strength, because it does not take part in the geopolymerization process and hinder the
condensation of dissolved Si and Al.
The addition of Ca(OH)2 can enhance the geopolymerization of mine tailings by providing
Ca2+, which is beneficial for the strength development. Calcium containing geopolymer
structure is formed with the addition of Ca(OH)2. When the content of Ca(OH)2 is larger
than 5%, it has adverse effects on the geopolymerization of mine tailings.
Applying forming pressure can not only squeeze the unreacted NaOH for reuse, but also
can enhance the binding between geopolymer product and unreacted mine tailings. At the
same time, it can increase the density of geopolymer composite.
The optimized condition shows that a 40 MPa unconfined compressive strength (UCS) can
be achieved with the geopolymerization samples after mine tailings are activated by NaOH
at 170°C for 1 hour with the addition of Ca(OH)2 and alkali activated Al2O3, further
compressed with a 10 MPa forming pressure and finally cured at 90°C for 3 days.
The results of soaking test with water show that the geopolymerization product can still
keep most of its strength after being soaked for 14 days, which is better than the results
reported by other researchers.
The stress-strain behavior of geopolymerization matrix of mine tailings is similar with that
of concrete, and the dynamic modulus is 22 GPa, which is comparable with that of concrete.
The Young’s modulus of geopolymer product is among the range of 2 GPa to 9 GPa.
The findings of the present work provide a novel method for the geopolymerization of mine
tailings as construction materials, such as bricks for construction and road pavement.

Appendix B presents a study of geopolymerization of class C and class F fly ash. During the
research, compressive strength has been measured as a function of activator concentration, water
content and curing condition. The results obtained have been correlated with the XRD, FTIR and
SEM analyses of the as-obtained geopolymer matrix. The major trends observed are summarized
below.
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1)

2)

3)
4)

5)
6)
7)

The compressive strength increases with the NaOH concentration in the range of 3 M to
10 M. The optimum water content is 14%. Compared to other available methods, the
present work provides an economical and easy procedure to fabricate geopolymer product
in industrial practice.
For class C fly ash, the strength can reach up to 100 MPa after one day curing at 90 ℃.
Rapid drying should be avoid for class F fly ash based geopolymer. The geopolymerization
product of fly ash can be cured in air. The compressive strength of class C based reaches a
plateau after a two weeks curing time and the value is around 70 MPa. Adequate curing in
air is beneficial for the geopolymerization of class F fly ash, the obtained strength is about
60 MPa after one month curing.
The addition of Ca(OH)2 has little impact on the geopolymerization of fly ash; therefore,
there is no need to add Ca(OH)2 for the geopolymerization of fly ash in practice.
Based on XRD spectra, the amorphous feature can be observed for class C and class F fly
ash. It is the key of the success of geopolymerizaton due to its high reactivity. The location
of glass diffraction maximum depends on Ca content. It is found to increase linearly with
Ca content, but the maxima remains at 32 ° 2θ when the CaO content is higher than 20%.
The Si/Al ratio, particle size, chemical composition, and the glass content significantly
affect the properties of geopolymer matrix.
The calcium content increases with the decreasing of particle size for class C fly ash. The
relationship between the Ca content and particle size is proposed.
From present work, the geopolymerization product of fly ash has a very high water
resistance. It doesn’t lose any compressive strength even after it has been soaked in water
for one month. XRD and FTIR analysis shows that the microstructure is very stable.

Appendix C has been focused on optimizing the working conditions to apply the mixture of mine
tailings and fly ash as construction material. The experiment results show that:
1)

2)

3)

4)
5)

6)

To make geopolymerization products, mine tailing samples are mixed with a specific
amount of fly ash, activated with NaOH and Ca(OH)2 at an elevated temperature for a
specific time, further molded with a forming pressure and finally cured at an elevated
temperature for several days.
The activation temperature can vary from 90°C to 170 °C with an activation time ranging
from 40 to 80 minutes and the compressive strength ranging from 40 MPa to 65 MPa. The
optimum activation condition is at 130 °C with 60 minutes. Proper activation condition can
enhance the dissolution of the raw aluminosilicate materials, and then promote the
geopolymerization process.
The compressive strength of the geopolymerization products of mine tailings and fly ash
mixture increases with the concentration of NaOH and the optimum NaOH concentration
is 10 M. Higher NaOH concentration is beneficial for the degree of geopolymerization.
The addition of Ca(OH)2 will help increase the compressive strength of geopolymerization
products and the optimum dosage is 5% (in weight percentage).
Forming pressure has direct influence on the strength of the geopolymer composite. The
higher strength and dynamic modulus can be obtained with higher forming pressure. The
optimum forming pressure is set as 10 MPa.
Curing condition is critical for the formation of new phase and the strength development.
The optimum curing temperature is 90 °C and the optimum curing time is 3 days.
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7)

8)
9)

Soaking the geopolymerization products of mixture of mine tailings and class C fly ash in
water will decrease the compressive strength by approximately 10 MPa and the final
compressive strength is above 50 MPa.
The effects of addition of other mineral, such as class F fly ash and kaolinite, was also
investigated. The addition of both them is beneficial for the strength.
The findings of the present work provide a novel method for the geopolymerization of the
mixture of mine tailings and fly ash as construction materials, such as bricks for
construction and road pavement.

The summary of present study on geopolymerization of mine tailings and fly ash is shown in Table
1.
Table 1 Summary of present work
Mine tailings based

Fly ash based

Mixture of mine tailings
and fly ash based

Mine tailings

Fly ash

Mixture of mine tailings
and fly ash

Optimum
method

To activate mine tailings
using 10 M NaOH
solution at 170 ℃ for 1
hour, with the addition
of 5% Ca(OH)2 and 0.2%
reacted Al2O3; molding
of the paste with 10 MPa
forming pressure; curing
at 90 ℃ for 3 days.

To activate the mixture of
mine tailings and fly ash
Mixing of fly ash and 10 M using 10 M NaOH solution
NaOH solution; molding at 130 ℃ for 1 hour, with
without forming pressure; the addition of 5% Ca(OH)2;
molding of the paste with 10
curing at 90 ℃ for 1 day.
MPa forming pressure;
curing at 90 ℃ for 3 days.

Maximum
strength
(oven curing)

40 Mpa

100 MPa

60 MPa

Maximum
strength (air
curing)

<5 MPa

70 MPa for class C fly ash
60 MPa for class F fly ash

~ 15 MPa

Dynamic
modulus

22.2 GPa

36.5 GPa

24.4 GPa

Strength
after soaking
for one
month

30 MPa

100 MPa

50 MPa

Source
materials

FUTURE WORK
Based on the results and findings obtained in the present study, the recommended future works are
listed as follows:
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1)

2)

3)
4)
5)

Quantification of the reaction degree/extent of geopolymerizaton, i.e. the weight
percentage of the geopolymer product using the Fourier transform infrared spectroscopy
(FTIR) peak-fitting and acid leaching method, which have been used by some researchers.
Modelling and simulation to identify the optimum parameters, such as the reactivity of raw
materilas, Ca content, percentage of amorphous phase, concentration of alkali activator,
activation temperature and duration, curing condition, and so on, of different
aluminosilicate resource materials,
Durability studies under various and extreme environments to assist the practical
application of geopolymer in industry.
More ASTM tests for specific application using larger scale samples, for example, Unite
States standard brick size (194 × 92 × 57 mm).
Other applications, such as road repair/pavement, dust depressant, shotcrete, and so on.
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APPENDIX A

A STUDY OF GEOPOLYMERIZATION OF MINE TAILINGS AS
CONSTRUCTION MATERIALS
ABSTRACT
The application of the geopolymerization of mine tailings as construction materials is hindered by
the fact that conventional geopolymerization of mine tailings usually involves a large consumption
of alkali, i.e., sodium hydroxide (NaOH), and a long curing time, because of the relatively low
reactivity and the high Si/Al ratio of mine tailings when compared to other active resources such
as fly ash and clay minerals. The present study is focused on efficiently activating mine tailings,
reducing alkali consumption, decreasing curing time and improving compressive strength. We
firstly investigate the temperature effect on the alkali activation of mine tailings during
geopolymerization. Secondly, the impact of additives, i.e., calcium hydroxide and aluminium
oxide, on the compressive strength of samples is studied. Thirdly, different forming pressures have
been applied to remove excessive alkali and its impact on samples' strength has been investigated.
The results show that a 40 MPa unconfined compressive strength (UCS) can be achieved with the
geopolymerization samples after mine tailings are activated by sodium hydroxide at 170°C for 1
hour with the addition of calcium hydroxide and alkali dissolved aluminium oxide, further
compressed with a 10 MPa forming pressure and finally cured at 90°C for 3 days. To elucidate the
mechanism for the contribution of additives to geopolymerization, microscopic and spectroscopic
techniques including scanning electron microscopy/ energy-dispersive X-ray spectroscopy
(SEM/EDX), X-ray diffraction (XRD), and Fourier transform infrared (FTIR) spectroscopy are
used to investigate the micro/nanostructure and the elemental and phase composition of
geopolymerization specimens. The stress-strain behavior was also characterized, the results shows
that the mechanical behavior is similar with that of concrete, and the dynamic modulus is 22 GPa,
which is comparable with that of concrete. The findings of the present work provide a novel
method for the geopolymerization of mine tailings as construction materials.
Key words: Mine tailings, Geopolymerization, Compressive strength, Stress-strain behavior,
Durability
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INTRODUCTION
In mining activity, after the valuable materials are extracted from ores, millions of tons of solid
rejects, i.e., mine tailings, are stored in the tailings dam, which occupies a huge area of land and
leads to high monetary, environmental and ecological costs. For example, the impoundment of
mine tailings can bring with serious environmental problems such as mine dust and tailing dam
failure. On the other hand, the making of general construction material results in a lot of
greenhouse gas emission. Therefore, it is of great interest to utilize mine tailings, for which a lot
of energy has been consumed during the comminution process, as construction materials using the
novel geopolymerization technique [1-6].
Geopolymerization is a process for obtaining a polymeric structure from aluminosilicate by
dissolving aluminosilicate sources in a strong alkali (NaOH) solution at an elevated temperature.
After being cured at an elevated temperature for a specific time, the geopolymerization product
shows a greatly increased compressive strength. Therefore, the product can be used as construction
material such as bricks and road pavement. It provides a very promising method to stabilize and
recycle mine tailings.
By now, many researched have been carried out on the geopolymerization of clay minerals and fly
ash, with few works being focused on mine tailings [7-10]. Compared to other aluminosilicate
sources, mine tailing has some disadvantages such as comparatively large particle size, low
reactivity and high Si/Al ratio, which result in a large consumption of alkali, a long curing time, a
low compressive strength and weak resistant again water. All these problems hinder the application
of the geopolymerization of mine tailings as construction materials.
It is therefore vital to focus on addressing the problems associated with conventional
geopolymerization of mine tailings. In present study, specific efforts will be tried by increasing
activation temperature, adding Ca(OH)2 and reacted Al2O3, and applying forming pressure to
decrease the Si/Al ratio, increase the reactivity and compressive strength of mine tailings. The
findings of the present study will provide effective treatment and utilization of mine tailings as
construction material by saving the land required for the tailings impoundments and decreasing
the demand of for energy-intensive construction materials.
EXPERIMENTAL
Materials
Research grade sodium hydroxide (NaOH, >99%) and calcium hydroxide (Ca(OH)2, >95%) are
obtained from Alfa Aesar. Aluminum oxide powder (Al2O3, >98%) is from Sigma Aldrich. Mine
tailings samples, collected from the tailing dam of a copper mine in southern Tucson, are used as
received without further processing. The major element composition of mine tailings is shown as
Table 1 and the minerals’ composition is listed as Table 2. Figure 1, the lab sieving test results,
shows that the particle size, P80, of tailing samples is approximately 240 µm.
Sample preparation
Sodium hydroxide (NaOH) solutions are prepared by dissolving a specific amount of chemical
pellets in tap water to prepare solutions at specific concentrations. The mass ratio of mine tailings
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to water is kept at 0.6. During experiments, sodium hydroxide solution is slowly added into a 500
ml reaction bottle with 140 g mine tailings being filled beforehand. The solid/liquid mixture is
then stirred by a mixer for 3 minutes to make uniform slurry. The reaction bottle is sealed tightly,
moved to an oven and cured at specified temperature for a specific time. When the effect of
additives, such as calcium hydroxide and alumina, is studied, a specific amount of additives are
added into the reaction bottle with mine tailings before alkali solution is added. After the alkali
activation, the reaction bottle is removed from oven and cooled down in a hood for approximately
40 minutes, during which mine tailings have already settle to the bottom of the reaction bottle. The
supernatant is poured out of the bottle and collected for reuse. Activated mine tailings paste is
taken out of the reaction bottle, stirred for 2 minutes and further filled into a cylindrical mold with
3.2 cm in inner diameter and 6.4 cm in height. The tailing paste in the mold is gradually compressed
manually by hydraulic pump press with a specific pressure as needed. After the compression, the
specimen is de-molded and cured in an oven at 90 °C for a specific time. Finally, the cured
specimen is taken out of the oven, cooled down in ambient condition for 12 hours and gets ready
for further compressive strength test. Table 3 summarizes the tests conducted on the geopolymer
samples at different condition.
Uniaxial compression test
The compressive strength of reacted mine tailing samples is measured by the Verso Master loading
machine at constant displacement rate of 0.4572 mm/min. Before each measurement, both ends of
the specimens are polished by a piece of sand paper to make sure that they are flat enough for the
compression test. At a given experimental condition, a total of three measurements are taken and
averaged.
SEM/EDS characterization
After the uniaxial compression test, the reacted mine tailing samples are characterized by applying
a FEI INSPEC-S50/Thermo-Fisher Noran 6 microscope. In present work, some samples were
polished using a grinding paper, some samples were specifically studied for the morphology of
fracture surface without being polished.
XRD characterization
XRD analysis were performed to investigate the microstructure and phase composition of raw
materials and final products. Measurements were made using a Panalytical X’Pert Plus Instrument
equipped with a programmable incident beam slit and an X’Celerator Detector. The x-ray
radiation used was Cu Kα, λ = 1.5418 Å. The scan time and instrument parameters were identical
for all samples.
FTIR
A Nicolet 6700 Fourier transform infrared (FTIR) spectrometer equipped with the Smart ITR
accessory was used to collect spectra in absorbance mode. The system was equipped with KBr
detector and a diamond ATR crystal with an angle of incidence of 45°to ensure the signals being
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detected. The data collection time was 32s with a 4 cm-1 resolution, and the range was between
4000 cm-1 ~ 525 cm-1. Polished geopolymer samples were used for the FTIR characterization.
Table 1 Major element composition of mine tailings
Element
Si
Al
Ca
Fe
S
K
Mg

Weight %
31.60
7.31
1.53
1.80
0.96
3.82
0.42

Tbale 2 Mineral composition of mine tailings
Element
Quartz
K-feldspar
Plagioclase
Muscovite
Biotite
Chlorite
Swelling Clay
Kaolinite
Calcite
Pyrite
Anhydrite

Weight %
28.66
26.44
31.65
4.03
1.51
1.09
2.39
1.09
1.78
0.61
0.75
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Table 3 Experimental condition of the prepared geopolymer and the tests conducted

Sample Label

Activation

Activation

Temp. (℃)

time (min)

Ca(OH)2

Unreacted

Content

Al2O3

(%)

(%)

Reacted

FP

Al2O3 (%)

(MPa)

Curing
Time
(Days)

UCS

Soaking

test

Test

90-60-0-0-0-3-3

90

60

-

-

-

3

3

×

90-60-0-0-0-10-3

90

60

-

-

-

10

3

×

90-60-0-0-0-15-3

90

60

-

-

-

15

3

×

120-60-0-0-0-3-3

120

60

-

-

-

3

3

×

120-60-0-0-0-10-3

120

60

-

-

-

10

3

×

120-60-0-0-0-15-3

120

60

-

-

-

15

3

×

170-60-0-0-0-3-3

170

60

-

-

-

3

3

×

170-60-0-0-0-10-3

170

60

-

-

-

10

3

×

170-60-0-0-0-15-3

170

60

-

-

-

15

3

×

170-60-5-0-0-10-3

170

60

5

-

-

10

3

×

170-60-5-0.1-0-10-3

170

60

5

0.1

-

10

3

×

170-60-5-0.5-0-10-3

170

60

5

0.5

-

10

3

×

170-60-5-1-0-10-3

170

60

5

1

-

10

3

×

170-60-5-0-1-3-3

170

60

5

-

1

3

3

×

170-60-5-0-1-6-3

170

60

5

-

1

6

3

×

170-60-5-0-1-10-3

170

60

5

-

1

10

3

×

170-60-5-0-2-0-3

170

60

5

-

2

0

3

×

170-60-5-0-2-3-3

170

60

5

-

2

3

3

×

170-60-5-0-2-6-3

170

60

5

-

2

6

3

×

170-60-5-0-2-10-1

170

60

5

-

2

10

1

×

170-60-5-0-2-10-2

170

60

5

-

2

10

2

×

170-60-5-0-2-10-3

170

60

5

-

2

10

3

×
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XRD

FTIR

SEM

×

×

×

×

×

×

×

170-60-5-0-2-10-7

170

60

5

-

2

10

7

×

170-60-5-0-5-3-3

170

60

5

-

5

3

3

×

170-60-5-0-5-6-3

170

60

5

-

5

6

3

×

170-60-5-0-5-10-3

170

60

5

-

5

10

3

×

170-60-10-0-0-10-3

170

60

10

-

-

10

3

×

170-60-15-0-0-10-3

170

60

15

-

-

10

3

×

170-60-5-0-2-10-3

170

30

5

-

2

10

3

×

170-120-5-0-2-10-3

170

120

5

-

2

10

3

×

200-60-0-0-0-3-3

200

60

-

-

-

3

3

×

200-60-0-0-0-10-3

200

60

-

-

-

10

3

×

200-60-0-0-0-15-3

200

60

-

-

-

15

3

×

Note: The label of sample is designed as AT-At-Ca%-UR Al%-R Al%-FP-Ct
AT: activation temperature (℃), At: activation time, Ca%: content of Ca(OH)2, UR Al%: content of unreacted Al2O3 powder, R Al%: content of
reacted Al2O3 powder, FP: forming pressure, Ct: curing time
During the experiments, the NaOH concentration is fixed at 10 M and the curing temperature is fixed at 90℃.
All of the additive were added as wt. % by the mass of mine tailings.

44

Cumulative Weight Percentage (%)

100
90
80
70
60
50
40
30
20
0

50

100

150

200

250

300

350

400

450

Particle Size (m)
Figure 1 The cumulative size distribution curve of mine tailings.
RESULTS AND DISCUSSION
Effect of activation temperature
Many works have been carried out to study the impact of reaction temperature on
geopolymerization. For example, some researchers make bricks of geopolymerization products at
ambient conditions or a little bit elevated temperature, such as 60- 90℃ [9, 10]. On the other hand,
some researchers conduct geopolymerization at a temperature above 100℃ [2, 3].
In present work, mine tailings are activated with 10 M NaOH for 1 hour at different temperatures
in a sealed vessel, further molded at various forming pressures and finally cured at 90°C in an oven
for 3 days. The compressive strength test results of the obtained samples are shown as Figure 2.
From the figure, one can see that when activation temperature is relatively low, for example, 90°C
and 120°C, the compressive strength of samples is lower than 16 MPa and it doesn’t change much
with increasing forming pressure. When mine tailings are activated at 170°C, the maximum
compressive strength is as high as 25.65 MPa with a 10 MPa forming pressure. Further increasing
forming pressure will not increase the compressive strength of samples. When the activation
temperature is 200°C, increasing forming pressure increases the compressive strength of samples.
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However, the maximum compressive strength is 21.77 MPa even with a 15 MPa forming pressure
and the value is lower than the optimum one obtained with 170°C activation temperature.
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Figure 2 The relationship between compressive strength, forming pressure and activation
temperature.
When compared to some of the materials which have been applied for geopolymerization, such as
clay minerals and fly ash, mine tailings usually show a much less activity at a low reaction
temperature, i.e., 60℃~90℃. It results in a relatively weak mechanical strength of the
geopolymerization products, compared to those obtained with the 'active' geopolymerization
sources. For example, the compressive strength of the geopolymerization product of mine tailings
is usually less than 20 MPa; however, the compressive strength of the geopolymerization product
of fly ash can be as high as 60 MPa [11-13]. The relative inertness of mine tailings can be due to
the fact that the particle size of mine tailings is comparatively much larger than those
aluminosilicate minerals applied for geopolymerization. As shown by Fig. 1, the average particle
size, P80, of tailing samples is approximately 240 µm and the value is much larger than the one for
clay minerals and fly ash, which is usually finer than 50 µm. Further reducing the particle size of
mine tailing to improve its reactivity with alkali is not practical because the sharply increased
energy consumption associated with the fine grinding process. Another reason of the low activity
of mine tailings is the crystal structure, while the fly ash, metakaolin and other clays minerals
contain amorphous phase. It is believed that amorphous structure display higher reactivity [3]. To
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activate mine tailing at a very high temperature, as some researchers did by applying thermal
treatment of mine tailings at 800℃-900℃ for about 2 hours to increase the reactivity of mine
tailings by calcinations, is neither practical because of the enormous thermal energy consumption.
It is therefore interesting to study the applicability of geopolymerization at an elevated mild
temperature, for example, 170℃, to increase the reactivity of mine tailings and potentially the
mechanical strength of the geopolymerization products.
Xu and van Deventer [1-3] studied the temperature effect on the geopolymerization by applying
different types of aluminosilicate sources and their results showed that a high curing temperature
was beneficial for the releasing of Al from the crystal lattice. It was also reported that both
dissolution rate and condensation rate of geopolymerization increased at an optimum elevated
curing temperature. The finding corresponds well with the results obtained in present work. As
shown by Fig. 2, when activation temperature is low, for example, less than 120°C, increasing
activation temperature doesn’t increases the reactivity of mine tailings much during one hour’s
reaction time and the compressive strength of samples is still low, showing little dependence on
temperature. When activation temperature is high enough, for example, 170°C, mine tailing is
successfully activated during the time frame, showing an increased compressive strength. When
activation temperature is too high, above 200°C, too much mine tailing is activated in one hour
resulting in a reduced compressive strength. Actually, during experiment, when too much mine
tailing is activated, the paste becomes dark, sticky and very difficult to be molded. Therefore, Fig.
2 shows that mine tailings can be efficiently activated at 170°C in one hour with 10 M NaOH.
Effect of the addition of Ca(OH)2
It has been reported that, compared to monovalent cations, such as Na+ and K+, multivalent cations,
for example, Ca2+ and Mg2+, can help increase the strength of the geopolymerization product. The
addition of moderate amount of calcium containing materials has significant effects on the
structure and properties of geopolymer. Granizo et al. [14] claimed that the addition of calcium
may initiate the formation of calcium silicate hydrate (C-S-H), which can improve the compressive
strength of geopolymer product. Yip et al. [15] also investigated the effects of addition of calcite
on the metakaolin based geopolymer. The results indicate that the addition of moderate amount of
calcite has positive effects on the strength of geopolymer product. In present work, Ca(OH)2 is
intentionally added during the geopolymerization of mine tailings to study its impact on the
compressive strength of geopolymer.
Figure 3 shows the compressive strength test results of the samples, which are activated with 10
M NaOH and various amount Ca(OH)2 at 170°C for 1 hour, further molded at 10 MPa forming
pressures and finally cured at 90°C in an oven for 3 days. As shown by the figure, the compressive
strength increases from 25.65 MPa to 30.09 MPa with the addition of 5% Ca(OH)2. Further
increasing the amount of Ca(OH)2 only drops the compressive strength down. That is, the
maximum compressive strength is achieved with the addition of 5% Ca(OH)2.
One can see from Fig. 3 that an increased compressive strength is only obtained with the addition
of an optimum amount of Ca2+. The addition of more Ca(OH)2 does not increase the compressive
strength. The reason is that the high [OH-] from sodium hydroxide impedes Ca(OH)2 dissolution.
It can be observed that the undissolved white Ca(OH)2 powder still exists in the paste when 15%
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Ca(OH)2 were added. This undissolved Ca(OH)2 powder hinder the condensation and further
geopolymerization of dissolved [SiO4] and [AlO4] tetrahedral, and then decreases the compressive
strength of geopolymer specimens. The result coincides well with the work done by Yip et al. [15],
They reported that less than 20% mineral additive increased the strength of geopolymer; while
more than 20% mineral additive only resulted in a decrease of reactive aluminosilicate content and
a significant disruption of geopolymer gel network.
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Figure 3 The relationship between compressive strength and the addition of Ca(OH)2.
Effect of the addition of Al2O3
In the study of geopolymerization, successful cases with a high compressive strength of
geopolymerization product are usually achieved with the kind of aluminosilicate minerals with a
low Si/Al ratio, which is usually considered the most important parameter affecting the
compressive strength of geopolymer [16-18]. Many works have shown that an optimum Si/Al
ratio should be in the range of 1-3. In present work, as shown by Table 1 and Figure 4, the Si/Al
ratio of mine tailings is above 4 and the value is higher than the optimum Si/Al ratio.
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In order to decrease the Si/Al ratio, in present work Al2O3 is intentionally added during the
geopolymerization of mine tailings to study the impact of Si/Al ratio on the compressive strength
of geopolymer.
Figure 5 shows the compressive strength test results of the samples, which are mixed with various
amount Al2O3 powers, activated with 10 M NaOH and 5 % Ca(OH)2 at 170°C for 1 hour, further
molded at 10 MPa forming pressures and finally cured at 90°C for 3 days. One can see from the
figure that the compressive strength decreases with the addition of Al2O3 powers. For example,
when mine tailings are activated together with 0.1% Al2O3 powers, the compressive strength
decreases from 30.09 MPa to 26.39 MPa and the value further decreases to 20.12 MPa when0.5%
Al2O3 is added.

Figure 4 SEM/EDS analysis of mine tailings A) SEM image of mine tailings as received; B)
EDS analysis of Fig. 4A.
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Figure 5 The relationship between compressive strength and the addition of Al2O3 powder.
As shown by Fig. 5, the addition of Al2O3 powder doesn’t increase the compressive strength of
geopolymerization product of mine tailings at all, even though Al2O3 powder is added for the
purpose of increasing Si/Al ratio and therefore an increased compressive strength. The decrease in
sample strength is due the fact that the reaction kinetics of mine tailings and Al2O3 powder with
alkali are not of the same. Comparatively, Al2O3 powder is more ‘inert’ than mine tailings. It is
noticed that after one hour’s activation with alkali at 170°C, there are still many white unreacted
Al2O3 powders existing in the paste. These ‘inert’ unreacted Al2O3 powders will hinder the
formation of geopolymer network during the curing process and therefore result in a reduced
compressive strength instead.
In order to address the problem, the method of adding Al2O3 powder is changed by reacting Al2O3
power with 10 M NaOH at 200°C for 1 hour and then adding the reaction product with mine
tailings for further activation.
Figure 6 shows the compressive strength test results of the samples, which are mixed with various
amount of reacted Al2O3, activated with 10 M NaOH and 5 % Ca(OH)2 at 170°C for 1 hour, further
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molded at different forming pressures and finally cured at 90°C for 3 days. In this case, Al 2O3
power has reacted with 10 M NaOH at 200°C for 1 hour and then the reaction product is mixed
with mine tailings. Fig.6 shows that when a specific amount of reacted Al2O3 is added, compressive
strength increases with the increasing of forming pressure. For example, for the case of 0.2%
(weight ratio to mine tailings) reacted Al2O3 being added, the compressive strength reaches 40.65
MPa at a 10 MPa forming pressure. Fig. 6 also shows that, in general, when forming pressure is
fixed, the highest compressive strength is achieved with the addition of 0.2% reacted Al2O3.
Increasing the addition of reacted Al2O3 doesn’t increase compressive strength further.
Geopolymerization process can be briefly described as two steps. Firstly, aluminosilicate source
react with NaOH, release free [SiO4] and [AlO4] tetrahedral units and produce geopolymeric
precursors. Secondly, the polymeric precursors link to each other by sharing oxygen atoms,
condense and further form geopolymers. It is also reported that the dissolution rate of Al from the
natural aluminosilicate sources is usually small and the amount is not sufficient to produce enough
geopolymeric precursors for further geopolymerization condensation resulting in a relatively low
compressive strength [1-3]. The problem can be partially addressed by activating mine tailings at
an elevated temperature and increasing the dissolution rate of Al. However, it is also evident that
increasing activation temperature will increase the dissolution rate of Si. Because the Si/Al ratio
of mine tailings is comparatively high, too much Si geopolymeric precursors in paste should not
be beneficial for the geopolymerization process, because excessive Si geopolymeric precursors
may readily form sodium silicate, of which the compressive strength is very low. Therefore, it is
important to increase the amount of Al geopolymeric precursors additionally. As shown by Fig. 6,
the addition of reacted Al2O3 can increase the compressive strength successfully. The result is also
in line with the findings of the works by mixing mine tailings with reactive aluminosilicate sources
with a low Si/Al ratio, such as kaolinite and fly ash.
Effect of forming pressure
Many works have shown that the compressive strength of geopolymer increases with the
concentration of NaOH. Usually, geopolymerization is efficient only when the concentration of
NaOH is above 10 M. The high alkali dosage no doubt increases the cost of applying mine tailings
as construction material. In addition, it results in a large amount of unreacted NaOH trapped in
geopolymerization product. When the sample contacts with water, the residual alkali will dissolve
in water, resulting in an increase of solution pH and a decrease of the compressive strength of
geopolymerization product. To solve this problem, a forming pressure is applied on
geopolymerization products before curing to remove the unreacted NaOH, which will be reused
for the activation of mine tailings. Therefore, the strategy of applying forming pressure will not
only reduce the consumption of alkali, but increase the resistant of geopolymerization product
against water. In present work, three different forming pressures have been applied on
geopolymerization products before curing to study the effect of forming pressure on the
compressive strength.
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Figure 6 The relationships between compressive strength, the addition of reacted Al2O3
and forming pressure.
As shown by Fig. 6, the compressive strength increases with increasing the forming pressure. At
a 10 MPa forming pressure, the compressive strength reaches as high as 40.65 MPa, which is about
10 MPa higher than the one obtained with no forming pressure being applied. The figure clearly
shows that applying forming pressure is beneficial for increasing the strength of geopolymerization
product of mine tailings.
In order to clarify the effects of forming pressure on the geopolymerization product, the
compressive strength, Si/Al ratio, weight percent of Na and the density of the samples, which were
obtained at specific forming pressure, were summarized in Fig. 7. The mine tailing samples are
mixed with various amount of reacted Al2O3, activated with 10 M NaOH and 5 % Ca(OH)2 at
170°C for 1 hour, further molded at different forming pressures and finally cured at 90°C for 3
days. Forming pressure has significant effect on the compressive strength, one reason is that
forming pressure have a direct influence on the total porosity of the final product. Generally, higher
forming pressure will reduce the total porosity, and then increase the density of the final
geopolymer specimen. The SEM/EDX analyses of the samples prepared with different forming
pressure is also shown by Fig. 8. One can clearly see by comparing Fig. 8A and Fig. 8D that after
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applying 10 MPa forming pressure, the structure of geopolymerization product becomes much
compact with much less cracks. It should be noted that the compressive strength and density do
not change further when forming pressure exceeds 10 MPa; therefore there is no need to further
increase the forming pressure. Furthermore, higher density will increase the weight of the wall
when the geopolymerization product of mine tailings used as construction materials, which
restricts the height of the building [19]. Another reason of why higher forming pressure would
increase the compressive strength is that the increasing of forming pressure decreases the amount
of Na and Si/Al ratio. Fig. 7 and Fig. 8C shows that when no forming pressure is applied, both the
amount of Na and the Si/Al ratio are very high. As discussed in above sections, neither of these
properties is beneficial for increasing the strength of the geopolymerization product. In addition,
the fact that both Na and O show very high peaks on the spectrum suggests that there is still a
salient amount of unreacted NaOH being trapped inside of mine tailing geopolymer. On the other
hand, when 10 MPa forming pressure is applied, the peaks of Na and O are greatly suppressed
from the spectrum. In addition, the Si/Al ratio becomes much smaller. All these changes suggest
that applying forming pressure is beneficial for the geopolymerization process and the finding
agrees well with the UCS test results, as shown by Fig. 6.
Element mapping analyses were conducted on polished cross section for the geopolymer
specimens synthesized with different forming pressure. The analysis is limited to Si, K, Al, Ca and
Na, as shown in Fig. 9. For the distribution image of Si, several spots with high intensity can be
observed. At the same time, there is no other elements were detected at the same position. Combing
the mineral composition of mine tailings in Table 2, it can be believed that these spots stand for
SiO2. For those spots with lower intensity, K, Al and Na can be detected at same position. We can
think these spot as K-feldspar and Plagioclase based on the mineral composition. Because the mine
tailing is low calcium material according to table 1 and calcium was added with the form of
Ca(OH)2, we can think the distribution of Ca as the distribution of geopolymer product. It can be
observed that the boundary of element distribution become more and more clear along with the
increasing of forming pressure, especially for the distribution of Ca. As seen in the mapping results,
the distribution of geopolymer product is homogeneous and dense after applying forming pressure.
At the same time, one can see that only partial mine tailing particles was dissolved and further
geopolymerized. The unreacted mine tailing particles are surrounded and bonded by the
geopolymer product as shown in Fig. 8 and 9. The strength of geopolymer matrix is correlated to
the unreacted mine tailing particles, geopolymer product and the binding between them. Applied
forming pressure has no effects on the unreacted mine tailing particles, but it has direct impacts on
the geopolymer product through changing the chemical composition as we discussed above. The
forming pressure also has significant effects on the binding
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Figure 7 The relationships between compressive strength, density, Wt% of Na, Si/Al ratio
and forming pressure.
Effect of activation time
Figure 10 shows the compressive strength test results of the samples, which are mixed with 0.2%
activated Al2O3 beforehand, activated with 10 M NaOH and 5 % Ca(OH)2 at 170°C for a different
time, further molded at 10 MPa forming pressures and finally cured at 90°C for 3 days. When
activation time is 0.5 hour, the compressive strength is as low as 19.30 MPa. The value increases
to 40.65 MPa, when activation time increases to 1 hour. Further increasing activation time to 2
hours only drops the compressive strength down to 12.00 MPa.
As mentioned before, geopolymerization process usually occurs in two steps. In the first step,
aluminosilicate source react with NaOH, release free [SiO4] and [AlO4] tetrahedral units and
produce geopolymeric precursors. Increasing activation time will no doubt increase the amount of
free geopolymeric precursors in paste and the change is beneficial for the second step of
geopolymerization condensation process. As shown by Fig. 10, when activation time increases
from 0.5 hour to 1 hour, the compressive strength increases from 19.30 MPa to 40.65 MPa.
However, when activation time is too long, too many Si geopolymeric precursors are produced in
paste due to the high Si/Al ratio of mine tailings and the high dissolution rate of Si [20]. The change
is not beneficial for the geopolymerization process, because excessive Si geopolymeric precursors
can readily form sodium silicate, whose compressive strength is usually very low. As shown by
Fig. 10, when activation time increases from 0.5 hour to 1 hour, the compressive strength decreases
from 40.65 MPa to 12.00 MPa. Therefore, the optimum activation time at this temperature is 1
hour.
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Figure 8 SEM/EDS analysis of the geopolymerization product of mine tailings. A) SEM
image of mine tailing geopolymer without applying forming pressure; B) Higher
magnification of Fig. 8A; C) EDS analysis of Fig. 8A; D) SEM image of mine tailing
geopolymer with 10 MPa forming pressure; E) Higher magnification of Fig. 8D, F) EDS
analysis of Fig. 8D.
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Figure 9 The SEM/EDX element mapping of geopolymer specimens prepared with
different forming pressure.

56

45

Compressive Strength (MPa)

40
35
30
25
20
15
10
5
0.0

0.5

1.0

1.5

2.0

Activation Time (hours)
Figure 10 The relationship between compressive strength and activation time.
Effect of curing time
Figure 11 shows the compressive strength test results of the samples, which are mixed with 0.2%
activated Al2O3 beforehand, activated with 10 M NaOH and 5 % Ca(OH)2 at 170°C for 1 hour,
further molded at 10 MPa forming pressures and finally cured at 90°C for various days. The results
show that compressive strength increases with the increase of curing time until 3 says. For example,
when curing time is 1 day, compressive strength is as low as about 6 MPa. The value increases to
31.2 MPa at a curing time of 2 days. Compressive strength further increases to 40.65 MPa when
curing time increases to 3 days. Further increases curing time doesn’t increase compressive
strength any more.
It is reported that adequate curing is required to obtain the advanced mechanical and durability
performance. However, prolonged curing at high temperature has adverse impacts on the strength
of geopolymer. This is because prolonged curing at elevated temperature could destroy the
structure of geopolymer. It also results in dehydration of geopolymer and subsequently cracking
[21].
57

One can see from Fig.11 that the compressive strength of mine tailing samples reaches a plateau
after a three day curing time. Because the time applied for conventional geopolymerization process
is usually above 7 days, a shorter curing time has the advantage of greatly reducing the operation
cost.
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Figure 11 The relationship between compressive strength and curing time.
Stress-strain behavior
The stress-strain behavior was determined with strain gages on opposite faces and at mid height.
As is shown in Fig. 12. Tailing samples have been mixed with 0.2% activated Al2O3 beforehand,
activated with 10 M NaOH and 5 % Ca(OH)2 at 170°C for 1 hour, further molded at 10 MPa
forming pressures and finally cured at 90°C for 3 days. We can find that the stress-strain behavior
is similar to that of concrete. The stress – strain curve consisted of four sections: (1) at the stress
below 20% of ultimate strength, the transition zone cracks remain stable. The stress-strain plot
remains linear. The dynamic modulus (based on the linear line) is 22.15 GPa, which is comparable
with that of concrete. (2) At the stress between 20% and 50% of ultimate strength, the transition
zone micro cracks begin to increase in length, width and numbers. The stress-strain plot becomes
non-linear. (3) At 50% to 60% of the ultimate strength, cracks begin to form in the matrix. With
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further increase to about 75% of the ultimate strength, the cracks in the transition become unstable,
and crack propagation in the matrix will increase. The stress-strain plot bends towards horizontal.
(4) At 75% to 80% of the ultimate stress, the stress reaches a critical stress level for spontaneous
crack growth under a sustained stress. Cracks propagate rapidly in both the matrix and the
transition zone. Failure occurs when the cracks join together and become continuous.

(4)

(3)

(2)

(1)

Figure 12 The stress-strain behavior of geopolymer specimen made of mine tailings
Young’s modulus of the geopolymer product
The Young’s modulus of geopolymer product was calculated. During experiments, tailing samples
have been mixed with 0.2% activated Al2O3 beforehand, activated with 10 M NaOH and 5 %
Ca(OH)2 at 170°C for 1 hour, further molded at 10 MPa forming pressures and finally cured at
90°C for 3 days. To derive simple analytical expression for mechanical properties of two phases
geopolymer matrix based on discussion above, we assume that the matrix is isotropic and
homogeneous. The “real” composite (Fig. 13A) is viewed as a combination of unreacted mine
tailings particles and geopolymer product, the unreacted mine tailings particles are surrounded and
bonded by the geopolymer product. The idealization (Fig. 13B) is envisaged as one unreacted mine
tailing particle, which is surrounded by geopolymer product. During the calculation of Young’s
modulus of the composite, the composite is considered to be composed of two parts in parallel, the
diagonal filled part and geopolymer product part (Fig. 13 C). For the diagonal filled part, it is
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composed of the unreacted mine tailing particle and geopolymer product in series. So the Young’s
modulus of the composite can be described as follows:
𝑥
2−𝑥

𝐸𝐶 = ( 𝐸

𝐺𝑃

+

2−2𝑥
2−𝑥

𝐸𝑀𝑇

𝑥

𝑥

)−1 × (1 − 2) + 𝐸𝐺𝑃 × 2

(1)

Where EC is the Young’s modulus of the composite, it is the measured dynamic modulus.
EGP is the Young’s modulus of the geopolymer product.
EMT is the Young’s modulus of the unreacted mine tailing particle.
X is the area ratio of the geopolymer product in the composite, which is calculated using
Photoshop software.
During the calculation, the exact Young’s modulus of mine tailing particles is difficult to be
measured. This is because that the mine tailings is produced after grinding process, there are maybe
some micro cracks inside the particles, the Young’s modulus of the bulk ore is larger than that of
mine tailing particle. In the current calculation, we assume the value is among the range of 60
GPa to 100 GPa. The Photoshop software is used to calculate the area ratio of the geopolymer
product based on the calcium distribution image. The results show that the area ratio is among the
range of 15%-40%. The Young’s modulus range is calculated based on the equation (2), and as
shown in Fig. 14.The results indicated that the Young’s modulus of geopolymer product is in the
range of 2.9 GPa to 9.3 GPa.

Figure 13 Scheme of a “real” two phase composite. (A), the mechanical equivalent (B) and
the model (C) used to calculate Young’s modulus.
Water soaking test
Figure 15 shows the compressive strength of mine tailing samples changing with the soaking time
in water. Tailing samples have been mixed with 0.2% activated Al2O3 beforehand, activated with
10 M NaOH and 5 % Ca(OH)2 at 170°C for 1 hour, further molded at 10 MPa forming pressures
and finally cured at 90°C for 3 days. One can see from the figure that increasing the soaking time
of samples in water decreases its compressive strength. For examples, the compressive strength
decreases from 40.65 MPa to about 30 MPa after the sample has been soaked in water for 3 days.
However, further increasing soaking time in water doesn’t decreases compressive strength any
longer. That is, soaking tailing samples in water generally will drops the compressive strength by
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approximately 10 MPa. The decrease of strength after soaking may be attributed to the introduced
pores resulted from the dissolution of unreacted NaOH in water. But the durability in water of the
mine tailing based geopolymer in current study is still better than other reported results.

Figure 14 The calculated Young’s modulus range of geopolymer product
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Figure 15 The relationship between compressive strength and soaking time.
FTIR analysis
Fig. 16 shows the FTIR spectra of MT and geopolymer specimens prepared without additive, 5%
Ca(OH)2, and 0.2% reacted Al2O3 mixed, respectively. During the preparation of the geopolymer
specimens, mine tailings have been activated with 10 M NaOH at 170°C for 1 hour, further molded
at 10 MPa forming pressures and finally cured at 90°C for 3 days. The identified FTIR
characteristics are summarized in Table 4. For the mine tailings powder, the strong band at 950
cm-1 corresponds to the stretching vibrations of Si-O bonds in a silicon-rich structure. The
geopolymerization of mine tailings shrifts it towards lower wave number, this demonstrates that a
change in microstructure takes place during geopolymerization reaction:
1.

When the mine tailings was actived by NaOH only, the shift is 4 cm-1, it may be attributed
to that the silicon-rich species took up sodium in its structure [22].The shift increase to 8
cm-1 after the addition of 5% Ca(OH)2. It indicates that the addition of Ca(OH)2 promote
the geopolymerization reaction, and then enhance the compressive strength. For the
specimen with the addition of reacted Al2O3, the shift of the strong band at 950 cm-1
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increases to 12 cm-1. This manifests the extent of geopolymerization is enhanced by the
addition of reacted Al2O3.
2.

For the specimen with the addition Ca(OH)2, the appearance of a new band at 874 cm-1
corresponding to the vibration of Si-OH bond demonstrates that more silicon-rich
component was dissolved. The geopolymer structure was not formed due to that there was
no sufficient dissolved Al. The band of Si-OH at 874 cm-1 disappears in the specimen in
which reacted Al2O3 was added. This can be explained by the fact that the dissolved Si and
Al link to each other, condense and further form geopolymers.

3.

Another difference after geopolymerization can be observed is that the relative intensity of
the strong band at ~ 692 and 776 cm-1 decreases, the reason is the partial replacement of
SiO4 specie by AlO4.

4.

Last significant difference between the spectra of mine tailings and the geopolymer
specimens is a new band around 720 cm-1 is formed which is corresponding to Si-O-Al
bond stretching vibration. The peak at ~720 cm-1 is another major fingerprint for the
geopolymer matrix representing the polymeric precursors, [SiO4] and [AlO4] tetrahedral,
link to each other by sharing oxygen atoms, condense and further form geopolymers.

What is becoming clear from the FTIR analyses is that the addition of Ca(OH)2 and reacted Al2O3
can enhance the geopolymerization reaction and further the compressive strength.
XRD analysis
Fig. 17 shows the XRD patterns of the original mine tailings powder and the geopolymer specimen,
which is mixed with 0.2% activated Al2O3 beforehand, activated with 10 M NaOH and 5 %
Ca(OH)2 at 170°C for 1 hour, further molded at 10 MPa forming pressures and finally cured at
90°C for 3 days. The mine tailings are mainly crystalline material, quartz, albite with approximate
composition (Na0.84Ca0.16)Al1.16Si2.84O8, Orthoclase with approximate composition KAlSi3O8 and
Gypsumhave been identified as the major component, which is consistent with the composition
shown in Table 2. After geopolymerization, one can see that the intensity of quartz decreases, but
the patterns are still crystalline and most of the peaks are similar with that of mine tailings. This
can be explained by the fact that only partial mine tailings particles were dissolved. As shown in
SEM micrographs and element mapping, most of the particles are still unreacted. Another change
in XRD pattern is that there are two new peaks can be found for geopolymer specimen. One is
around 18.8°, which is identified as sodium aluminum silicate hydrate. Another new formed phase
is zeolite 5A, Ca5Na2Al12Si12O48, with Si/Al ~ 1, which can be found at 13.8°. Both of new phases
are low-silica zeolites widely observed in hydroxide-activated geopolymer synthesis [29]. The last
difference between the patterns is that the peak corresponding to gypsum disappear after
geopolymerization, it means the Ca2+ in gypsum took part in geopolymerization process.
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Figure 16 FTIR spectra of MT and geopolymer specimen: (a) only NaOH activated, (b) 5%
Ca(OH)2 added, (c) 5% Ca(OH)2 and 0.2% reacted Al2O3 added.
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Table 4 FTIR characteristic bands and corresponding species from reference.
Assignment

Wavenumber (cm-1)

Characteristic bands

Ref.

(Si-O-Si and Al-O-Si)

950~1200

asymmetric stretching

23, 24

(Si-O-Si and Al-O-Si)

1080

asymmetric stretching

24

(Si-O-Si and Al-O-Si)

1074

asymmetric stretching

25

(Si-OH)

882

Si-O stretching, OH bending (Si-OH)

26

(Si-O-Si)

798

symmetric stretching

26

(Si-O-Si and Al-O-Si)

727

symmetric stretching

27

(Si-O-Si)

694

symmetric stretching

28
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Figure 17 XRD patterns of original mine tailings powder and the geopolymer specimen
synthesized at optimum condition.
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CONCLUSION
Present study has been focused on addressing the problems associated with conventional
geopolymerization of mine tailings such as a large consumption of alkali, low compressive
strength and a long curing time. In order to decrease the Si/Al ratio, increase the reactivity and
compressive strength of mine tailings, specific efforts have been tried by increasing activation
temperature, adding Ca(OH)2 and reacted Al2O3, and applying forming pressure. Experiment
results show that the compressive strength of the geopolymerization production of mine tailings
increases greatly. For example, a 40 MPa unconfined compressive strength (UCS) can be achieved
with the geopolymerization samples after mine tailings are activated by NaOH at 170°C for 1 hour
with the addition of Ca(OH)2 and alkali activated Al2O3, further compressed with a 10 MPa
forming pressure and finally cured at 90°C for 3 days. In addition, curing time is reduced to only
3 days. The results of soaking test with water show that the geopolymerization product can still
keep most of its strength after being soaked for 7 days. The stress-strain behavior of
geopolymerization specimen is similar with that of concrete, and the dynamic modulus is 22 GPa,
which is comparable with that of concrete. The findings of the present work provide a novel
method for the geopolymerization of mine tailings as construction materials, such as bricks for
construction and road pavement.
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APPENDIX B

A NOVEL TECHNIQUE OF APPLYING FLY ASH AS A HIGH
STRENGTH WATER-RESISTANT CONSTRUCTION MATERIAL
ABSTRACT
Efforts have been made to apply fly ash as a high strength, water-resistant construction material.
Through the present investigation, a procedure to make a high strength water-resistant construction
material using fly ash has been studied. The experiment results indicate that the concentration of
NaOH, water content, and curing condition can significantly affect the mechanical property of
geopolymer matrix. At the same, the chemical composition is also an important factor during
geopolymerization, especially the Si/Al ratio and calcium content. XRD results show that the
amorphous feature was observed for both class C and F fly ash. It is the key of the success of
geopolymerizaton due to its high reactivity. XRD, FTIR and SEM test were performed to study
how experiment conditions and the properties of fly ash affect geopolymerization. The obtained
compressive strength of the geopolymerization product can reach above 100 MPa. The stress-strain
behaviour was also characterized. He result shows that the dynamic modulus is 36.5 GPa. The
product shows very high water resistance without losing noticeable compressive strength after a
one month soaking time. The findings of the present work provide a novel method to apply fly ash
as a high strength water-resistant construction material.
Key words: Class C fly ash, Class F fly ash, Geopolymer, Durability, Water absorption, XRD,
FTIR, SEM
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INTRODUCTION
Geopolymerization is a process of obtaining a polymeric structure from aluminosilicate by
dissolving aluminosilicate sources in a strong alkali (NaOH) solution and condensation of free
[SiO4] and [AlO4] tetrahedral units [1-3]. After being cured at an elevated temperature for a
specific time, the geopolymerization product shows a greatly increased compressive strength.
Therefore, the product can be used as construction material such as bricks and road pavement. It
provides a very promising method to apply aluminosilicate sources such as fly ash as a construction
material for a sustainable development.
Fly ash is a main industrial waste which needs to be carefully impounded because of its potential
impact on environment. Many efforts have been tried to utilize fly ash as construction materials
substituting Portland cement because of the following reasons [4-6]. First, fly ash is a
silica/alumina rich aluminosilicate source, which makes the specific material an ideal source for
the geopolymerization process. Secondly, the particle size of fly ash is usually very small (< 50
microns) and it saves a lot of energy consumed during the production process of cement for
grinding. Thirdly, fly ash is an ideal source for geopolymerization because the material is rather
reactive to alkali even at a mild temperature.
In the past twenty years, many studies have been carried out on the geopolymerization of fly ash
to a make construction material. However, there are some disadvantages associated with the
conventional methods of treating fly ash [5-8]. First, in most of the proposed geopolymerization
methods, a salient amount of sodium silicate has to be added. It therefore makes it complex whether
the achieved mechanical strength of geopolymerization products is due to a real geopolymerization
process between fly ash and alkali or just largely the solidification of metal silicate in air at an
elevated temperature. Secondly, the authors have noticed that, if sodium silicate is added, when
the geopolymerization product is soaked in water, the solution pH increases sharply and the
products will lose its compressive strength gradually in water. Thirdly, the compressive strength
of the geopolymerization product as reported is usually less than 50 MPa.
In present study, it is aimed to build up a protocol to make high strength, water-resistant
construction materials using fly ash. Specific efforts will be focused on the investigation of the
effects of several factors on the geopolymer development, including activator concentration, water
content, curing regime, particle size distribution and chemical composition. The findings of the
present work will provide a novel method for the geopolymerization of fly ash as a high strength,
water-resistant construction material.
EXPERIMENTAL
Materials
Research grade sodium hydroxide (NaOH, >99%) are obtained from Alfa Aesar. Fly ash samples
(Class C and F) are provided by Boral USA. All the materials are used as received without further
processing. The major element composition of fly ash is shown as Table 1 and 2. Figure 1 shows the

SEM/EDX analysis of class C and F fly ash.
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Sample preparation
Sodium hydroxide solutions are prepared by dissolving a specific amount of chemical pellets in
tap water to prepare solutions at specific concentrations. During experiments, a specific amount of
sodium hydroxide solution is gently added into a mixing bottle with a specific amount fly ash
being filled beforehand. After the paste is stirred by a mechanical mixer for 1 minutes, it is taken
out of the mixing bottle and further filled into a cylindrical mold with 3.2 cm in inner diameter and
6.4 cm in height. The specimen is then de-molded and cured in an oven at an elevated temperature
for a specific time. Finally, the cured specimen is taken out of the oven, cooled down in ambient
condition for one hour and gets ready for further compressive strength test. Some samples were
also cured at ambient condition. Table 3 summarizes the tests conducted on the geopolymer
samples at different condition.
Uniaxial compression test
The compressive strength of reacted fly ash samples is measured by the Versa Tester 30M testing
machine at constant displacement rate of 0.4572 mm/min. Before each measurement, both ends of
the specimens are polished by a piece of sand paper to make sure that they are flat enough for the
compression test. At a given experimental condition, a total of three measurements are taken and
averaged.
SEM/EDS characterization
After the uniaxial compression test, the reacted mine tailing samples are characterized by applying
a FEI INSPEC-S50/Thermo-Fisher Noran 6 microscope. In present work, the samples were
polished using a grinding paper.
XRD characterization
XRD analysis were performed to investigate the microstructure and phase composition of raw
materials and final products. Measurements were made using a Panalytical X’Pert Plus Instrument
equipped with a programmable incident beam slit and an X’Celerator Detector. The x-ray
radiation used was Cu Kα, λ = 1.5418 Å. The scan time and instrument parameters were identical
for all samples.
FTIR
A Nicolet 6700 Fourier transform infrared (FTIR) spectrometer equipped with the Smart ITR
accessory was used to collect spectra in absorbance mode. The system was equipped with KBr
detector and a diamond ATR crystal with an angle of incidence of 45°to ensure the signals were
detected. The data collection time was 32s with a 4 cm-1 resolution, and the range was between
4000 cm-1 ~ 525 cm-1. Polished geopolymer samples were used for the FTIR characterizati
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RESULTS AND DISCUSSION
Characterization of fly ash samples
The fly ash can be divided into Class C and Class F based on the CaO% by weight according to
ASTM C 618. Class F fly ash contains less than 10% CaO, it is produced by the burning of harder,
older anthracite and bituminous coal typically. Class C fly ash generally contains more than 10%
CaO, it is produced from the burning of younger lignite or sub-bituminous coal. In addition to
having pozzolanic properties. Class C fly ash also has some self-cementing properties.
Figure 1 shows the SEM/EDS analysis of the Class C and F fly ash as received. From Fig. 1B and
1D, one can see that the main elements of fly ash are Si, Al, Ca and O and the weight percentage
of the main elements of fly ash is listed as Table 1 and Table 2. It is interesting to note that the
Si/Al ratio for class C fly ash is as low as approximately 1.16 and for class F fly ash is 2.05.

Table 1 Major element composition of Class C fly ash (Boral-TX)
Element
Si
Al
Ca
Mg
Na
Fe
K

Weight %
14.14
12.02
17.97
2.49
1.98
4.04
0.22

Table 2 Major element composition of Class F fly ash (Boral-AP)
Element
Si
Al
Ca
Na
Fe
K

Weight %
24.42
11.92
3.56
0.57
4.42
0.66
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Table 3 Experimental condition of the prepared geopolymer and the tests conducted
Sample

Raw
Material

C NaOH
(M)

Water
Content (%)

Ca(OH)2
Content (%)

Curing Temp.
(℃)

Curing
Time

UCS
test

FAC-3-15-90

FA-C

3

15

-

90℃

1 day

×

FAC-6-15-90

FA-C

6

15

-

90℃

1 day

×

FAC-10-12-90

FA-C

10

12

-

90℃

1 day

×

FAC-10-13-90

FA-C

10

13

-

90℃

1 day

×

FAC-10-14-90

FA-C

10

14

-

90℃

1 day

×

FAC-10-15-90

FA-C

10

15

-

90℃

1 day

×

FAC-10-14-1-90

FA-C

10

14

1

90℃

1 day

×

FAC-10-14-2-90

FA-C

10

14

2

90℃

1 day

×

FAC-10-14-3-90

FA-C

10

14

3

90℃

1 day

×

FAC-10-14-4-90

FA-C

10

14

4

90℃

1 day

×

FAC-10-14-5-90

FA-C

10

14

5

90℃

1 day

×

FAC-10-14-A-1

FA-C

10

14

-

ambient

1 week

×

FAC-10-14-A-2

FA-C

10

14

-

ambient

2 weeks

×

FAC-10-14-A-3

FA-C

10

14

-

ambient

3 weeks

×

FAC-10-14-A-4

FA-C

10

14

-

ambient

4 weeks

×

FAF-10-14-60-1

FA-F

10

14

-

60℃

1 day

×

FAF-10-14-60-2

FA-F

10

14

60℃

2 days

×

FAF-10-14-90-1

FA-F

10

14

-

90℃

1 day

×

FAF-10-14-A-1

FA-F

10

14

-

ambient

1 week

×

FAF-10-14-A-1

FA-F

10

14

-

ambient

2 weeks

×

FAF-10-14-A-1

FA-F

10

14

-

ambient

3 weeks

×

FAF-10-14-A-1

FA-F

10

14

-

ambient

4 weeks

×
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Soaking
Test

×

XRD

FTIR

×

×

×

×

×

×

×

×

×

×

SEM

×

A

B

C

D

Figure 1 SEM/EDS analysis of Class C and F fly ash (Boral). A) SEM image of FA-C fly ash
as received; B) EDS analysis of Fig. 1A. C) SEM image of FA-F fly ash as received; D) EDS
analysis of Fig. 1C.
Class C Fly Ash Based Geopolymer
Effects of NaOH concentration
The impact of NaOH concentration on the compressive strength of the geopolymerization products
of fly ash has been systemically studied. The procedure for the preparation of samples has been
described in detail in the previous experimental section. During experiments, fly ash is directly
mixed with NaOH at different concentration with constant 14% water content at a room
temperature to make paste, which is further cured at 90°C for 1 day The obtained compressive
strength results are shown as Figure 2, from which one can clearly see that the compressive
strength increases with NaOH concentration increasing. For example, when NaOH concentration
is 3 M, the obtained average compressive strength is only 13.6 MPa; the UCS value increases to
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52.4 MPa when NaOH concentration increases to 6 M; further, when NaOH concentration
increases to 10 M, the UCS value increases to 102.3 MPa.
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Figure 2
Impact of NaOH concentrations on the compressive strength of the
geopolymerization products of fly ash samples.
The basic steps of geopolymerization involves dissolution of solid aluminosilicate resource
materials in alkali solution, diffusion of dissolved [SiO4] and [AlO4] tetrahedral units from the
particles surface to the inter-particle space, formation of a gel phase through the linking of the
polymeric precursors by sharing oxygen atoms, and finally hardening of the gel phase [9].
Dissolution of the resource materials is the major step which has two-fold role. Firstly, polysialate
forming species are liberated from the resource materials. Secondly, dissolution activates the
surface of the raw materials, on which the binding reactions take place. The concentration of
activator is the most significant factor for the dissolution of resource materials [1, 4]. The solubility
increases with the increasing of hydroxyl ion concentration. Higher amounts of hydroxyl ion
facilitate the dissolution and promote further condensation, which contribute significantly to the
strength of the final geopolymerization structure.
The effects of NaOH concentration on the compressive strength is well documented and
summarized in Fig. 3. It is clear that the strength increases with the increasing of activator
concentration. Putertas et al. [5] claimed that the alkali concentration is the most significant factor
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that controls the compressive strength. It has been proven that the compressive strength, apparent
density and the content of amorphous phase of metakaolinite based geopolymers increased with
the increasing the NaOH concentration [10]. This can be explained by the fact that the dissolution
of metakaolinite particles was promoted and in turn the condensation of the monomer was
accelerated in the presence of higher NaOH concentration. Hanjitsuwan et al. [6] repoted that the
pastes with high NaOH concentration results in increased setting time and compressive strength
due to a high degree of leaching of silica and alumina. Luz Granizo et al. [11] stated similar idea
that the increasing of the activation solution pH enhanced the compressive strength of metakaolin
based geopolymer.
High alkali concentration could enhance the chemical dissolution, benefit the strength and fire
resistance characteristics, however, an excess of OH- concentration decreases the strength of the
final product [7]. Higher the alkalinity of the hydration water results in slower hydration rate [12].
Wang et al. [8] indicated that additional NaOH tends to increase the strength of binder at early
stage, but the strength decreases at later age. The reason may be that the excessive NaOH results
in undesirable morphology and non-uniformity of hydration products in the pastes thereby
reducing the binder strength.
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Figure 3 Summarization of the effects of NaOH concentration on the compressive strength
of the geopolymerization products
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No additional NaOH concentration higher than 10 M is further studied in the present investigation,
because it will increases the operation cost without improving the strength of geopolymerization
product evidently. In addition, a high NaOH concentration as used in sample preparation may
result in a high solution pH, which is not beneficial for the environmental consideration, when the
sample contacts water.
Effects of water content
Literature and our previous experiment results show that water content is critical to the
compressive strength of the geopolymerization products of fly ash. Because it has direct influence
on the total porosity of geopolymer matrix after the curing. Usually, higher water content will
result in higher porosity, and then the lower strength.
In present investigation, experiments have been carried out with various water contents at 10 M
NaOH concentration to study the impact of water content on compressive strength. During
experiments, fly ash is directly mixed with 10M NaOH at various water contents at a room
temperature to make paste, which is further cured at 90°C for 1 day. The obtained compressive
strength results are shown as Figure 4, from which one can clearly see that, when water content is
low, i.e., approximately 12% and 13%, the compressive strength of the geopolymerization
products of fly ash samples is about 71~74 MPa. When water content increases to about 14%, the
compressive strength of samples increases to as high as 102 MPa. Further increasing water content
to 15% only decreases the compressive strength of samples to 91 MPa.
The increase of compressive strength with the water content could be explained from two aspects.
Firstly, the presence of water acts as a transport medium between the dissolved geopolymeric
precursors [19]. As discussed above section, The basic steps of geopolymerization involves
dissolution of solid aluminosilicate resource materials in alkali solution, and the reaction between
the dissolved [SiO4] and [AlO4] tetrahedral units. Sufficient water is beneficial for the reaction
between the geopolymeric precursors, and then the development of the strength. Ahmari and
Zhang [20] studied the impacts of initial water content, varies from 8% to 18%, on unconfined
compressive strength of copper mine tailing based geopolymer bricks. It is indicated that higher
strength can be obtained at higher initial water content. The other aspect contributed to the increase
of strength is that more NaOH is provided. Van Jaarsveld [21] claims that almost all stages of
geopolymerization is controlled and affected by alkali metal cations, especially during gel
hardening and the structure formation of geopolymer. More NaOH could enhance the dissolution
of Si and Al in aluminosilicate resource materials, at the same time, more cation ions were provided
for charge balancing of tetrahedral Si and Al [22]. However, Komljenovic et al. [19] pointed out
that the excessive water will lower the compressive strength. They studied the effects of water/fly
ash (FA) ratio on the compressive strength of fly ash based geopolymerization product, where
NaOH used as the activator. It was reported that the compressive strength increases with the
decreasing of water/FA ratio based on 6 initial water/FA ratio i.e. 0.54, 0.66, 0.68, 0.79, 0.81, 0.87.
They also claimed that the water is a transporting medium for dissolved species, but it does not
participate the chemical reaction, the amount of water present in the system becomes an important
factor for mortar workability and consequently for mortar strength if there are appropriate
condition for geopolymerization reaction.

77

In present investigation, the experiments carried out with other water contents only result in a low
compressive strength or technical difficulties. For example, when water content is below 12%, the
viscosity of the fly ash/alkali solution paste is too high, resulting in a low workability of paste.
That is, it becomes very difficult to mix the paste uniformly. It further introduces many defects
and voids in the product resulting in a lower compressive strength. On the other hand, when water
content is above 16%, the viscosity of the fly ash/alkali solution paste is too low and it takes a long
time for the paste to harden for molding. In addition, increasing water content also increases the
consumption of alkali with the same 10 M NaOH concentration is applied.
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Figure 4 Impact of water content on the compressive strength of the geopolymerization
products.
Effects of Ca(OH)2
Our previous work with the geopolymerization of the mixture of fly ash and mine tailings shows
that the addition of Ca(OH)2 is beneficial for the increase in compressive strength of
geopolymerization products. In present investigation, the impact of the addition of Ca(OH)2 on
compressive strength is also studied. During experiments, a specific amount of Ca(OH)2 being
added in 10 M NaOH solutions beforehand, then fly ash is directly mixed with the activator at 15%
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water contents at a room temperature to make paste, which is further cured at 90°C for 1 day. The
results are shown as fig. 5.
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Figure 5 Impact of the the addition of Ca(OH)2) on the compressive strength of the
geopolymerization products.
It can be observed that the addition of Ca(OH)2 is not beneficial for the strength development of
fly ash based geopolymer. The compressive strength decreases from 91 MPa to 73 MPa with the
addition of 1% Ca(OH)2. Further increasing the amount of Ca(OH)2 does not change the strength
significantly. The effects of the addition of Ca(OH)2 on fly ash based geopolymer is different with
that on mine tailings based geopolymer. This can be explained by the different composition
between copper mine tailings and class C fly ash. Copper mine tailings is low calcium
aluminosilicate material, the addition of calcium compound is likely to result in precipitation of
calcium silicate aluminate hydrate phases and at the same time promote the dissolution of the fly
ash in the alkaline medium and subsequently the geopolymerisation reaction. However, class C fly
ash is high calcium material, it already contains sufficient calcium for the formation of calcium
silicate aluminate hydrate phases. The addition of Ca(OH)2 did not take part in the
geopolymerization reaction. This result also agree with the observation made by Temuujin et al.
[23] who reported that calcium hydroxide addition reduces mechanical properties of fly ash based
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geopolymer cured at elevated temperatures. They believed that the presence of calcium results in
insufficient development of a three-dimensional geopolymeric aluminosilicate.
Water soaking test
The durability of construction material in water is very important for its application in practice.
Usually a good water resistance is required for construction material after it has been soaked in
water for a while without evidently losing strength. In present investigation, experiments have
been carried out by soaking the geopolymerization samples of fly ash in water for a specific time
to study the impact of soaking on compressive strength. Water absorption tests were also
conducted at the same time. During experiments, class C fly ash is directly mixed with 10M NaOH
at 14% water contents at a room temperature to make paste, which is further cured at 90°C for 1
day. Then, the geopolymerization product is soaked in a 20 times (weight ratio) amount of water
in a sealed container for a specific time, after which sample is taken out of water and wiped off the
surface water with a damp cloth and weigh the specimen. Weighting of each specimen was
completed within 5 min after removing the specimen from the soaking bath. Then the specimen
was further dried in oven at 90°C overnight and made ready for UCS test. The pH value of solution
is also measured after the sample is soaked in water for a specific time. For each experiment
condition, three samples are prepared and tested with the UCS results being averaged.
The UCS results of soaking test are shown as Fig. 6, from which one can clearly see that, when
soaking time is one week, the compressive strength of the geopolymerization products of fly ash
samples is about 95.6 MPa, which is close to the one obtained before the sample is soaked in water.
When soaking time increases to two weeks, the compressive strength of samples is as high as 100.3
MPa. The reason that the value is a little bit higher than the one obtained with the one week soaking
test is because of the variance of samples. That is, it is reasonable to draw that, as shown by the
error bar in Fig. 6, actually the UCS is almost constant after sample is soaked in water for two
weeks. Further increasing soaking time to three weeks results in a UCS value of 94.8 MPa and the
value is 97.7 MPa when the soaking time increases to 4 weeks. Both these results are almost the
same as those obtained with a short soaking time. The experiment indicates that the
geopolymerization product of fly ash has a very high water resistance. It doesn’t lose any
compressive strength even after it has been soaked in water for one month.
The water resistant behaviour of fly ash based geopolymer is better than that of mine tailings based
geopolymer, which prepared in our previous section. The reason maybe the fact that the higher
calcium content in fly ash. Allahverdi et al. claimed that the first step of the deterioration of
geopolymer in aqueous solution is the ion exchange reactions between the charge compensating
cations of the geopolymer matrix, i.e. sodium and calcium, and H+ or or H3O+ ions [24]. Ca2+ has
larger valance than Na+, it has less affinity to be replaced by attacking cations. So higher calcium
content can enhance not only the compressive strength, but also the durability of geopolymer
matrix.
After soaking, one can see that the pH value of soaking water increases from 8.1 to 10.4. The
reason maybe the dissolution of unreacted NaOH in geopolymer matrix or the ion exchange
reaction of the H+ in aqueous solution. After two weeks soaking, the pH value increases to 10.7.
Further increasing the soaking time will not result in a significant increase in pH value. We assume
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the increase of pH value is totally attributed to the ion exchange reaction of H+, then we can
calculate the degree of deterioration of geopolymer matrix by the equation as shown.
Fraction of deterioration =

𝐶𝑁𝑎𝑂𝐻 × V × 40
𝑊𝑁𝑎𝑂𝐻

(1)

Where : CNaOH is the concentration of NaOH in soaking water after soaking test (calculated based
on pH)
V is the volume of soaking water
WNaOH is the weight of NaOH used for the preparation of geopolymer specimen
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When pH value of 11 is used, we can get the maximum fraction of deterioration is only 1.34%.
The result provides another proof of the high water resistant of fly ash based geopolymer matrix.
Again, if we assume the increase of pH value is totally attributed to the dissolution of unreacted
NaOH, we get the maximum fraction of unreacted NaOH is 1.34%, this result proves that almost
all of the added NaOH takes place in the geopolymerization reaction.
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Figure 6 Impact of the soaking time on the compressive strength of the geopolymerization
products.
The water absorption is another important parameter for geopolymer matrix, as it indicates the
permeability of matrix and the degree of geopolymeriztaion. Generally, the matrix with less porous
and lower permeability can be obtained after higher degree geopolymerization. The percentage of
absorption was calculated by the equation (2) as follows [25]:
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Absorption (%) = [(W2 – W1)/W1] × 100

(2)

Where W1 is the weight of specimen after complete drying
W2 is the weight of specimen after soaking
The results of water absorption tests are also shown as Fig. 6. The water absorption is 3.54% after
one week soaking. And the value increases to 3.87% after two weeks soaking, then the increase of
water absorption with the time of soaking is essentially negligible. After four weeks soaking, the
water absorption is around 3.92%, it is lower than that reported by other researcher. Freidin [26]
showed that the water absorption of class F fly ash based geopolymer is 28.8%, and it can be
reduced 5.8% after the addition of hydrophobic additives. However the additives also have serious
drawbacks: the bonds between material components are weakened and cause strength loss. The
water absorption values of class C fly ash based geopolymer in current research is well below the
water absorption allowable for different kind of bricks as in accordance to ASTM C62-12, ASTM
C216-12a and C902-12a.
Stress-strain behavior
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Figure 7 Stress-strain behavior of class C fly ash based geopolymer
The stress-strain behavior was determined with strain gages on opposite faces and at mid height.
As is shown in Fig. 7. Class C fly ash is directly mixed with 10M NaOH at 14% water contents
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at a room temperature to make paste, which is further cured at 90°C for 1 day. The stress-strain
behavior is different with that of mine tailings based geopolymer. The stress-strain plot remains
linear up to its ultimate strength. At the same time, one can see that the maximum strain is less
than 0.3%, which is also smaller than that of geopolymer matrix of mine tailings. This indicates
that the class C fly ash based geopolymer is relatively brittle. The Young’s modulus of the
specimen is 36.45 GPa based on the obtained stress-strain curve, which is higher than that reported
by other researchers.
Curing in ambient condition
In the above sections, the geopolymerization products are obtained by curing samples at 90°C in
oven for 1 day. It is also of great interest to study directly curing samples in ambient conditions
and its impact on the compressive strength. In present investigation, experiments have been carried
out to study the possibility of curing samples in air. During experiments, class C fly ash is directly
mixed with 10M NaOH at 14% water contents at a room temperature to make paste, which is
further cured in air for a specific time. For each experiment condition, three samples are prepared
and tested with the UCS results being averaged. The obtained compressive strength results after
curing are plotted and shown as Figure 8, from which one can clearly see that, when curing time
is one week, the compressive strength of the geopolymerization products of fly ash samples is
about 50 MPa, which is still much high than conventional construction materials, in spite of the
fact that the value is lower than the one obtained with curing samples at 90°C in oven for 1 day.
After the sample is cured in air for two weeks, the compressive strength increases to as high as 68
MPa. Furth increasing curing time in air doesn’t increase compressive strength evidently any
longer, because the strength is about 70 MPa when curing time increases to four months. That is,
for the case of curing geopolymerization products in ambient conditions, the compressive strength
reaches a plateau after a two weeks curing time and the value is around 70 MPa.
Nguyen et al. also indicated that at the same curing temperature, longer curing time resulted in a
higher compressive strength because the longer curing time extends the chemical reaction [27]. At
the same time, one can find that the strength obtained at ambient temperature is lower than that
gained at 90 ℃ indicates the curing temperature is an important factor during geopolymerization.
At ambient temperature, the reaction is slow, curing at elevated temperature catalyzes the
formation of geopolymer structure [28]. Papadakis reported that curing at 70 ℃ improved the
compressive strength compared to that curing at 30 ℃ for the same time. Kirschner et al. [29] also
claimed that processing at ambient temperature was unfeasible due the delayed beginning of
setting for geopolymer concrete. However this could be avoided by thermal treatment. Palomo et
al. [30] studied the curing temperature effects on fly ash based geopolymer, they stated that
temperature is especially important for 2 h to 5 h of curing, the higher curing temperature is
beneficial for the compressive strength at the range of 30 ℃ to 85 ℃. This is not same for the
Ordinary Portland Cement (OPC). Curing at elevated temperature, cracks can be observed due to
the expansion, resulting in strength loss and other durability problem [31].
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Figure 8 Impact of curing time in ambient condition on the compressive strength of the
geopolymerization products
Class F Fly Ash Based Geopolymer
Curing condition effects
Fig. 9 shows the compressive strength test results of the class F fly ash samples, which are activated
with 10 M NaOH at 14% water contents at a room temperature to make paste, further cured at
different temperature for specific time. For each experiment condition, three samples are prepared
and tested with the UCS results being averaged. The results show that compressive strength is
almost same after one day curing at 60 ℃ and 90 ℃. When curing time increases to two days at
60 ℃, the compressive strength only increases from 63.18 MPa to 67.09 MPa. It demonstrates that
the sample get the most of the strength after one day curing at 60 ℃.
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Usually higher curing temperature is beneficial for the strength development during
geopolymerization, but curing at higher temperature did not result in higher compressive strength
for class F fly ash based geopolymer, and several cracks can be observed on the sample surface
after curing at 90 ℃. Nguyen et al. [32] also have proved that an increase in the curing temperature
beyond 60 ℃ did not increase the compressive strength significantly for low calcium fly ash. The
reason maybe the slow setting rate of class F fly ash. When the samples were cured at elevated
temperature, the water is evaporated before the completion of setting of the paste. The slowly
removal of water by evaporation is the critical step for obtaining crack free geopolymer. Perera et
al. indicated that curing at a relative low humidity is preferable, and the rapid drying should be
avoided [33]. In order to avoid the rapid drying, thin film is used by a lot of researchers to seal the
sample before the curing in oven, but this is not convenient for fabrication in large scale.
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Figure 9 Effects of curing condition on the compressive strength of class F fly ash sample
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Curing in ambient temperature
In present investigation, experiments have been carried out to study the geopolymerization of class
F fly ash with curing in air. During experiments, class F fly ash is directly mixed with 10M NaOH
at 14% water contents at a room temperature to make paste, which is further cured in air for a
specific time. For each experiment condition, three samples are prepared and tested with the UCS
results being averaged. The obtained compressive strength results after curing are shown as Figure
10. From which one can clearly see that, when curing time is one week, the compressive strength
of the geopolymerization products of class F fly ash samples is about 11 MPa, which is lower than
the one obtained with curing samples at 60°C in oven for 1 day. It is also much lower than that
obtained with calss C fly ash with one week curing at ambient condition. After the sample is cured
in air for two weeks, the compressive strength increases to 33 MPa. Furth increasing curing time
in air can continue increase compressive strength. The strength is about 50 MPa when curing time
increases to three weeks. After four weeks curing, the strength reach up to 60 MPa, but he growth
rate of strength decreases.
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Figure 10 Impact of curing time in ambient condition on the compressive strength of the class F fly
ash based geopolymerization products
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Usually, adequate curing is required to obtain advanced mechanical and durability performance, it
can be achieved by prolonging curing time and/or increasing curing temperature. It was reported
that prolonged curing time can improve the polymerization process, and then enhance the
compressive strength [34]. Although one of the advantages of geopolymer is fast strength
development, enough time is required to finish the dissolution of Al and Si, and condensation of
free [SiO4] and [AlO4] tetrahedral units. The elevated curing temperature can accelerate the
geopolymerization reaction, especially for the materials with low activity and caicium content [3538]. For class C fly ash based geopolymer, the strength reaches a plateau after a two weeks curing
time in air and the value is higher than that obtained with class F fly ash after same curing time.
The reason is the higher reactivity and calcium content with class C fly ash as we explained above.
For class F fly ash, the curing at very high temperature, higher than 90 ℃, should be avoid. This
is due to that the water will evaporate before the geopolymerization reaction is completely finished.
The optimum curing regime varies from resource aluminosilicate materials to resource
aluminosilicate materials. In general, in the range of 30℃ to 90 ℃. It mainly depends on several
factors, including chemical composition, particle size, reactivity, and the limit during
industrialization.
XRD analysis
X-ray diffraction analysis was performed to study the impacts of several factors on the
geopolymerization reaction, especially on the microstructure and phase composition. Fig. 11
shows the results of XRD investigations on resource material (fly ash) and geopolymerization
specimens synthesized at different condition. A “hump”, which is the characteristic of amorphous
structure, rather than a distinct peak can be observed at the X-ray pattern of both Class C and class
F fly ash. This indicates that the fly ash is not very crystalline. The 2θ angular position of the glass
diffraction maximum (GDM) for class C fly ash close to about 32 °. The pattern also confirmed
the existence of crystalline phases which have been identified as quartz and mullite, and each
accounted for fifty percent according to the semiquant (wt%) results. While the GDM for class F
fly ash is close to 23.5 °. The crystalline phases have been identified as quartz, mullite and small
part of magnetite. After the treatment at different condition, the difference can be observed as
follows:
(1). When the class C fly ash was mixed with 10 M NaOH solution at 14% water content, and
further cured at 90 ℃ for 1 day (Fig.11A, pattern b), the elevation of the hump is reduced, and
mullite has not been identified. It demonstrates that the glass composition and mullite took place
in the geopolymerization reaction. At the same time, there are four new phase are formed. First
one is identified as sodium aluminum silicate with approximate composition Na6(AlSiO4)6. It is
formed due to the dissolution of mullite. This phases are low-silica geopolymer matrix and widely
observed in hydroxide-activated geopolymer synthesis [39]. Another two new phases are katoite
with approximate composition Ca2.93Al1.97(Si0.64O2.56)(OH)9.44 and gehlenite with approximate
composition Ca2Al2SiO7. Both of them are widely found in high calcium containing samples [40].
Last new phase can be found at 2θ 11.4° responding to meixnerite (magnesium, aluminum
hydroxide hydrate). Formation of calcium silicate hydrate (C-S-H) as a co-product of calcium
contain geopolymeric system was reported by several researchers [41-43], however, the
characteristic peak of C-S-H is not found in current research, this can be explained by three
possible reasons. First, the formation of C-S-H is accompanied with the reaction between Si and
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Ca in the presence of water. In current study, the water content of the geopolymer matrix before
curing is around 14%, which is lower than that reported in other’s research. Most of the researcher
choose the higher water content to keep proper workability. Second, the curing condition is also
important for the formation of C-S-H. Production of C-S-H is happened at lower curing
temperature. However in current study, the geopolymeric paste was cured at 90 ℃, which results
in quick dehydration. This is favorable for geopolymerization reaction, but has negative impacts
on the formation of C-S-H. Third possible reason is the availability of soluble Si, which is the
essential for the formation of C-S-H. According to the reported research, formation of C-S-H is
reported where sodium silicate is used to as one part of activator to provide soluble Si. But only
NaOH is used in current study.
(2). When the geopolymer matrix was cured at ambient temperature for two weeks, which was
prepared by mixing class C fly ash directly with 10 M NaOH at 14% water content, the X ray
pattern is a little different with that of oven curing specimen. First difference is that the peak
intensity of meixnerite is enhanced when the paste was cured in air. The reason may be that lower
curing temperature is favorable for the formation of hydration product. Another difference is the
peak at 2θ 34.3°responding to sodium aluminum silicate disappear when the paste was cured at
ambient temperature. Last difference is the peak at 2θ 42.4°responding to gehlenite is weakened
for the room temperature curing specimen. Both of the last two differences indicate that the
elevated temperature is beneficial for the formation of the geopolymer product, and then the
strength. It was also reported that curing at higher temperature can enhance the mechanical strength
by increasing the dissolution rate of Si and Al and degree of geopolymerization [44, 45].
(3). The effects of NaOH concentration on class C fly ash can be observed by comparing the pattern
of b and d in Fig. 11A. The peak at 2θ 34.3° responding to sodium aluminum silicate disappear
when the concentration of activator decrease from 10 M to 6 M. At the same time, the sample
activated by 6 M NaOH has lower intensity for most of the reflection peaks. Both of the differences
in XRD pattern demonstrate that the higher concentration of activator can improve the
geopolymreization degree, and then will result in higher strength. The result is consistent with the
observation discussed in previous section.
(4). The XRD patterns of specimen prepared with 14% water content (pattern b in Fig. 11A) and
13% water content (pattern e) is very similar. But based on the semiquant (wt.%) results, the total
percentage of geopolymer product, i.e. katoite, sodium aluminum silicate and gehlenite is less
when 13% water content was applied. As discussed in previous section, when the water content is
higher, more NaOH could be provided for the dissolution Si and Al, and further enhance the
geopolymerization reaction.
(5). XRD pattern of the specimen after soaking in water is shown as pattern f. It is almost same
when compared with pattern b in Fig. 11A. this provides the evidence to that the geopolymer
structure is stable and water resistant. The result coincides with water soaking test discussed in
water soaking test section.
(6). X-ray diffraction analysis was also performed to study the phase composition of raw class F
fly ash and the geopolymer matrix, the results are shown in Fig. 11B. During the preparation, FAF was directly mixed with 10 M NaOH at 14% water content, further cured at 60 ℃ for 2 days.
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After the geopolymerization reaction, the patterns show that crystalline phases still remain, but the
intensity of glass diffraction decreases. It indicates that amorphous compounds is easier to dissolve
than crystalline compounds during the first step of geopolymerization [46, 47], the higher amount
of dissolved Si and Al is beneficial for the high degree geopolymerization. At the same time, two
additional diffraction peaks are well explained by the formation of sodalite with approximate
composition Na8(Al6Si6O24)(OH)2(H2O)2. The formation of sodalite was also reported by
Dombrowski et al., when the class F fly ash was activated by NaOH and further cured at ambient
condition. Compare to class C fly ash, no calcium contain zeolite type materials were formed
during the geopolymerization of class F fly ash. This is due to the low calcium content in class F
fly ash.
Based on discussion above, we can draw a conclusion that the process of geopolymerization
reaction can be affected by a number of factors including activator concentration, water content
and curing regime. The geopolymer matrix exhibits a good durability.
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Figure 11 XRD patterns of original fly ash and the geopolymer specimen synthesized at
different condition. A) is for class C fly ash, and B) is for class F fly ash.
FTIR analysis
The infrared spectra of raw class C fly ash and the geopolymer specimens synthesized at different
condition in the domain 600-2000 cm-1 are shown in Fig. 12A. The spectra in the domain 600-960
cm-1 and 1250-1600 cm-1 were enlarged in Fig. 12B and Fig. 12C, respectively. Fig. 12D shows
the FTIR spectra of Class F fly ash and geopolymer specimens. The identified FTIR characteristics
are summarized in Table 4. For the class C fly ash powder, the strong band at 927 cm-1 corresponds
to the stretching vibrations of Si-O and Al-O. The wavenumber is lower than most the results
reported. In the literature, the strong band corresponds to the stretching vibrations of Si-O-Si and
Si-O-Al were reported around 1000 cm-1 [48-50]. This may be due the different composition,
especially Si/Al ratio. The stretching modes are sensitive to the Si:Al composition of the frame
work and may shift to a lower frequency with increasing number of tetrahedral aluminum atoms
[51]. The Si/Al ration in class C fly ash used in current study is around 1.16, which is lower than
that reported in other researcher’s work. For the class F fly ash powder, the strong band at 1020
cm-1 corresponds to the stretching vibrations of Si-O and Si-O-Al bonds in a silicon-rich structure.
As can be seen from Fig. 12, FTIR absorbance spectra of raw fly ash and geopolymerized fly ash
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demonstrate different patterns. The difference in spectra may suggest changes in microstructure of
fly ash or formation of new composite through alkali-activation.
(1). The band at 927 cm-1 of class C fly ash was shifted towards to higher wavenumber after
activated by 10 M NaOH solution and further cured at 90 ℃ for one day. The shift is approximately
16 cm-1.This demonstrates a change in the microstructure takes place during reaction. According
to others research and our previous study on the geopolymerization of mine tailings, the strong
band usually was shifted towards to lower wavenumber after geopolymerization reaction.
However, for class C fly ash used in current research, the band was always shifted towards higher
wavenumber at different geopolymerization condition. The reason is still not clear, but it can be
explained from the two possible aspects: First is the Si/Al ratio. Based on the semiquant (wt. %)
results, the Si/Al ratio is 1.32 in crystalline phase, and the Si/Al ratio in the class C fly ash is 1.16
listed in table 1. So we can get that the Si/Al ratio in glass phase is lower than 1.16. It was reported
that the glass phase is significantly more reactive than crystalline phase [50, 52-54]. After
geopolymerization reaction, the percentage of glass phase will be reduced, this will result in that
the residual unreacted part of fly ash exhibits higher Si/Al ratio (>1.16). So the band may shift to
a higher frequency with decreasing number of tetrahedral aluminum atoms. Another aspect is the
energy stored in amorphous phase during calcination. The energy was released during
geopolymerization reaction by changing the amorphous phase to semi crystalline phase, this will
result in the shift of the band to higher wavenumber. Another difference after 10 M NaOH
activation and 90 ℃ curing for one day is that the band at 676 cm-1 for class c fly ash disappears,
and is replaced by the stretching vibration of Si-O-Al and Al-O at 795 cm-1, 776 cm-1, 692 cm-1,
and 660 cm-1. This may be attributed to the formation of new product with different microstructure.
According to the XRD analysis, the mullite has not beed identified after geopolymerization, we
can think the band at 676 cm-1 is responding to the vibration of Si-O-Al bond. The last difference
worth the mention is that C-O stretching at around 1430 cm-1 can be observed, which is the
characteristic of CO32- [55]. The reason maybe the formation of Na2CO3 after the reaction between
unreacted NaOH and CO2 gas in air during the curing.
(2). The pattern resulted from 6 M NaOH activated class C fly ash with curing at 90 ℃ is similar
with that of 10 M activated. It means the gropolymer product possesses the similar microstructure.
But the intensity of the band is lower when 6 M NaOH was used. The lower intensity indicates
that the degree of geopolymerization is lower when 6 M NaOH was used. The result is consistent
with the effects of NaOH concentrate on compressive strength discussed in previous section.
Hounsi et al. also reported that the intensity of band responded to geopolymer product increases
with the increase of NaOH concentration during the kaolin based geopolymerization [56]. At the
same time, C-O stretching at around 1430 cm-1 was not observed, this may suggest that there is no
unreacted NaOH in geopolymer matrix.
(3). The IR pattern of the geopolymer specimen (FAC-10-90) after soaking is almost same with
that before soaking. Again, it demonstrates the good water resistant and durability of the
geopolymer matrix.
(4). For the sample prepared with 10 M NaOH with curing in air, the stretching vibration at 795
cm-1, 776 cm-1, 692 cm-1 are not significant. This can be explained by that less new product with
different microstructure were formed. As we discussed in previous, curing regime also has
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significant impacts on the geopolymerization reaction. The FTIR spectra are complementary to Xray structural analysis.
(5). The geopolymerization of class F fly ash shrifts it towards lower wave number with 45 cm-1,
this demonstrates that a change in microstructure takes place during geopolymerization reaction.
The direction of shift of the strong band and the position of other minor band are different with
that in class C fly ash, this is thought due to the different chemical composition, especially the
Si/Al ratio, and glass content.
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Figure 12 FTIR spectra of class fly ash and geopolymer specimen prepared at different
condition.
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Table 4 FTIR characteristic bands and corresponding species from reference.
Assignment

Wavenumber (cm-1)

Characteristic bands

Ref.

(Si-O-Si and Al-O-Si)

950~1200

asymmetric stretching

57, 58

(Si-O-Si and Al-O-Si)

1080

asymmetric stretching

58

(Si-O-Si and Al-O-Si)

1074

asymmetric stretching

59

(Si-OH)

882

Si-O stretching, OH bending (Si-OH)

60

(Si-O-Si)

798

symmetric stretching

60

(Si-O-Si and Al-O-Si)

727

symmetric stretching

61

(Si-O-Si)

694

symmetric stretching

62

Comparison of Geopolymer of Class C and Class F Fly Ash
The compressive strength obtained from class F fly ash is lower than that from class C fly ash at
same geopolymerization condition. This is due to the following reasons:
(1). Higher Si/Al ratio. One of the major factors controlling the property of geopolymer is the
silicate and aluminum ratio. The lower Si/Al ratio is beneficial for the strength development. It is
believed that the unreacted particles with higher silica content act as the defect site and adversely
affects the final strength [63]. Jun and Oh [64] performed study using six different Korean Class
F fly ashes. They reported that there was a clear inverse-proportional relationship between the
Si/Al atomic ratios of reaction products and the compressive strengths of samples.
(2). Lower calcium content. The presence of calcium compounds in the raw materials also plays
an important role on the final compressive strength. It has been proved that addition of calcium
compounds can improve mechanical properties for the ambient temperature cured samples [65].
Xu and Van Deventer have found that the calcium has a positive effect on the compressive strength
of geopolymeric binders [66]. When the CaO is high, the amorphous structure Ca-Al-Si gel can be
formed, at the same time, high CaO content decreases the microstructural porosity. Both of them
in turn enhance the final product’s strength [67]. In current study, the density of geopolymer
specimen prepared form class F fly ash has lower density when compared to class C based
geopolymer specimen after curing. Van Jaarsveld and Van Denventer [68] in the study of alkali
activated high calcium fly ash reported that calcium containing compounds such as calcium
silicates, calcium aluminate hydrates, and calcium-silico-aluminates are formed during
geopolymerization, which affects the workability and setting of the matrix.
(3). Larger particle size. We can find the class C fly ash has a finer particle size distribution based
on Fig. 1. It was reported that the finesses of the fly ashes is the key in the development of the
mechanical strength. Fernandez-Jimenez and Palomo stated that the mechanical strength increased
significantly when the particles with size larger than 45 um were removed [69]. Marjanovic [70]
also observed that the reduction in particle size of Class F fly ash resulted in drastic increase of
geopolymer compressive strength. The strength can reach up to 70 MPa when the d50 is around 10
um, and the strength is lower than 10 MPa when the d50 higher than 20um. But they only attribute
the enhanced strength to the improved reactivity obtained by reduction of particle size. Our
research find that the different chemical composition in different particle size distribution is also
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another important reason. EDX analysis was used to analyze the calcium content in class C fly ash
particles with different size. More than 30 particles were selected randomly to perform the test.
The results were summarized in Fig. 13. One can find that the calcium content in class C fly ash
varies with particle size. The finer particles contain higher percentage of calcium. As we discussed
in previous section, high calcium is beneficial for the strength development during
geopolymerization reaction. XRD analysis shows that there is no calcium exists as crystalline
phase, it indicates that the finer particles with higher calcium are amorphous structure. Based on
the comparison between the SEM images of raw class C fly ash and polished surface of FA-C
based geopolymer matrix in Fig. 14, it can be found that the finer particles is more likely to be
geopolymerized. Both the high calcium content and amorphous structure is the reason why the
finesses of class C fly ash is the key for the development of mechanical strength.
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Figure 13 The calcium content in class C fly ash particles with different size
(4). Lower glass content. The X-ray diffractograms of class C and class F fly ash are presented in
Fig. 15. What is apparent is that both of FA-C and FA-F consists of mostly amorphous material
and this may greatly affect their physical and chemical properties during geopolymerization
reaction compared to more crystalline materials. One difference between the XRD patterns is the
“hump” area. Smaller “hump” area in class F fly ash indicates that the class F fly ash is more
crystalline than class C fly ash. As discussed in previous, amorphous phase is significantly more
reactive than crystalline phase. It was also reported that calcium aluminate glass occurs in the
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A

B

Figure 14 The comparison of class C fly ash before and after geopolymerization. A) is the
raw fly ash particles, B) is the polished surface of geopolymer matrix.
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particles of class C fly ash. Conversely, class F fly ash seems to contain glass that is basically
siliceous structure [71, 63]. According to the previous discussion, higher calcium and aluminum
is favorable for the geopolymerization reaction. Another significant difference is that the position
of the glass diffraction maximum. The position is around 2θ 31.5°for class C fly ash, and it shifts
to 23.5°for class F fly ash. The shift is thought to be due to the structural changes associated with
the decreasing content of calcium within the glass. Diamond studied the XRD pattern of 16 fly
ashes ranging in CaO content from less 2% to approximately 27%. He found that the position of
the glass diffraction maximum increases linearly with CaO. It was also pointed out that fly ashes
with CaO content higher than 20% shows a glass diffraction maximum remain constant at about
32 °[71].
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Figure 15 XRD pattern of raw class C fly ash and class F fly ash
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CONCLUSION
Geopolymers have been obtained with raw clas C and class F fly ash. The compressive strength
has been measured as a function of activator concentration, water content and curing regime. The
results obtained have been correlated with the XRD, FTIR and SEM analyses of the as-obtained
geopolymer matrix. The major trends observed are summarized below.
1)

2)

3)
4)

5)
6)
7)

The compressive strength increases with the NaOH concentration in the range of 3 M to
10 M. The optimum water content is 14%. Compared to other available methods, the
present work provides an economical and easy procedure to fabricate geopolymer product
in industrial practice.
For class C fly ash, the strength can reach up to 100 MPa after one day curing at 90 ℃.
Rapid drying should be avoid for class F fly ash based geopolymer. The geopolymerization
product of fly ash can be cured in air. The compressive strength of class C based reaches a
plateau after a two weeks curing time and the value is around 70 MPa. Adequate curing in
air is beneficial for the geopolymerization of class F fly ash, the obtained strength is about
60 MPa after one month curing.
The addition of Ca(OH)2 has little impact on the geopolymerization of fly ash; therefore,
there is no need to add Ca(OH)2 for the geopolymerization of fly ash in practice.
Based on XRD spectra, the amorphous feature can be observed for class C and class F fly
ash. It is the key of the success of geopolymerizaton due to its high reactivity. The location
of glass diffraction maximum depends on Ca content. It is found to increase linearly with
Ca content, but the maxima remains at 32 ° 2θ when the CaO content is higher than 20%.
The Si/Al ratio, particle size, chemical composition, and the glass content significantly
affect the properties of geopolymer matrix.
The calcium content increases with the decreasing of particle size for class C fly ash. The
relationship between the Ca content and particle size is proposed.
From present work, the geopolymerization product of fly ash has a very high water
resistance. It doesn’t lose any compressive strength even after it has been soaked in water
for one month. XRD and FTIR analysis shows that the microstructure is very stable.

98

REFERENCE
[1]
[2]
[3]
[4]
[5]
[6]

[7]
[8]

[9]
[10]

[11]

[12]
[13]
[14]
[15]

[16]

[17]

[18]

Xu, H., van Deventer, J. S. J., The geopolymerisation of aluminosilicate minerals.
International Journal of Minerals and Processing, 2000, 59 (3): 247–266.
Xu, H., van Deventer, J. S. J., Factors affecting the geopolymerization of alkali-feldspars.
Minerals and Metallurgical Processing, 2002, 19 (4): 209–214.
Palomo, A., Grutzeck M. W., Blanco, M. T., Alkali-activated fly ashes a cement for the
future. Cement Concr Res 1999; 29(18):1323–9.
Grutzeck, M. W., Siemer, D. D., Zeolites synthesized from class F fly ash and sodium
aluminate slurry. Journal of American Ceramic Society, 1997, 80 (9): 2449-2458.
Puertas F, Martinez-Ramirez S, Alonso S, Vazquez T, Alkali activated fly ash/slag cement.
Cement Concrete Res, 2000, 30:1625.
Hanjitsuwan, S., Hunpratub, S., Thongbai, P., Maensiri, S., Sata, V. and Chindaprasirt, P.,
Effects of NaOH concentrations on physical and electrical properties of high calcium fly
ash geopolymer paste, cement and Concrete Composites, 2014, 45:9-14.
Palomo, A. and Grutzeck M.W., Blanco MT, Alkali-activated fly ashes a cement for the
future, Cement Concrete Res, 1999, 29:1323.
Wang, K., Shah, S. P. and Mishulovich, A., Effects of curing temperature and NaOH
addition on hydration and strength development of clinker-free fly ash binders.Cement
Concrete Res., 2004, 34(2): 299-309.
Xu, H., Geopolymerisation of aluminosilicate minerals. PhD Thesis, Department of
Chemical Engineering, University of Melbourne, Australia. 2001.
Wang, H., Li, H. and Yan, F., Synthesis and mechanical properties of metakaolinite-based
geopolymers. Colloids and Surfaces A - Physicochemical and Engineering Aspects, 2005,
268 (1-3), 1-6.
Luz Granizo, M., Blanco-Varela, M. T. and Mart´ınez-Ram´ırez, S., Alkali activation of
metakaolins: parameters affecting mechanical, structural and microstructural properties.
Journal of Materials Science, 2007, 42: 2934–2943.
Martinez Ramirez, S. and Palomo, A., Microstructure studies on Portland cement pastes
obtained in highly alkaline environments.Cement Concrete Res, 2001, 31:1581.
Rattanasak, U. and Chindaprasirt, P., Influence of NaOH solution on the synthesis of fly
ash geopolymer. Minerals Engineering, 2009, 22:1073-1078.
Somna, K., Jaturapitakkul, C., Kajitvichyanukul, P. and Chindaprasirt, P., NaOH-activated
ground fly ash geopolymer cured at ambient temperature, Fuel, 2011, 90:2118-2124.
Hanjitsuwan, S., Hunpratub, S., Thongbai, P., Maensiri, S., Sata, V. and Chindaprasirt, P.,
Effects of NaOH concentrations on physical and electrical properties of high calcium fly
ash geopolymer paste, Cement & Concrete Composites, 2014, 45: 9-14.
Ryu, G. S., Lee, Y. B., Koh, K. T. and Chung, Y. S., The mechanical properties of fly ashbased geopolymer concrete with alkaline activators, Construction and Building Materials,
2013, 47: 409-418.
Huang, Y. and Han, M., The influence of -Al2O3 addition on microstructure, mechanical
and formaldehyde adsorption properties of fly ash-based geopolymer products, Journal of
Hazardous Materials, 2011, 193: 90-94.
Ambroise, J., Maximilien, S. and Pear, J., properties of metakaolin blended cements,
Advanced Based Materials, 1994, (1): 161-168.
99

[19]

[20]
[21]
[22]

[23]

[24]

[25]
[26]
[27]
[28]
[29]
[30]
[31]

[32]
[33]
[34]
[35]
[36]
[37]

Komljenovic, M., Bascarevic, Z. and Bradic, V., Mechanical and microstructural
properties of alkali-activated fly ash geopolymers, Journal of Hazardous Materials, 2010
(181): 35-42
Ahmari, S. and Zhang, L., Production of eco-friendly bricks from copper mine tailings
through geopolymerization. Constr Build Mater 2012, 29: 323-331
Van Jaarsveld, J. G. S., Van Deventer, J. S. J., Lukey, G. C. and Graham, A., The
Stabilisation of Mine Tailings by Reactive Geopolymerisation, MINPREX 2000, 363-371
Barbosa, V. F. F., Mackenzie, K. J. D., Thaumaturgo, C., Synthesisand characterization of
sodium polysialate inorganic polymer based onalumina and silica. In: Davidovits, J.,
Davidovits, R., James, C. (Eds.),Proceedings of the 2nd International Conference on
Geopolymer, 1999,Saint Qunentin, France, June 30-July 2, 1999, 65-78.
Temuujin, J., Riessen, A. and Van Williams, R., Influence of calcium compounds on the
mechanical properties of fly ash geopolymer pastes Journal of Hazardous Materials 167,
2009, 82-88.
Škvára, A. F., Sulfuric acid attack on hardened paste of geopolymer cements part 1.
mechanism of corrosion at relatively high concentrations, Ceramics − Silikáty 2006, 50 (1):
1-4
ASTM standard C67-07a, Standard test methods for sampling and testing brick and
structural clay tile, ASTM internation, West Conshohocken, PA, 2007.
Fredidin, C., Cementless pressed blocks from waste products of coal-firing powder station.
Constr Build Mater, 2007 (21): 12-18.
Nguyen, K. T., Lee, Y. H., Lee, J. and Ahn, Namshik., Acid Resistance and Curing
Properties for Green Fly Ash-geopolymer Concrete, JAABE, 2013, 12(2): 317-322
Atkins, M., Glasser, F. P. and Jack, J. J., Zeolite P in cements: its potential for immobilizing
toxic and radioactive waste species. Waste Man. 1995 (15): 127-135.
Kirschner, A., Harmuth, H., Investigation of geopolymer binders with respect to their
application for building materials. Ceramics Silikáty 2004 (48): 117-120.
Palomo, A., Grutzeck, M. W. and Blanco, M. T., Alkali-activated fly ashes – acement for
the future, Cem. Concr. Res. 1999 (29): 1323-1329
Cioffi, R., Maffucci, L. and Santoro, L., Optimization of geopolymer synthesis by
calcinations and polycondensation of a kaolinitic residue. Resour. Conserv. Recycl. 2003
(40): 27-38.
Nguyen, K. T., Lee, Y. H., Lee, J. and Ahn, Namshik., Acid Resistance and Curing
Properties for Green Fly Ash-geopolymer Concrete, JAABE, 2013, 12(2): 317-322
Perera, D. S., Uchida, O., Vance, E. R. and Finnie, K. S., Influence of curing schedule on
the integrity of geopolymers. Journal of Material Science, 2007, 42: 3099-3106.
Lopez-Flores, F., Fly ash and effects of partial cement replacement by fly ash, MS thesis,
Purdue University, 1981.
Khale. D. and Chaudhary, R., Mechanism of geopolymerization and factors influencing its
development: a review, J Mater Sci, 2007 (42): 729-746.
Rattanasak, U. and Chindaprasirt, P., Influence of NaOH solution on the synthesis of fly
ash geopolymer. Minerals Engineering, 2009, 22:1073-1078.
Nguyen, K. T., Lee, Y. H., Lee, J. and Ahn, Namshik., Acid Resistance and Curing
Properties for Green Fly Ash-geopolymer Concrete, JAABE, 2013, 12(2): 317-322

100

[38]

[39]

[40]

[41]

[42]
[43]
[44]
[45]

[46]
[47]
[48]
[49]
[50]
[51]

[52]
[53]

[54]

[55]

Heah, C. Y., Kamarudin, H., Al Bakri, A. M. M., Binhussain, M., Luqman, M. and Nizar,
I. K., Effect of curing profile on Kaolin-based geopolymers. Phys Procedia, 2011, 22: 305311.
Provis, J. L., Lukey, G. C. and Van Deventer, J. S. J., Do geopolymers actually contain
nanocrystalline zeolites? A re-examination of existing results, Chem. Mater. 17 (2005)
3075-3085.
Dombrowski, K., Buchwald, A. and Weil, M., The influence of calcium content on the
structure and thermal performance of fly ash based geopolymer, J Mater Sci, 2007 (42):
3033-3043.
Yip, C. K., Lukey, G. C., Van Deventer, J. S. J., The coexistence of geopolymeric gel and
calcium silicate hydrate at the early stage of alkaline activation. Cem Concr Res, 2005
(35):1688-1697.
Zhang, Z., Yao, X. and Zhu, H., Potential application of geopolymers as protection coatings
for marine concrete I. Basic properties. Appl Clay Sci, 2010 (49): 1-6.
Temuujin, J., Van Riessen, A., Williams. R., Influence of calcium compounds on the
mechanical properties of fly ash geopolymer pastes. J Hazard Mater 2009 (67): 82-98.
Nguyen, K. T., Lee, Y. H., Lee, J. and Ahn, Namshik., Acid Resistance and Curing
Properties for Green Fly Ash-geopolymer Concrete, JAABE, 2013, 12(2): 317-322
Hardjito, D., Wallah, S. E., Sumajouw, D. M. J. and Rangan, B.V., Factors Influencing
The Compressive Strength of Fly Ash-based Geopolymer Concrete, Civil Engineering
Dimension, 2004, 6(2): 88-93.
Diamond, S., The glass present in low-calcium and in high-calcium fly ashes, cement and
concrete research, 1983 (13): 459-464.
Diaz, E. I., Allouche, E. N. and Eklund, S., Factors affecting the suitability of fly ash as
source meatrial for geopolymers, Fuel, 2010 (89): 992-996.
Rattanasak, U. and Chindaprasirt, P., Influence of NaOH solution on the synthesis of fly
ash geopolymer. Minerals Engineering, 2009, 22:1073-1078.
Somna, K., Jaturapitakkul, C., Kajitvichyanukul, P. and Chindaprasirt, P., NaOH-activated
ground fly ash geopolymer cured at ambient temperature, Fuel, 2011, 90:2118-2124.
Guo, X., Shi, H., Dick and W. A., Compressive strength and microstructural characteristics
of class C fly ash geopolymer, Cement & Concrete Composites, 2010, 32: 142-147.
Duxson, P., Provis, J. L., Lukey, G. C., Mallicoat, S. W., Kriven, W. M. and Van Deventer,
J. S. J., Understanding the relationship between geopolymer composition, microstructure
and mechanical properties. Colloids and Surfaces A – Physicochemical and Engineering
Aspects 2005. 269 (1–3): 47-58
Diamond, S., The glass present in low-calcium and in high-calcium fly ashes, cement and
concrete research, 1983 (13): 459-464.
Pangdaeng, S., Phoo-ngernkham, T., Sata, V. and Chindaprasirt, P., Influence of curing
conditions on properties of high calcium fly ash geopolymer containing Portland cement
as additive, Materials and Design, 2014, 53: 269-274.
Ma, Y., Hu, J. and Ye, G., The effect of activating solution on the mechanical strength,
reaction rate, mineralogy, and microstructure of alkali-activated fly ash, Journal of
Materials Science, 2012, 47: 4568-4578.
Yousuf. M., Mollah, A., Hess, T., Tsai, Y.N. and Cocke, D.L., An FTIR and XPS
investigation of the effects of carbonation of the solidification/stabilization of cement based
system-Portaland type V with zinc, Cem. Conr. Res., 1993 (23): 773-784.
101

[56]

[57]
[58]
[59]

[60]

[61]
[62]
[63]
[64]
[65]

[66]

[67]

[68]
[69]
[70]

Hounsi, A. D., Nana, G. L., Djeteli, G., Blanchart, P., Alowanou, D., Kpelou, P., Napo, K.,
Tchangbedji, G. and Praisler, M., How does Na, K alkali metal concentration change the
early age structural characteristic of kaolin based geopolymers, Ceramics international,
2014 (40): 8953-8962.
Farmer, V. C., The Infrared Spectra of Minerals; Mineralogical Society: London, 1974.
Gadsden, J. A., Infrared Spectra of Minerals and Related Inorganic Compounds;
Butterworth: London, 1975
Lee W. K. W., Van Deventer J. S. J., Use of infrared spectroscopy to study
geopolymerization of heterogeneous amorphous aluminosilicates. Langmuir 2003 (19):
26-34.
Uchino, T., Sakka, T., Hotta, K. and Iwasaki, M., Attenuated toatal reflectance fouriertransform infrared spectra of a hydrated sodium soilicate glass, M. J. Am. Ceram. Soc.
1989 (72): 2173-2175
Sitarz M., Mozgawa W. and Handke M., Vibrational spectra of complex ring silicate anions
- method of recognition. Journal of Molecular Structure 1997 (404): 193–197
Davidovits, J., geopolymer chemistry and application, Institute of geopolymer, SaintQuentin, 2008.
Xu, H., Van Deventer, J. S. J., Geopolymerisation of multiple minerals. Minerals
Engineering, 2002, 15: 1131-1139.
Jun, Y. and Oh, J. E., Mechanical and microstructural dissimilarities in alkali-activation
for six Class F Korean fly ashes, Construction and Building Materials, 2014, 52: 396-403.
Temuujin, J., Riessen, A. and Van Williams, R., Influence of calcium compounds on the
mechanical properties of fly ash geopolymer pastes Journal of Hazardous Materials 167,
2009, 82-88.
Xu, H. and Van Deventer, J. S. J., The effect of alkali metals on the formation of
geopolymeric gels from alkali-feldspar. Colloids and Surfaces A – Physicochemical and
Engineering Aspects, 2003, 216 (1-3): 27-44.
Van Jaarsveld, J. G. S., Van Deventer, J. S. J. and Lorenzen, L., Factors affecting the
immobilization of metals in geopolymerised fly ash. Metallurgical and Materials
Transactions B - Process Metallurgy and Materials Processing Science, 1998, 29: 283-291.
Van Jaarsveld, J. G. S., Van Deventer, J. S. J. and Lukey, G. C., The characterisation of
source materials in fly ash-based geopolymers.Materials Letters, 2003, 57 (7): 1272-1280.
Fernandez-Jimenez, A. and Palomo, A.,Characterisation of fly ashes. Potential reactivity
as alkaline cements, Fuel, 2003 (82): 2259-2265.
Marjanovic´, N., Komljenovic´, M., Bašcˇarevic´, Z. and Nikolic, V., Construction and
Building Materials, 2014, 57: 151-162

102

APPENDIX C

APPLYING THE MIXTURE OF CLASS C FLY ASH AND MINE
TAILINGS AS CONSTRUCTION MATERIALS
ABSTRACT
Efforts have been tried to apply the mixture of mine tailings and class C fly ash as construction
materials. Through the present investigation, a protocol to make construction materials using the
mixture of mine tailings and class C fly ash has been set up. The experiment results of the present
work also help set up the working conditions such as activation temperature and time, the
concentration of NaOH, the addition of Ca(OH)2, forming pressure, mine tailing to class C fly ash
weight ratio, curing temperature and curing time. To elucidate the mechanism for the contribution
of additives to geopolymerization, microscopic and spectroscopic techniques including scanning
electron microscopy/ energy-dispersive X-ray spectroscopy (SEM/EDX), X-ray diffraction
(XRD), and Fourier transform infrared (FTIR) spectroscopy are used to investigate the
micro/nanostructure and the elemental and phase composition of geopolymerization composite.
The obtained compressive strength of geopolymerization product can reach above 60 MPa. The
stress-strain behavior was also characterized and the results show that the mechanical behavior is
similar to that of concrete with a 24 GPa dynamic modulus. The Young’s modulus of geopolymer
product was also calculated and the value is in the range of 4.0 to 13.5 GPa. The findings of the
present work provide a novel method for the geopolymerization of the mixture of mine tailings
and class C fly ash as construction materials, such as bricks for construction and road pavement.
Key words: Geopolymer, Mine tailings, fly ash, Kaolinite, Young’s modulus, Durability, XRD,
FTIR, SEM/EDS mapping.
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INTRODUCTION
In mining activity, after the valuable materials are extracted from ores, millions of tons of solid
rejects, i.e., mine tailings, are stored in the tailings dam, which occupies a huge area of land and
leads to high monetary, environmental and ecological costs. For example, the impoundment of
mine tailings can bring with serious environmental problems such as mine dust and tailing dam
failure. On the other hand, the making of general construction material results in a lot of
greenhouse gas emission. Therefore, it is of great interest to utilize mine tailings, for which a lot
of energy has been consumed during the comminution process, as construction materials using the
novel geopolymerization technique [1-5].
Fly ash is another industrial waste which needs to be carefully impounded because of its potential
impact on environment. Many efforts have been tried to utilize fly ash as construction materials
because it is a silica/alumina rich aluminosilicate source. In addition, the facts that fly ash is quite
reactive to alkali and its particle size is usually very small (< 50 microns) make the specific
material an ideal source for the geopolymerization process to make construction materials.
Geopolymerization is a process of obtaining a polymeric structure from aluminosilicate by
dissolving aluminosilicate sources in a strong alkali (NaOH) solution at an elevated temperature.
After being cured at an elevated temperature for a specific time, the geopolymerization product
shows a greatly increased compressive strength. Therefore, the product can be used as construction
material such as bricks and road pavement. It provides a very promising method to apply
aluminosilicate sources such as mine tailings and fly ash as construction materials.
By now, many researched have been carried out on the geopolymerization of clay minerals and fly
ash, with few works being focused on mine tailings [6-8]. Compared to other aluminosilicate
sources, mine tailing has some disadvantages such as comparatively large particle size, low
reactivity and high Si/Al ratio, which result in a large consumption of alkali, a long curing time, a
low compressive strength and weak resistant again water. It is therefore of great interest to mix fly
ash, an aluminosilicate source with high reactivity, with mine tailings and apply the
geopolymerization products of the mixture of mine tailings and fly ash as construction materials.
In present study, it is aimed to build up a protocol to make construction materials using the mixture
of mine tailings and fly ash. Specific efforts will be focused on optimizing the working conditions
to improve the compressive strength of the geopolymerization products obtained from the mixture
of mine tailings and fly ash. The findings of the present work will provide a novel method for the
geopolymerization of the mixture of mine tailings and fly ash as construction materials, such as
bricks for construction and road pavement.
EXPERIMENTAL
Materials
Research grade sodium hydroxide (NaOH, >99%) and calcium hydroxide (Ca(OH)2, >95%) are obtained
from Alfa Aesar. Mine tailings samples are collected from the tailing dam of a copper mine in southern
Tucson. Fly ash samples (Class C and Class F) are provided by Boral USA. Kaolinite samples
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(Al2O3∙2SiO2∙2H2O, >98%) are obtained from Strem Chemicals. All the materials are used as received
without further processing.
Sample preparation

Sodium hydroxide solutions are prepared by dissolving a specific amount of chemical pellets in
tap water to prepare solutions at specific concentrations. The mass ratio of mine tailings to water
is kept at 0.6. During experiments, sodium hydroxide solution is slowly added into a 500 ml
reaction bottle with 140 g mine tailings and a specific amount class C fly ash being filled
beforehand. The solid/liquid mixture is then stirred by a mixer for 3 minutes to make uniform
slurry. The reaction bottle is sealed tightly, moved to an oven and cured at specified temperature
for a specific time. When the effect of calcium hydroxide is studied, a specific amount of additives
are added into the reaction bottle with mine tailings and class C fly ash mixture before alkali
solution is added. When the effects of other minerals, such as class F fly ash and kaolinite, is
studied, the bottle is filled with mine tailings and class F fly ash or kaolinite beforehand. After the
alkali activation, the reaction bottle is removed from oven and cooled down in a hood for
approximately 40 minutes, during which mixture have already settle to the bottom of the reaction
bottle. The supernatant is poured out of the bottle and collected for reuse. Activated mixture paste
is taken out of the reaction bottle, stirred for 2 minutes and further filled into a cylindrical mold
with 3.2 cm in inner diameter and 6.4 cm in height. The paste in the mold is gradually compressed
manually by hydraulic hand pump with a specific pressure as needed. After the compression, the
specimen is de-molded and cured in an oven at an elevated temperature for a specific time. Finally,
the cured specimen is taken out of the oven, cooled down in ambient condition for 12 hours and
gets ready for further compressive strength test. Table 1 summarizes the tests conducted on the
geopolymer samples at different condition.
Uniaxial compression test
The compressive strength of reacted fly ash samples is measured by the Versa Tester 30M testing
machine at constant displacement rate of 0.4572 mm/min. Before each measurement, both ends of
the specimens are polished by a piece of sand paper to make sure that they are flat enough for the
compression test. At a given experimental condition, a total of three measurements are taken and averaged.

SEM/EDS characterization
After the uniaxial compression test, the reacted mine tailing samples are characterized by applying
a FEI INSPEC-S50/Thermo-Fisher Noran 6 microscope. In present work, the samples were
polished using a grinding paper.
XRD characterization
XRD analysis were performed to investigate the microstructure and phase composition of raw
materials and final products. Measurements were made using a Panalytical X’Pert Plus Instrument
equipped with a programmable incident beam slit and an X’Celerator Detector. The x-ray
radiation used was Cu Kα, λ = 1.5418 Å. The scan time and instrument parameters were identical
for all samples.
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Table 1 Experimental condition of the prepared geopolymer and the tests conducted
C NaOH

Activation

Activation

Ca(OH)2

FP

Curing

Curing

UCS

Soaking

(M)

Temp. (℃)

time (min)

Content (%)

(MPa)

Temp. (℃)

Time (Days)

test

Test

FA-C 5%

10

130

60

5

10

90

3

×

C10-10-130-60-5-10-90-3

FA-C 10%

10

130

60

5

10

90

3

×

C15-1-130-60-5-10-90-3

FA-C 15%

1

130

60

5

10

90

3

×

C15-4-130-60-5-10-90-3

FA-C 15%

4

130

60

5

10

90

3

×

C15-7-130-60-5-10-90-3

FA-C 15%

7

130

60

5

10

90

3

×

C15-10-90-40-5-10-90-3

FA-C 15%

10

90

40

5

10

90

3

×

C15-10-90-60-5-10-90-3

FA-C 15%

10

90

60

5

10

90

3

×

C15-10-90-80-5-10-90-3

FA-C 15%

10

90

80

5

10

90

3

×

C15-10-110-40-5-10-90-3

FA-C 15%

10

110

40

5

10

90

3

×

C15-10-110-60-5-10-90-3

FA-C 15%

10

110

60

5

10

90

3

×

C15-10-110-80-5-10-90-3

FA-C 15%

10

110

80

5

10

90

3

×

C15-10-130-40-5-10-90-3

FA-C 15%

10

130

40

5

10

90

3

×

C15-10-130-60-5-10-45-1

FA-C 15%

10

130

60

5

10

45

1

×

C15-10-130-60-5-10-45-2

FA-C 15%

10

130

60

5

10

45

2

×

C15-10-130-60-5-10-45-3

FA-C 15%

10

130

60

5

10

45

3

×

C15-10-130-60-5-10-45-7

FA-C 15%

10

130

60

5

10

45

7

×

C15-10-130-60-5-10-90-1

FA-C 15%

10

130

60

5

10

90

1

×

C15-10-130-60-5-10-90-2

FA-C 15%

10

130

60

5

10

90

2

×

C15-10-130-60-0-10-90-3

FA-C 15%

10

130

60

0

10

90

3

×

C15-10-130-60-5-3-90-3

FA-C 15%

10

130

60

5

3

90

3

×

C15-10-130-60-5-6-90-3

FA-C 15%

10

130

60

5

6

90

3

×

C15-10-130-60-5-10-90-3

FA-C 15%

10

130

60

5

10

90

3

×

C15-10-130-60-10-10-90-3

FA-C 15%

10

130

60

10

10

90

3

×

C15-10-130-60-10-15-90-3

FA-C 15%

10

130

60

15

10

90

3

×

C15-10-130-60-5-10-90-7

FA-C 15%

10

130

60

5

10

90

7

×

C15-10-130-60-5-10-130-1

FA-C 15%

10

130

60

5

10

130

1

×

C15-10-130-60-5-10-130-2

FA-C 15%

10

130

60

5

10

130

2

×

C15-10-130-60-5-10-130-3

FA-C 15%

10

130

60

5

10

130

3

×

C15-10-130-60-5-10-130-7

FA-C 15%

10

130

60

5

10

130

7

×

C15-10-170-40-5-10-90-3

FA-C 15%

10

170

40

5

10

90

3

×

Sample Label

Additive

C5-10-130-60-5-10-90-3

106

×

XRD

FTIR

×

×

×

×

×

×

×

×

×

×

SEM

×

C15-10-170-60-5-10-90-3

FA-C 10%

10

170

60

5

10

90

3

×

C15-10-170-80-5-10-90-3

FA-C 15%

10

170

80

5

10

90

3

×

C5-10-170-60-5-10-90-3

FA-C 5%

10

170

60

5

10

90

3

×

C10-10-170-60-5-10-90-3

FA-C 10%

10

170

60

5

10

90

3

×

C15-10-170-60-5-10-90-3

FA-C 15%

10

170

60

5

10

90

3

×

C20-10-170-60-5-10-90-3

FA-C 20%

10

170

60

5

10

90

3

×

F5-10-130-60-5-10-90-3

FA-F 5%

10

130

60

5

10

90

3

×

F10-10-130-60-5-10-90-3

FA-F 10%

10

130

60

5

10

90

3

×

F15-10-130-60-5-10-90-3

FA-F 15%

10

130

60

5

10

90

3

×

K1-10-130-60-5-10-90-3

K 1%

10

130

60

5

10

90

3

×

K2-10-130-60-5-10-90-3

K 2%

10

130

60

5

10

90

3

×

K3-10-130-60-5-10-90-3

K 3%

10

130

60

5

10

90

3

×

K5-10-130-60-5-10-90-3

K 5%

10

130

60

5

10

90

3

×

×

Note: The label of sample is designed as A%-C-AT-At-Ca%-FP-CT-Ct.
A%: The weight percentage of specific additive, C: NaOH concentration, AT: activation temperature, At: activation time, Ca%: the weight percentage of Ca(OH)2
additive, FP: forming pressure, CT: curing temperature, Ct: curing time.
C: class C fly ash
F: class F fly ash
K: Kaolinite
All of the additives were added as wt. % by the mass of mine tailings.
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FTIR
A Nicolet 6700 Fourier transform infrared (FTIR) spectrometer equipped with the Smart ITR
accessory was used to collect spectra in absorbance mode. The system was equipped with KBr
detector and a diamond ATR crystal with an angle of incidence of 45°to ensure the signals were
detected. The data collection time was 32s with a 4 cm-1 resolution, and the range was between
4000 cm-1 ~ 525 cm-1. Polished geopolymer samples were used for the FTIR characterization.
RESULTS AND DISCUSSION
Characterization of samples

Figure 1 SEM/EDS analysis of mine tailings. A) SEM image of mine tailings as received; B)
EDS analysis of Fig. 1A.
Figure 1 shows the SEM/EDS analysis of the mine tailings as received. From Fig. 1B, one can see
that the main elements of mine tailings are Si, Al, K and O, which suggests that the mine tailing is
basically silica and aluminosilcates.
Table 2 Major Element Composition of mine tailings
Element
Si
Al
Ca
Fe
S
K
Mg

Weight %
31.60
7.31
1.53
1.80
0.96
3.82
0.42
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Table 3 Mineral Composition of mine tailings
Element
Quartz
K-feldspar
Plagioclase
Muscovite
Biotite
Swelling Clay
Kaolinite
Calcite
Pyrite

Weight %
28.66
26.44
31.65
4.03
1.51
2.39
1.09
1.78
0.61

The major element composition of mine tailings is shown as Table 2 and the minerals’ composition
is listed as Table 3. One cans see that basically the mine tailing is composed of quartz, K-feldspar
and plagioclase, which are mainly silica and aluminosilcates. The result coincides with the one
obtained with SEM/EDS analysis. Figure 2, the lab sieving test results, shows that the average
particle size, P80, of tailing samples is approximately 240 µm.

Cumulative Weight Percentage (%)

100
90
80
70
60
50
40
30
20
0

50

100

150

200

250

300

Particle Size (m)
Figure 2 The cumulative size distribution curve of mine tailings.
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Figure 3 shows the SEM/EDS analysis of the fly ash as received. From Fig. 3B, one can see that
the main elements of fly ash are Si, Al, Ca and O and the weight percentage of the main elements
of fly ash is listed as Table 4. It is interesting to note that the Si/Al ratio for mine tailings is higher
than that obtained with fly ash and a low Sil/Al is believed to be beneficial for the
geopolymerization process.

A

C

B

D

Figure 3 SEM/EDS analysis of Class C and F fly ash. A) SEM image of FAC fly ash as
received; B) EDS analysis of Fig. 1A. C) SEM image of FAF fly ash as received; D) EDS
analysis of Fig. 1C.
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Table 4 Major element composition of class C fly ash (Boral-TX) and class F (Boral-AP) at wt. %
Si %

Al%

Ca%

Mg%

Na%

Fe%

K%

Class C fly ash

14.14

12.02

17.97

2.49

1.98

4.04

0.22

Class F fly ash

24.42

11.92

3.56

-

0.57

4.42

0.66

Amount of fly ash
The impact of the mine tailing to fly ash ratio on the compressive strength of geopolymerization
products is shown by Figure 4. To prepare the samples, mine tailing is mixed with fly ash at various
weight ratios, activated with 10 M NaOH solution and 5% Ca(OH)2 at a specific temperature for
1 hour, further molded with 10 MPa forming pressure, and finally cured at 90°C for 3 days. As
shown by Fig. 4, one can see that the compressive strength increases with the increasing of the
weight percentage of fly ash. For example, when the activation temperature is 130 °C, the
compressive strength is 41.80 MPa with 5% fly ash being added and the strength increases up to
59.85 MPa with 15% fly ash being added. The trend is almost same with that of the specimen
activated at 170 °C. It is also worthwhile to mention that, when the weight percentage of fly ash is
above 20%, the workability of the paste of the geopolymerization product becomes bad; therefore,
it is impractical to add more than 20% fly ash in the mine tailing/fly ash mixture.
The increase of compressive strength with the addition of class C fly ash can be attributed to two
reasons. First, Si/Al ratio is reduced. Researchers proposed that silicate to aluminum ratio was one
of the major factors determining the property of geopolymer. It has been reported that maximum
strength is usually obtained when the Si/Al ratio in the range of 1 to 3 (SiO2/Al2O3 = 1.2 to 3.6 by
weight) and the specific value depends on the source material being used [9]. In present work, as
shown by Table 2 and Fig. 1, the Si/Al ratio of mine tailings is above 4 and the value is higher
than the proposed optimum Si/Al ratio. Our previous work indicated that the addition of reacted
Al2O3 could increase the compressive strength successfully. This is due to the high Si/Al ratio and
low leaching rate of Al compared to that of Si [10]. Duxson et al. reported that the compressive
strength of metakaolin based geopolymers increased linearly from Si/Al =1.15 to Si/Al = 1.90,
where the maximum strength is obtained [11]. It is believed that the unreacted particles with higher
silica content act as the defect site and adversely affects the final strength. Xu and Van studied the
effects of Si/Al ratio on the microstructure and mechanical properties of geopolymer by mixing
different combinations of kaolinite and fly ash. The results indicated that the mixture of kaolinite
and fly ash with Si/Al of 2 has the highest compressive strength [3]. Jiao et al. [12] investigated
the geopolymerization of silica rich milled vanadium tailings, they found that the addition of class
F fly ash (30 % at wt.) can improve the compressive strength and thermal stability significantly.
The Si/Al of class C fly ash in current study is 1.18 from table 2 and Fig. 2, so the addition of fly
ash can address the problem of high Si/Al in mine tailings.
Second, the increase of compressive strength with the addition of class C fly ash is due to the
additional calcium provided by class C fly ash. Researchers have proposed that the presence of
calcium ions in the raw materials also plays an important role on the final compressive strength. It
has been proved that addition of calcium compounds as a fly ash substitute improved mechanical
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properties for the ambient temperature cured samples [13]. Xu and Van Deventer have found that
the calcium has a positive effect on the compressive strength of geopolymeric binders [14]. When
the CaO is high, the amorphous structure Ca-Al-Si gel can be formed, at the same time, high CaO
content decreases the microstructural porosity. Both of them in turn enhance the final product’s
strength [15, 16]. Van Jaarsveld and Van Denventer in the study of alkali activated fly ash reported
that calcium containing compounds such as calcium silicates, calcium aluminate hydrates, and
calcium-silico-aluminates are formed during geopolymerization, which affects the workability and
setting of the matrix.
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Figure 4 The relationship between compressive strength and the weight percentage of fly ash
at different activation temperatures.
Activation temperature and time
Geopolymer synthesized with calcined aluminosilicate resource materials such as fly ash,
metakaoline and slag exhibit higher strength than that of one prepared with mine tailings. The
weaker strength of mine tailings based geopolymer can be due to the relative low reactivity of
mine tailings. Researches have been conducted to increase the reactivity of relative inert resource
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materials during geopolymerization reaction mainly through two methods. The first method is to
reduce particle size [17, 18]. As shown by Fig. 2, the average particle size, d80, of tailing samples
is approximately 260 µm. Further reducing the particle size of mine tailing to less than 50 um (d80)
will no doubt improve its reactivity, but it is not practical and economic because of the sharply
increased energy consumption associated with the fine grinding process. The other method to
improve the reactivity of relative inert resource materials is thermal treatment. Geopolymer
prepared from calcined material were found to possess higher early strength. The thermal treatment
is usually in the range of 600-800 ℃, which makes it impractical because of the enormous thermal
energy consumption [19, 20]. It is therefore interesting to study the applicability of
geopolymerization of mine tailings at a low or mild temperature, for example, 170℃, to increase
the reactivity of mine tailings and potentially the mechanical strength of the geopolymerization
products.
Figure 5 shows the relationship between compressive strength, activation temperature and
activation time. During the experiment, a specific amount of mine tailings are mixed with 15% fly
ash, activated with 10 M NaOH solution and 5% Ca(OH)2 at different temperatures for various
time, further molded at 10 MPa forming pressure and finally cured at 90℃ for 3 days. The results
show that the compressive strength of geopolymer matrix changes with activation temperature and
time accordingly. When activation temperature is relatively low, for example, at 90°C and 110 ℃,
the maximum compressive strength obtained is 52.36 MPa. Further increasing activation time
doesn’t increase the compressive strength any more. When activation temperature is 130 ℃,
increasing activation time increases compressive strength. For example, the compressive strength
is 52.07 MPa with an activation time of 40 min, the value increases to 59.85 MPa when activation
time increases to 60 min. Further increasing activation time doesn’t increase the compressive
strength any more. Higher the temperature used during the activation process, shorter time needed
to obtain the maximum compressive strength. For the activation at 170 ℃, the maximum
compressive strength, 57.52 MPa, is obtained with a 40 min activation time and the value is same
as obtained with a 60 min activation time. Further increasing activation time decreases the
compressive strength from 59.01 MPa to 50.33 MPa instead.
When activation temperature is higher than 170 ℃, a longer activation time has adverse impact on
strength development. This is because too many Si geopolymeric precursors are produced in paste
due to the high Si/Al ratio of mine tailings and the high dissolution rate of Si [21]. The change is
not beneficial for the geopolymerization process, because excessive Si geopolymeric precursors
can readily form sodium silicate, whose compressive strength is usually very low. Therefore, Fig.
5 shows that the mixture of mine tailings and class C fly ash can be efficiently activated at 130°C
in one hour with 10 M NaOH.
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Figure 5 The relationship between compressive strength, activation temperature and
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Concentration of NaOH
The impact of NaOH concentration on the compressive strength of the mixture of mine tailings
and class C fly ash geopolymerization products has been systemically studied. Figure 6 shows the
compressive strength of geopolymerization products as a function of the concentration of NaOH
solution. The mixture of mine tailing and fly ash (15% class C fly ash) is activated with 5%
Ca(OH)2 and NaOH solutions at different concentrations at 130°C for 1 hour, further molded at
10 MPa forming pressure and finally cured at 90°C for 3 days. One can clearly see from the figure
that compressive strength increases with the increasing of the concentration of NaOH. For example,
when the concentration of NaOH is 1 M, the compressive strength is as low as 7.16 MPa; when
the concentration of NaOH increases to 10 M, the compressive strength increases to 59.85 MPa
accordingly.
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solution.
Activator has significant effects on the initiation of geopolymerization process. Generally, higher
concentration is necessary to increase the dissolution of aluminosilicate particles, the degree of
silica and alumina leaching is mostly dependent on the NaOH concentration. Hanjitsuwan et al.
[22] investigated the effects of NaOH concentration on the physical property of high calcium fly
ash geopolymer paste. Five NaOH concentrations (8, 10, 12, 15 and 18 molar) were used
throughout the experiments while other parameters were maintained constant. The results indicate
that the pastes prepared with high NaOH concentrations shows increased setting time and
compressive strength, which was explained by the a high degree of geopolymerization as a result
of the increased leaching of silica and alumina from fly ash. When the NaOH concentration is too
low, it is not sufficient to stimulate the chemical reaction, which results in low compressive
strength. As shown by Fig. 6, when the concentration is 1 M and 4 M, the compressive strength as
low as 7. 16 MPa and 17.72 MPa, respectively. In the other study, Wang et al. [23] investigated
the compressive strength of metakaolin based geopolymer with different NaOH concentration.
Results shows that the compressive strength, apparent density and the content of amorphous phase
of geopolymers matrix increased with the increasing the NaOH concentration. This can be
explained by the fact that the dissolution of metakaolinite particles was promoted and in turn the
condensation of the monomer was accelerated in the presence of higher NaOH concentration.
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Ahmari and Zhang [5] fabricated geopolymer bricks using solely copper mine tailings and NaOH
concentration varied from 10 to 15 M. The authors reported that the highest compressive strength
(33 MPa) was obtained when the concentration was 15 M. This is due to the highest NaOH/MT
ratio, which in turn produced a much thicker geopolymer binders and directly contributed to the
compressive strength.
Many research papers reported the effects of NaOH concentration on geopolymerization and the
optimum NaOH concentration is summarized in Table 5. It is claimed that the nature and
concentration of alkaline activator is the most dominant parameter during geopolymerization
process [24]. The compressive strength generally increases with the increasing of alkaline
concentration regardless of the types of activator used. However, excessively high concentration
of NaOH results in premature coagulation of silica, which has adverse impacts on the strength of
geopolymer specimen [8].
No additional NaOH concentration higher than 10 M is further studied in the present investigation,
because it will increases the operation cost without improving the strength of geopolymerization
product evidently. In addition, a high NaOH concentration as used in sample preparation may
result in a high solution pH, when the sample contacts water, which is not beneficial for the
environmental consideration.
Table 5. Summary of optimum NaOH concentration reported in literature
No.

Raw matetrial

Optimum NaOH concentration (M)

Reference

1

Fly ash

18

1

2

Fly ash

12

25

3

Fly ash

14

6

4

Fly ash

9

26

5

Fly ash

15

27

6

Metakaoline

12

2

7

Metakaoline

10

28

8

Mine tailings

15

3

9

Mine tailings

10

Current study

Addition of Ca(OH)2
Our previous work shows that the addition of Ca(OH)2 is beneficial for the strength development
of mine tailings based geopolymer. Compared to monovalent cations, such as Na+ and K+,
multivalent cations, for example, Ca2+ and Mg2+, can increase the strength of geopolymerization
product. In present work, Ca(OH)2 is also intentionally added during the geopolymerization of the
mixture of mine tailings and class C fly ash to study its impact on the compressive strength of
geopolymer.
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Figure 7 shows the impact of the addition of Ca(OH)2 on the compressive strength of
geopolymerization products. The mixture of mine tailing and fly ash (15%) is activated with 10 M
NaOH solution and various amount of Ca(OH)2 at 170°C for 1 hour, further molded at 10 MPa
forming pressure and finally cured at 90°C for 3 days. The figure shows that, at the beginning,
compressive strength increases from 40.94 MPa to 59.01 MPa, when the amount of Ca(OH)2
increases from 0 to 5%. Further increasing the amount of Ca(OH)2 will decrease the compressive
strength instead. Therefore, the maximum compressive strength is achieved with the addition of
5% Ca(OH)2.
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Figure 7 The relationship between compressive strength and the addition of Ca(OH)2

It has been reported that calcium containing compounds such as calcium silicates, calcium
aluminate hydrates, and calcium-silico-aluminates are formed during geopolymerization in the
presence of Ca additive, which can enhance the strength and durability [13, 16]. However, addition
of too much calcium compounds has negative impacts on the final strength. In the current study,
the addition of more Ca(OH)2 decreases the compressive strength. The reason is that the high [OH-]
from sodium hydroxide impedes Ca(OH)2 dissolution. It can be observed that the undissolved
white Ca(OH)2 powder still exists in the paste when 15% Ca(OH)2 were added. This undissolved
Ca(OH)2 powder does not take part in the geopolymerization reaction, and in turn hinders the
condensation and further the geopolymerization of dissolved [SiO4] and [AlO4] tetrahedral with
decreased the compressive strength of geopolymer specimens.
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Effects of forming pressure
Forming pressure has significant effects on mechanical strength during the fabrication of pressed
geopolymer brick [5]. This is because it has direct impacts on the total porosity of geopolymer
matrix. Generally, a higher forming pressure will result in a lower total porosity of geopolymer
matrix. At the same time, the utilization of forming pressure can significantly remove the
redundant unreacted NaOH to increase the resistant of geopolymer matrix against water. In present
work, three different forming pressures have been applied on geopolymerization products before
curing to study the effect of forming pressure on the compressive strength.
The impact of forming pressure on the stress-strain behavior of geopolymerization matrix is shown
as Figure 8. To prepare the samples, the mixture of mine tailing and fly ash (15%) is activated with
10 M NaOH solution and 5% Ca(OH)2 at 130°C for 1 hour, further molded at various forming
pressures, i.e., 3, 6 and 10 MPa, and finally cured at 90°C for 3 days. As shown by Fig. 8, the
compressive strength of geopolymerization matrix increases with increasing the forming pressure.
At a 3 MPa forming pressure, compressive strength is about 37 MPa. When forming pressure
increases to 6 MPa, compressive strength increases to 52 MPa and the value further increases to
about 60 MPa when forming pressure increases to 10 MPa. Fig. 8 clearly shows that applying
forming pressure is beneficial for increasing the strength of geopolymerization matrix of the
mixture of mine tailings and class C fly ash.
Zhao et al. [31] investigated the effects of forming pressure on the compressive strength of low
silica tailing based geopolymer brick. The results indicate that the strength of brick increases with
the forming pressure, and the compressive strength value changes little when forming pressure
exceeds 20 MPa. Forming pressure plays an important role during the fabrication of compressed
building bricks to achieve optimum densification of particles by squeezing the entrapped air out
of the binder matrix [32]. In current study, the density of geopolymer matrix increase with the
increasing of forming pressure, as shown in table 6. The density is 1911.8 Kg/m3 when the forming
pressure is 3 MPa, and it increases to 2017.6 Kg/m3 when the forming pressure is 10 MPa. No
additional forming pressure higher than 10 MPa is further studied in detail in the present
investigation, due to the change of compressive strength is negligible.
We can find that the stress-strain curves of geopolymer matrix as shown in Fig. 8. are similar to
that of concrete. In general, the stress-strain curve is consisted of four sections (as shown in Fig.
9): (1) at the stress below 20-30% of ultimate strength, the transition zone cracks remain stable.
The stress-strain plot follows a good linear relationship. The dynamic modulus is calculated from
linear section. The sample with higher forming pressure exhibits the larger dynamic modulus. At
the same time, one can see that the percentage of linear zone increases with the forming pressure.
When the forming pressure is 10 MPa, the linear zone is about 35% of the ultimate strength. While
the linear zone is about 25% of the ultimate strength when 3 MPa forming pressure was applied.
(2) At the stress between 20% and 50% of ultimate strength, the transition zone micro cracks begin
to increase in length, width and numbers. The stress-strain plot becomes non-linear. (3) At 50% to
60% of the ultimate strength, cracks begin to form in the matrix. With further increase to about
75% of the ultimate strength, the cracks in the transition become unstable, and crack propagation
in the matrix will increase. The stress-strain plot bends towards horizontal. (4) At 75% to 80% of
the ultimate stress, the stress reaches a critical stress level for spontaneous crack growth under a
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sustained stress. Cracks propagate rapidly in both the matrix and the transition zone. Failure occurs
when the cracks join together and become continuous. Although the sample with lower forming
pressure shows a lower strength, the strain is larger than that of the sample prepared with higher
forming pressure. It indicates that the sample is more ductile when lower forming pressure is
applied.
Table 6 The effects of forming pressure on mechanical properties of geopolymer matrix
Forming Pressure (MPa)

Density (Kg/m3)

Dynamic modulus (GPa)

Strength (MPa)

3

1911.8

24.42

37

6

1983.9

19.32

52

10

2017.6

16.73
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Figure 8 The impact of forming pressure on the stress-strain behavior of geopolymer matrix.
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Figure 9 The stress-strain behavior of geopolymer matrix
Curing temperature and curing time
Figure 10 shows the compressive strength test results of the samples, which are prepared by mixing
mine tailings with 15% fly ash, activating the mixture with 10 M NaOH and 5 % Ca(OH)2 at 130°C
for 1 hour, further molding the paste at 10 MPa forming pressures and finally cured it at various
temperatures, i.e., 45°C, 90°C, and 130°C, for various days. The results show that both curing
temperature and curing time affect the compressive strength of geopolymerization products. For
the case of cuing samples at 45 °C, increasing curing time increases the compressive strength of
samples. However, because the compressive strength achieved at low temperature, i.e., 45 °C, is
generally quite low (< 10 MPa), it is impractical to cure samples at 45 °C. Increasing curing
temperature from 45 °C to 90 °C can greatly increase the compressive strength of samples. For
example, after being cured at 90 °C for 2 days, the compressive strength reaches 57 MPa and the
value increases to 60 MPa when the sample is cured for another day. Further increasing curing
time doesn’t increase compressive strength any more. When curing temperature is 130 °C, the
change of compressive strength as a function of curing time is similar to the one obtained at 90 °C.
That is, compressive strength increases with the increase of curing time until 3 days. For example,
when curing time is 1 day, compressive strength is about 32.1 MPa and the value increases to 56.9
MPa with a curing time of 2 days. Further increasing curing time only drops compressive strength.
For example, the compressive strength drops to 50.3 MPa when curing time increases to 7 days.
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Figure 10 The relationship between compressive strength and curing time at different curing
temperatures.
Curing temperature and time have strong impact on the formation of new phases. The effects of
curing condition for different types of geopolymer in literature was summarized in table 7. It has
been proved that higher curing temperatures is beneficial to compressive strengths due to the fact
that all steps during geopolymerization need energy to occur [31]. It enhances the dissolution of
silica and alumina from raw materials and the subsequent condensation process. Nguyen et al.
also claimed that at the same curing temperature, longer curing time resulted in a higher
compressive strength because the longer curing time extends the chemical reaction [31-33].
However, too long curing time at elevated temperature has negative effects in the product’s
structure and compressive strength [34, 35]. They believe that small amounts of retained structural
water can avoid cracking and maintain structural integrity. In general, adequate curing is
recommend to obtain advanced mechanical and durability performance. The optimum curing
temperature depends on the source material. In general, have higher optimum curing temperature
is suggested for the source materials with lower reactivity.

121

Table 7 The effect of curing condition on the compressive strength of geopolymer
Types of
geopolymer

Curing condition

1

FA based

24 hours procuring period
followed by 36 hours 3090℃ oven curing

49-60

2

FA based

40-100 ℃ oven curing for
different times

25-42

3

FA-based

4

FA-based

5

FA-based

30-90 ℃ oven curing at
sealed condition for
different times, age in air

9-50

6

MK-based

40-100 ℃ oven curing

2-8

7

MK-based

20-80 ℃ oven curing for 7
days

17-52

8

MT-based

9

MT-based

No.

UCS
(MPa)

30-90 ℃ oven curing at
sealed condition for 24
hours
30-90 ℃ oven curing at
sealed condition for 7 days

60-120 ℃ oven curing for
7 days
45℃ to 130℃ oven
curing for 1 to 7 days

43-70
18-77

4-34
5-60

Primary finding
Higher curing temperature
results in higher
compressive strength
higher curing temperatures
and longer curing times
result in higher compressive
strength
Optimum curing
temperature is 90 ℃
Optimum curing
temperature is 75 ℃
optimum curing
temperature is 75 ℃ with
the curing duration of not
less than two days
Increase in temperature
favors the strength
development
Elevated temperature
accelerates the
strength development
Optimum curing
temperature is 90 ℃
Optimum curing
temperature is 90 ℃

Ref
[26]

[31]

[36]
[37]

[38]

[32]

[33]
[5]
Current
study

Durability after soaking with water
Soaking tests were conducted to study the durability of the geopolymer matrix from the mixture
of mine tailings and class C fly ash. It can indicate the degree of geopolymerization. In present
investigation, experiments have been carried out by soaking the geopolymerization samples in
water for a specific time to study the impact of soaking on compressive strength. Water absorption
tests were also conducted at the same time. During experiments, tailing samples are mixed with
15% fly ash, activated with 10 M NaOH and 5 % Ca(OH)2 at 130°C for 1 hour, further molded at
10 MPa forming pressures and finally cured at 90°C for 3 days. Then, the geopolymerization
matrix is soaked in a 20 times (weight ratio) amount of water in a sealed container for a specific
time, after which sample is taken out of water and wiped off the surface water with a damp cloth
and weigh the specimen. Weighting of each specimen was completed within 5 min after removing
the specimen from the soaking bath. Then the specimen was further dried in oven at 90°C overnight
and made ready for UCS test. The pH of solution is also measured after the sample is soaked in
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water for a specific time. For each experiment condition, three samples are prepared and tested
with the UCS results being averaged.
Figure 11 shows the compressive strength of samples changing with the soaking time in water.
One can see from the figure that increasing the soaking time of samples in water decreases its
compressive strength a little bit. For examples, the compressive strength decreases from 59.01
MPa to about 52.56 MPa after the sample has been soaked in water for 3 days, and the compressive
strength further decreases to 48.13 MPa after the sample has been soaked 7 days. However, further
increasing soaking time in water doesn’t decreases compressive strength any more. The final
compressive strength is above 50 MPa.
The water resistant behavior of mine tailings based geopolymer is not as good as class C fly ash
based geopolymer, which was investigated in our previous section. The fact can be explained from
two factors. First is the higher calcium content in fly ash. Allahverdi et al. claimed that the first
step of the deterioration of geopolymer in aqueous solution is the ion exchange reactions between
the charge compensating cations of the geopolymer matrix, i.e. sodium and calcium, and H+ or
H3O+ ions [39]. Ca2+ has larger valance than Na+, it has less affinity to be replaced by attacking
cations. So higher calcium content can enhance not only the compressive strength, but also the
durability of geopolymer matrix. Another reason is the lower reactivity of mine tailings. As we
discussed before, the mine tailings are relatively “inert” due to the large particle size. As shown
by Fig. 1 and 2, the average particle size, d80, of tailing samples is approximately 260 µm and the
value is much larger than that of fly ash, which is finer than 50 µm. There is more remaining NaOH
which did not take part in the geopolymerization process. It will be dissolved in water during
soaking, and some pores is introduced subsequently. This will decrease the compressive strength.
The dissolution of remaining NaOH is also the main reason of the increased pH value of soaking
water. One can see that the pH value of soaking water increases from 8.1 to 11.9 after 3 days
soaking, and the value increases to 12.3 after increasing the soaking time to 7 days. Further
increasing soaking time in water doesn’t increase the pH value of soaking water.
The water absorption of geopolymer specimen is another important parameter for practical
application, as it indicates the permeability of matrix and the degree of geopolymeriztaion.
Generally, the matrix with less porosity and lower permeability can be obtained after higher degree
geopolymerization. The percentage of absorption was calculated by the equation (1) as follows
[40]:
Absorption (%) = [(W2 – W1)/W1] × 100

(1)

Where W1 is the weight of specimen after complete drying
W2 is the weight of specimen after soaking
The results of water absorption tests are also shown as Fig. 11. The water absorption is 8.2% after
3 days soaking, and then the change of water absorption with the time of soaking is essentially
negligible. The slight decrease of the water absorption is due to the experiment error. After four
weeks soaking, the water absorption is around 7.6%. It is higher than that of class C fly ash based
geopolymer investigated in our previous work, but it is still well below the water absorption
allowable for different kind of bricks as in accordance to ASTM C62-12, ASTM C216-12a and
C902-12a.
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Figure 11 The relationship between compressive strength and soaking time.
SEM/EDS element mapping analysis were also used to study the durability of the geopolymer
specimen. The analysis is limited to Si, K, Al, Ca and Na. During the element mapping analysis,
same position of the sample with different soaking time was detected. The results are shown as
Fig. 12. In the image of Si, several spots with high intensity can be observed. At the same time,
there is no other elements were detected at the same position. Combing the mineral composition
of mine tailings in Table 2, it can be believed that these spots stand for SiO2. For those spots with
lower intensity, K, Al and Na can be detected at same position. We can think these spot as Kfeldspar and Plagioclase based on the mineral composition. These observation indicate that most
of the mine tailings are still unreacted. One can see that there is no change of the Si, K and Al
distribution with the increasing of soaking time, it means the unreacted mine tailing is stable and
well immobilized in the water. From the Ca distribution image, we can find that the calcium is
distributed between the unreacted mine tailings. Since the calcium content in mine tailings is very
low, 1.53 wt. % as in table 1, the calcium is mainly from class C fly ash. Most of fly ash participate
the geopolymerization process due to the high activity, so the distribution of calcium can be used
to describe the distribution of the geopolymer product. After soaking, the distribution of calcium
keeps same, even after four weeks. This indicates the geopolymer product is very stable when it
contacts with water. At the same time, the above observation shows that geopolymer matrix mainly
consist of the unreacted mine tailings particles, which are surrounded and bonded by geopolymer
product. For sodium distribution, the diffusion can be observed after 3 days soaking in water, it
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means the residual unreacted NaOH is dissolved as discussed above. The diffusion becomes more
and more obvious with the increasing soaking time.
According to the element mapping, one can make a conclusion that the geopolymer product is
stable and water resistant. The increase of pH value of the soaking water is mainly due to the
dissolution of the residual NaOH.
Young’s modulus of the geopolymer product
The Young’s modulus of geopolymer product was calculated. During experiments, tailing samples
are mixed with 15% fly ash, activated with 10 M NaOH and 5 % Ca(OH)2 at 130°C for 1 hour,
further molded at 10 MPa forming pressures and finally cured at 90°C for 3 days. To derive simple
analytical expression for mechanical properties of two phases geopolymer matrix based on
discussion above, we assume that the matrix is isotropic and homogeneous. The “real” composite
(Fig. 13A) is viewed as a combination of unreacted mine tailings particles and geopolymer product,
the unreacted mine tailings particles are surrounded and bonded by the geopolymer product. The
idealization (Fig. 13B) is envisaged as one unreacted mine tailing particle, which is surrounded by
geopolymer product. During the calculation of Young’s modulus of the composite, the composite
is considered to be composed of two parts in parallel, the diagonal filled part and geopolymer
product part (Fig. 13 C). For the diagonal filled part, it is composed of the unreacted mine tailing
particle and geopolymer product in series. So the Young’s modulus of the composite can be
described as follows:
𝐸𝐶 = (

𝑥
2−𝑥

𝐸𝐺𝑃

+

2−2𝑥
2−𝑥

𝐸𝑀𝑇

𝑥

𝑥

2

2

)−1 × (1 − ) + 𝐸𝐺𝑃 ×

(2)

Where EC is the Young’s modulus of the composite, it is the measured dynamic modulus.
EGP is the Young’s modulus of the geopolymer product.
EMT is the Young’s modulus of the unreacted mine tailing particle.
X is the area ratio of the geopolymer product in the composite, which is calculated using
Photoshop software.
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B)

Figure 12 SEM/EDS element mapping of geopolymer specimen with different soaking time.
A) is smaller magnitude and B) is larger magnitude.
During the calculation, the exact Young’s modulus of mine tailing particles is difficult to be
measured. This is because that the mine tailings is produced after grinding process, there are maybe
some micro cracks inside the particles, the Young’s modulus of the bulk ore is larger than that of
mine tailing particle. In the current calculation, we assume the value is among the range of 60
GPa to 100 GPa. The Photoshop software is used to calculate the area ratio of the geopolymer
product based on the calcium distribution image. The results show that the area ratio is among the
range of 25%-50%. The Young’s modulus range is calculated based on the equation (2), and as
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shown in Fig. 14.The results indicated that the Young’s modulus of geopolymer product is among
the range of 5.0 GPa to 13.5 GPa.

Figure 13 Scheme of a “real” two phase composite (A), the mechanical equivalent (B) and
the model (C) used to calculate Young’s modulus.

Figure 14 The calculated Young’s modulus range of geopolymer product
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XRD analysis
In order to investigate the impacts of several factors on the geopolymerization reaction, especially
on the microstructure and phase composition, XRD analysis was conducted. Fig. 15 shows the
XRD patterns of the original mine tailings powder (pattern a) and the geopolymer specimen
fabricated at different condition. The mine tailings are mainly crystalline material, quartz, albite
with approximate composition (Na0.84Ca0.16)Al1.16Si2.84O8, Orthoclase with approximate
composition KALSi3O8 and Gypsum have been identified as the major component, which is
consistent with the composition shown in Table 2. After the treatment at different condition, the
difference can be observed as follows:
(1). When the mine tailings are mixed with 15% fly ash, activated with 10 M NaOH and 5 %
Ca(OH)2 at 130°C for 1 hour, further molded at 10 MPa forming pressures and finally cured at
90°C for 3 days (pattern b), the intensity of quartz decreases, but most of the peaks are similar with
that of mine tailings. This can be explained by the fact that only a small amount of mine tailings
particles were dissolved based on SEM/EDS element mapping results. At the same time, there are
new phases were formed during geopolymerization reaction. One is around 2θ 18.8°, which is
identified as zeolite 5A, Ca5Na2Al12Si12O48. The second one is around 2θ 13.8°, which is identified
as Analcime, also known as sodium aluminum silicate hydrate. Another new phase is Gehlenite,
with approximate composition Ca2Al2SiO7. This new phase was also found in the class C fly ash
based geopolymer during our previous work, and it was also widely found in the
geopolymerization specimen of high calcium containing samples [41]. There is also a new
unknown peak around 2θ 18.0°. The last XRD spectra change after geopolymerization is that the
peak of gypsum disappears, which means that Ca2+ in gypsum is involved in geopolymerization
process.
(2). For pattern (c), the mixture of mine tailings and class C fly ash was activated at 90 °C, the
other conditions are same with that of pattern (a) sample. The diffraction patterns from the two
samples are very similar. Only minor differences are seen in some peak heights. When the mixture
was activated at lower temperature, 90 °C, the heights of the peaks corresponding to the crystal
phases in original mine tailings is higher. This is because that higher temperature can promote the
dissolution of mine tailings, and then enhance the geopolymerization process. The compressive
strength results show that the specimen activated at 130 °C exhibits higher value than that activated
at 90 °C.
(3). When the mixture was activated with 7 M NaOH at 130 °C for 1 hour, further molded at 10
MPa forming pressures and finally cured at 90°C for 3 days (pattern d), the diffraction pattern is
also similar with pattern (b). But the peaks responding to geopolymer product, Zeolite 5A and
Gehlenite, are weaker. As we discussed previous, NaOH concentration is also an important
parameter during geopolymerization, it has direct impacts on the degree of geopolymerization.
(4). For pattern (e), the activated mixture of mine tailings and class C fly ash was cured at 45 °C.
One can see that the peaks responding to geopolymer product, Zeolite 5A and Gehlenite, are
weaker than that of the specimen cured at 90 °C, at the same time, the heights of the peaks
corresponding to the crystal phases in original mine tailings is higher. Curing temperature is also
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critical during geopolymerization, it has strong impact on the formation of new phases. Higher
curing temperatures provided the energy, which is necessary for geopolymerization [31].
(5). The diffraction pattern of the specimen activated without the addition of Ca(OH)2 is shown as
pattern (f). Compared to pattern (b), although the height of peak corresponding to Gehlenite is
similar, the peaks responding to Zeolite 5A is weaker. Gehlenite is the geopolymer product of class
C fly ash according to the our previous work, the addition of Ca(OH)2 has no effects on the
enhancement of geopolymerization for high calcium fly ash. But the addition of Ca(OH)2 can
improve the degree of geopolymerization of mine tailings as we discussed before. So the addition
of Ca(OH)2 has impacts on the formation of Zeolite 5A.
Based on the discussion above, the concentration of NaOH, activation temperature, addition of
Ca(OH)2 and curing temperature have direct and significant impacts on the formation of
geopolymer product and degree of geopolymerization.
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Figure 15 XRD patterns of original mine tailings and the geopolymer specimen of the
mixture synthesized at different condition.
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FTIR analysis
Fig. 16 shows the FTIR spectra of mine tailings and geopolymer specimens prepared at different
condition. The identified FTIR characteristics are summarized in Table 8. For the mine tailings
powder, the strong band at 950 cm-1 corresponds to the stretching vibrations of Si-O bonds in a
silicon-rich structure. FTIR absorbance spectra of raw mine tailings and geopolymerization
products demonstrate different patterns. The difference in spectra may suggest a change in
microstructure takes place during geopolymerization reaction.
(1). The Si-O band at 950 cm-1 of mine tailings shrifts towards lower wave number after

geopolymerization. It may be attributed to that the silicon-rich species took up sodium in its
structure [48]. When the mixture of mine tailings and class C fly ash was activated at 130 °C, the
shift is 12 cm-1. When the activation temperature is 90°C, the shift is 8 cm-1, it suggests that the
degree of reaction is smaller when the activation temperature is lower. The shift decreases with
the decreasing of NaOH concentration. When 7 M NaOH was used to activate the mixture, the
shift is 4 cm-1, it is smaller than that of the mixture activated with 10 M NaOH. This is due to that
the activator with higher concentration can enhance the degree of geopolymerization as we
discussed before. Curing temperature is another important parameter during geopolymerization,
the shift is 4 cm-1 when curing temperature is 45°C, and it is smaller than that of the specimen
cured at 90°C. The addition of Ca(OH)2 also has impacts on the magnitude of peak shifting. The
shift of Si-O band is 5 cm-1 when the mixture is activated without Ca(OH)2, it is also smaller than
12 cm-1. The FTIR spectra are complementary to X-ray structural analysis. The shift degree could
be used to indicate the degree of geopolymerization.
(2). Another significant difference between the spectra of mine tailings and the geopolymer
specimens is a new band around 723 cm-1 is formed, which is corresponding to Si-O-Al bond
stretching vibration. The peak at ~723 cm-1 is another major fingerprint for the geopolymer matrix.
(3). For the pattern of the specimen cured at 45°C, C-O stretching at around 1430 cm-1 can be
observed, which is the characteristic of CO32- [49]. The reason maybe the formation of Na2CO3
after the reaction between unreacted NaOH and CO2 gas in air during the curing at low temperature.
When the curing temperature is higher, the water associated with unreacted NaOH will evaporate
faster, and higher curing temperature can enhance the reaction between NaOH and raw
aluminosilicate material. Both of this decrease the possibility of formation of Na2CO3 when the
curing temperature is lower. At the same time, the appearance of a new band at 874 cm-1
corresponding to the vibration of Si-OH bond demonstrates that the dissolved silicon component
does not participate the condensation to further form the geopolymer due to the lower curing
temperature.
(4). The FTIR pattern of the geopolymer specimen after soaking is almost same with that before
soaking, it demonstrates the good water resistant and durability of the geopolymer matrix. But the
C-O stretching at around 1430 cm-1 also can be observed. The reason maybe the reaction between
CO2 gas in air and the dissolved residual NaOH in the specimen during the soaking. The band at
874 cm-1 also can be observed due to the absorption of OH- on the silicon rich matrix. It
demonstrate that the geopolymer specimen is hrdrophilic.
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Figure 16 FTIR spectra of original mine tailings and the geopolymer specimen of the mixture

synthesized at different condition.
Table 8 FTIR characteristic bands and corresponding species from reference.
Assignment

Wavenumber (cm-1)

Characteristic bands

Ref.

(Si-O-Si and Al-O-Si)

950~1200

asymmetric stretching

42, 43

(Si-O-Si and Al-O-Si)

1080

asymmetric stretching

43

(Si-O-Si and Al-O-Si)

1074

asymmetric stretching

44

(Si-OH)

882

Si-O stretching, OH bending (Si-OH)

45

(Si-O-Si)

798

symmetric stretching

45

(Si-O-Si and Al-O-Si)

727

symmetric stretching

46

(Si-O-Si)

694

symmetric stretching

47

132

Addition of other minerals
In current study, the effects of addition of other minerals, for example, class F fly ash and kaolinite.
The results are as shown in Fig. 17. During the experiments, the mine tailings are mixed with
specific amount of class F fly ash or kaolinite, activated with 10 M NaOH and 5 % Ca(OH)2 at
130°C for 1 hour, further molded at 10 MPa forming pressures and finally cured at 90°C for 3 days.
The figure 17 A) shows that, at the beginning, compressive strength increases from 30 MPa to 47
MPa, when the amount of class F fly ash increases from 0 to 5%. Further increasing the amount of
class F fly ash will decrease the compressive strength instead. Therefore, the maximum
compressive strength is achieved with the addition of 5% class F fly ash. The highest strength with
the addition of class F fly ash is lower than that of the specimen fabricated with the addition of
class C fly ash. It can be explained from several aspects. First is the class C fly ash exhibits smaller
particle size based on the comparison of Fig. 3 A) and C). It has been proved that the smaller
particle size is beneficial for the strength development [17]. Another reason is the high calcium
content in class C fly ash. It is reported that the calcium can enhance the mechanical strength [13].
Last fact is that the class F fly ash exhibits lower glass content when it is compared to class C fly
ash as we investigated in previous work. The glass phase is the key of the geopolymerizoation.
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Figure 17 The relationship between compressive strength and the addition of class F fly ash.
A) and the soaking test after the addition of class F fly ash B).
Soaking test was also conducted for the geopolymer specimen of the mixture of mine tailings and
class F fly ash. The geopolymerization product is soaked in a 20 times (weight ratio) amount of
water in a sealed container for a specific time. Figure 17 B) shows the compressive strength of the
geopolymer samples changing with the soaking time in water. One can see from the figure that
increasing the soaking time of samples in water decreases its compressive strength a little bit. The
compressive strength decreases from 47 MPa to about 35 MPa after the sample has been soaked
in water for 3 days. However, further increasing soaking time in water doesn’t decreases
compressive strength any more. The final compressive strength is above 35 MPa.
The effects of addition of kaolinite are shown in Fig. 18, compressive strength increases from 30
MPa to 45 MPa, when the amount of kaolinite increases from 0 to 2%. Further increasing the
amount of kaolinite will decrease the compressive strength instead. Therefore, the maximum
compressive strength is achieved with the addition of 2% kaolinite.
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Figure 18 The relationship between compressive strength and the addition of kaolinite
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CONCLUSIONS
Present study has been focused on optimizing the working conditions to apply the mixture of mine
tailings and fly ash as construction material. The experiment results show that:
1)

To make geopolymerization products, mine tailing samples are mixed with a specific
amount of fly ash, activated with NaOH and Ca(OH)2 at an elevated temperature for a
specific time, further molded with a forming pressure and finally cured at an elevated
temperature for several days.

2)

The activation temperature can vary from 90°C to 170 °C with an activation time ranging
from 40 to 80 minutes and the compressive strength ranging from 40 MPa to 65 MPa. The
optimum activation condition is at 130 °C with 60 minutes. Proper activation condition can
enhance the dissolution of the raw aluminosilicate materials, and then promote the
geopolymerization process.

3)

The compressive strength of the geopolymerization products of mine tailings and fly ash
mixture increases with the concentration of NaOH and the optimum NaOH concentration
is 10 M. Higher NaOH concentration is beneficial for the degree of geopolymerization.

4)

The addition of Ca(OH)2 will help increase the compressive strength of geopolymerization
products and the optimum dosage is 5% (in weight percentage).

5)

Forming pressure has direct influence on the strength of the geopolymer composite. The
higher strength and dynamic modulus can be obtained with higher forming pressure. The
optimum forming pressure is set as 10 MPa.

6)

Curing condition is critical for the formation of new phase and the strength development.
The optimum curing temperature is 90 °C and the optimum curing time is 3 days.

7)

Soaking the geopolymerization products of mine tailings and class C fly ash in water will
decrease the compressive strength by approximately 10 MPa and the final compressive
strength is above 50 MPa.
The effects of addition of other mineral, such as class F fly ash and kaolinite, was also
investigated. The addition of both them is beneficial for the strength.

8)

The findings of the present work provide a novel method for the geopolymerization of the mixture
of mine tailings and fly ash as construction materials, such as bricks for construction and road
pavement.
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