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ABSTRACT

ABSTRACT

The cement industry is responsible for about 8% of all human-made CO. emission and 2-3% of
energy use in the world, and thus achieving sustainable concrete becomes imperative with the ever-
growing worldwide demand for concrete. Geopolymers, as a promising greener alternative to
ordinary portland cement (OPC), are investigated in this Ph.D. study, with a focus on the
development of a holistic framework for synthesizing and characterizing their mechanical
properties, durability, and volume change behavior. Red mud slurry-Class F fly ash-based
geopolymers and metakaolin-based geopolymers were synthesized and investigated through an

integrated multiscale experimental approach.

In the first part of this study, red mud slurry and class F fly ash (RMSFFA) - based
geopolymers were successfully synthesized, and the relationship among synthesis factor-

mechanical property-microstructure of RMSFFA geopolymer has first been examined.

Then two different aspects of geopolymers were evaluated in the second part of this study:
(i) to examine whether the current chemical shrinkage testing procedure of OPC is suitable for
geopolymers by using metakaolin as the raw material, and (ii) to characterize the chemical volume
change of the more complicated geopolymer system — RMSFFA geopolymers. A comprehensive
experimental study was first performed to investigate the influence of different filling solutions
(i.e., deionized water-DIW and activator solution-AS) on geopolymerization and the chemical
volume change behavior of metakaolin-based geopolymer (MKG). Four stages in chemical
volume change of MKGs were confirmed: Shrinkage, Expansion, Shrinkage, and Stable stages.

Based on the testing results by Scanning Electron Microscopy-energy Dispersive X-ray (SEM-



ABSTRACT

EDX), Isothermal Conduction Calorimetry (ICC), Fourier Transform Infrared Spectroscopy
(FTIR), Brunauer-Emmett-Teller (BET), and Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) techniques, AS filling solution generally caused the formation of more geopolymer gels,
while the DIW filling solution intervened or dampened the geopolymerization process to some
extent, especially on the surface portion. The filling solutions affect the geopolymerization of
MKGs and thus their micro-characteristics and chemical volume change, largely through chemical
exchanges between the filling solutions and geopolymer slurry, particularly diffusion-based
leaching or ingress of Na* and OH". Then the chemical volume change behavior of RMSFFA

geopolymers was investigated to shed light on the more practical geopolymer system.

In the third part of this study, freeze-thaw (F-T) durability of RMSFFA geopolymers was
also investigated, with an emphasis on the influence of chemical compositions and curing
conditions (i.e., curing time and curing temperature). F-T durability was evaluated on the basis of
the sustained mechanical strength of RMSFFA geopolymer specimens after subjected to 50 F-T
conditioning cycles. The change in their chemical bonding, mineralogy, and pore characteristics
at various F-T conditioning cycles was examined with FTIR, X-ray diffraction (XRD), and BET
testing, respectively, to reveal the underlying processes during F-T conditioning. The results of
both mechanical strength and microstructural characterization indicate that curing conditions
influence F-T resistance of RMSFFA geopolymer samples through affecting their strength
development. For 14-day cured RMSFFA samples at 50°C, they experienced further
geopolymerization at the early stage of F-T conditioning but the partial dissolution of geopolymer
gels at the later stage of F-T conditioning. For 28-day cured samples at 50 °C, only the partial
dissolution of geopolymer gels was likely to occur during the F-T conditioning because the

strength development was likely to complete prior to the conditioning.
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Lastly, the results of RMSFFA geopolymer samples were used to illustrate how a holistic
framework can be applied to synthesize and characterize geopolymers and other cementitious

materials.
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INTRODUCTION

CHAPTER I - INTRODUCTION

1.1 LITERATURE REVIEW

1.1.1 Background of Geopolymers

The world-wide demand for concrete is ever-growing and approaching 30 billion tons per year [1].
However, ordinary Portland cement (OPC) manufacturing is an energy-intensive process that
requires high-temperature firing of raw materials such as limestone at 1400-1500°C, and energy-
consuming grinding. Moreover, this manufacturing process emits a large quantity of C0,. In fact,
it is estimated that producing 1.0 ton cement yields approximately 1.0 ton €0, emission according
to the reaction CaC0O; — CaO + CO,, and concrete industry is responsible for about 8% of all
human-made CO; in the world. Furthermore, the raw materials readily available for cement
production have been over-consumed, and the cement production process is highly non-
sustainable. Therefore, the global construction materials industry has been searching for a new
viable, greener, and economical alternative to replace OPC, in order to reduce €O, emission,

conserve energy, and slow down the current global warming process.

More recently, a new class of materials, inorganic geopolymers, has attracted great
attention in the research community. Geopolymers are synthetic mineral products that combine
properties of polymers, ceramics, and cements [15], and thus possess a series of distinct properties
and advantages: (1) they are exceptionally heat/fire resistant (e.g., stable up to 1200°C) [2, 3]; (2)
it is easy to make and handle geopolymers, since they can transform and polycondense rapidly at
low or room temperatures; (3) they are highly resistant to organic solvent, acid, and sulfate attack

and other corrosive processes (e.g., anti-biofouling) [4, 5]; (4) they are nontoxic, “green” materials

1
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since their production saves energy and does not emit CO; [6-8]; (5) they are made from low-cost
materials, such as metakaolin, fly ash, and furnace slag; and (6) they do not incorporate hydration
water within the polymeric structure, unlike Ca-based cements, and hence have higher mechanical
properties (e.g., surface hardness, compressive strength) than Portland cement [9, 10]. Therefore,
geopolymers are very promising to be used as a durable, high-strength cementitious material for
diverse applications. For instance, they can be used as a much cheaper (if produced from wastes)
cementitious structural material to replace OPC, as adhesives, or as a waste (even radioactive
wastes) encapsulation material. Geopolymers have been studied as a viable alternative to organic
polymers and inorganic cements in diverse applications, including military [11], aircraft [12, 13],
high-tech ceramics [14], thermal insulating foams [15], protective coatings [16], refractory
adhesives [17], and hybrid inorganic-organic composites [18, 19], due to their exceptionally high
thermal and chemical stability and adhesive/cementitious strength. Different from their organic
counterparts, geopolymers are inorganic materials synthesized from silicate- and aluminate-
bearing materials and even wastes at ambient or low (<150°C) temperatures (hence low or no
energy consumption). It involves polycondensing tetrahedral silica (Si0,) and alumina (AlO,) into
final amorphous or semi-crystalline polymeric structures:

M;{-(5i0,),-Al0,-In[e. g., (-Si-0-Al-0-),,, (-Si-0-Al-0-Si-0-) ,, (-Si-0-Al-0-Si-0-Si-0-),],

Where M* = an alkali cation (K*, Na%*) for balancing negative charges; n= degree of
polymerization; and z=Si/Al molar ratio. By varying Si/Al ratio (i.e., typically z=1-15, up to >300)
[20], geopolymers exhibit different properties: low ratios result in three-dimensional cross-linked
rigid networks with stiff and brittle properties (e.g., those of ceramics and cements); ratios >3 and
>15 result in 2-D network and linearly linked polymeric structures with adhesive and rubbery

properties, respectively. Geopolymer formation consists of two basic steps [15, 21-23]: (1) the
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generation of reactive species by alkali activation, which is the dissolution of amorphous phases
of feedstock (e.g., fly ash, furnace slag, metakaolin) by alkali solution to produce reactive silica
and alumina; and (2) the actual setting reaction, which is the polycondensation process leading to
the formation of aluminosilicate polymers. In particular, the presence of reactive alumina (AI(IV)
or Al**) and alkali-activation are two key requisites for geopolymerization, as illustrated by the

following two reactions [24]:

n(Siz05, Al,0,) + 2nSi0; + 4nH,0 + === — Na*,K*n(0H)3-Si-0-Al-0-Si-(0H); (1-1)
(0H),
(Si-Al material) (Geopolymer precursor)

n(OH);-Si-0-Al-0-Si-(OH); + NaOH/KOH — (Na*,K*)-(-Si-0-Al’-0-Si-0-) + 4nH,0

]
(OH), o 0 0

(1-2)

(Geopolymer backbone)

Therefore, geopolymerization also presents a viable, economical, and environmentally
friendly approach to recycling and reusing various industrial wastes. In this Ph.D. study, red mud
slurry, Class F fly ash, and metakaolin were used to synthesize geopolymers. The detailed

introductions of the raw materials are described in the following sections.
1.1.2 Raw Materials

In principle, a wide range of materials, including the natural minerals and industrial wastes and
residues that are rich in amorphous silica and/or alumina, are potential feedstocks to synthesize
geopolymers. For instance, metakaolin [25, 26], red mud [27, 28], fly ash [29, 30], or the mixture

3
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of the above [31], have been used to successfully synthesize geopolymers. The raw materials used

in this Ph.D. study are summarized below:

1.1.2.1 Red Mud Slurry

Red mud slurry (denoted as RMS) is the major waste in the production of alumina from the Bayer
process [32-36]. The annual production of red mud slurry is estimated about 200 million tons
worldwide [34, 35, 37], with an increment of 120 million tons annually [36, 38]. Due to different
bauxite ore sources and refining processes, RMS has variable physical, chemical, and
mineralogical properties, with a pH value of ~10-13 [32, 35, 39, 40]. The main compositions of
RMS are iron oxide and alumina-silicate oxides. The management and reuse of RMS have been
challenging because of its enormous quantity, high alkalinity, high water content, presence of
various heavy metals [41], which pose serious disposal problems in the mining industry [33]. In
recent years, many researchers have attempted to develop new ways to recycling or reusing RMS,
one of which is geopolymerization [36] by taking advantage of its high alkalinity and the presence
of aluminosilicates. The high alkalinity can partially replace the alkaline solution in geopolymer
synthesis, and aluminosilicates present in RMS can participate in geopolymerization reactions and
act as non-reactive fillers in the resulting geopolymer. In addition, the application of
geopolymerization technology in civil engineering can consume RMS in large quantities.
However, based on previous studies [36, 42], the reactivity of RMS in geopolymerization at
ambient conditions is poor or limited. To achieve better mechanical properties of geopolymer
products, other raw materials with high reactivity in geopolymerization must be added, such as

metakaolin or fly ash. In addition, RMS still needs to be dried and ground to powders prior to
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geopolymer synthesis, which consumes extra energy and adds more costs than directly using RMS

in geopolymer synthesis.

1.1.2.2 Fly Ash

Fly ash, one of the four main by-products of coal-burning power plants, is obtained from the
combustion of coal, consisting of the inorganic matter that did not burn during the process. Fly ash
is composed of fine, spherical aluminosilicate particles generally recovered from the smokestack
of a power plant. The exact chemical composition of fly ash depends on the type of coal burned.
If a sub-bituminous coal used, the resulting ash will be classified as type C due to its higher amount
of calcium [43]. This type of ash does not always require an activator and will display cementitious
properties when exposed to water, which means that in theory water is the only additive needed to
hydrate this material and form cementitious products similar to those obtained from OPC. If a
bituminous coal used, the resulting by-product is classified as class F fly ash, which has a relatively
low calcium with no self-cementing properties and is a pozzolan [44]. More than 750 million ton

fly ash is generated worldwide each year.

Fly ash is rich in silicate and aluminates, both of which are main reactants in
geopolymerization processes. The reuse of fly ash is environmentally friendly in three ways. It
reduces the amount of virgin material that needs to be extracted to make OPC, as well as displaces
the greenhouse gases, and reduces energy consumption, during the processing of that virgin
material. Moreover, fly ash can also be used as the raw material to produce alkali-activated fly ash

in a highly alkaline medium (i.e., geopolymer) [45].

Most of the aluminum plants that generate red mud also generate fly ash from their captive

power plants, which make these two industrial wastes a good combination for geopolymer
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synthesis due to low transportation costs [46]. Red mud and fly ash-based geopolymer has been

synthesized by a number of researchers in recent years [41, 47].

1.1.2.3 Metakaolin

Metakaolin is a dehydroxylated form of kaolin clay, one of the most widely mined minerals in the
world, produced by the calcination of kaolin at a temperature of 600 to 850 degree Celsius [48].
Metakaolin contains nearly exclusively amorphous silica and alumina, and therefore it is highly
reactive during the alkali activation. Although metakaolin is not necessarily more cost-effective or
greener than fly ash/slag [49], it is an ideal raw material that produces relatively pure geopolymer
binders. Thus, it was often chosen in previous research studies as a starting point for exploratory
investigations to avoid complexity and uncertainties associated with impurity present in other
feedstocks with complex compositions (e.g., fly ash, red mud, blast furnace slag). Despite the
improved purity of metakaolin-based geopolymers (MKGs), MKGs have not been seriously
considered as alternative binders for mainstream construction products because it is inherently
more expensive than industrial by-products and there lacks information about MKGs’ long-term
performance and durability [49]. However, in nuclear and hazardous waste encapsulation
applications, the higher cost of metakaolin is not an issue and chemical consistency of the resulting

product is more important [50].

1.1.3 Mechanical Properties of Geopolymers

Mechanical properties are a key indicator in geopolymer system, which is the most important
factor to be considered in geopolymer synthesis. Mechanical and physical properties, in general

including the unconfined compressive strength (UCS), the failure strain, bulk density, and Young’s
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modulus, were evaluated by numerous researchers on various geopolymer systems. Chemical
composition, curing time, and curing temperatures are the most common synthesis factors
investigated on their effects on various geopolymer systems. In the literature studies, Si/Al molar
ratio and Na/Al molar ratios are used to control the geopolymer synthesis. The UCS values of
geopolymer with different chemical compositions can vary from a few MPa to more than 100 MPa
[20, 51]. In addition, UCS of geopolymers is affected by curing humidity, the composition of alkali
activators, and especially the curing temperatures and curing time. Fast evaporation of water from
the geopolymer structure with the presence of high curing temperature and longer duration of

exposure may reduce the structural integrity of the matrix and thus lower its mechanical strength.

1.1.4 Microstructure of Geopolymers and Geopolymer Gels

1.1.4.1 Geopolymer Gels

It is imperative to understand basic structures and properties, and compatibility of geopolymer gel
because it is the major constituent for strength development and bonding agent in geopolymer. So
far, there are two major alkali activated materials: (i) low calcium alkali activated materials (e.g.,
Class F fly ash and metakaolin); and (ii) higher calcium alkali activated materials (e.g., ground
granulated blast slag (GGBS) and Class C fly ash). For low calcium alkali activated materials, the
reaction product is an amorphous counterpart of an aluminosilicate zeolitic structure. Such
geopolymers are commonly activated with sodium hydroxide or sodium silicates with relatively
high pH values (e.g., >12). Geopolymeric gel and calcium silicate hydrate (C-S-H, the main
product of OPC hydration) were found to co-exist in alkali activated materials in the literature.
The formation of C-S-H was mainly attributed to dissolved calcium ions from the surface of the

source materials that react with available silicate species in an alkali environment. It was also
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proposed that the simultaneous formation of the geopolymeric gel and the C-S-H may help to
bridge gaps in the matrix and hence increase the compressive strength of geopolymers, especially
at early ages. For high calcium alkali activated materials, the reaction product is “aluminum
substituted calcium silicate hydrate (C-A-S-H). This gel is similar to tobermorite in its structure
and generally can be compared to the C-S-H gel resulted from the hydration of OPC. Substitution
of Al in the C-S-H structure leads to a higher degree of polymerization and crosslinking between
tobermorite chains. When the content of alumina is relatively low in the precursors, the formed

gel is dominantly C-S-H.

1.142FTIR

Garcia-Lodeiro et al. [52] successfully synthesized C-S-H and N-A-S-H gels from laboratory
reagents at different pH values through sol-gel process. C-S-H gels and N-A-S-H gels were
synthesized with same theoretical Ca/Si ratio (=1) and Si/Al ratio (=1), respectively, but at
different pH values. The FTIR results of C-S-H gels are shown in Figure 1. The main band of C-
S-H gel, band e, became narrower and shifted towards lower wavenumbers as the pH value
increased. Two conclusions were drawn: (1) when pH <11, main Si-O band was wide and centered
at higher frequency (~1041 cm™ in this paper), which indicates a higher content of SiO2 and higher
degree of polymerization; and (2) when pH >11, main Si-O bond was narrow and centered at a
lower frequency (=975 cm™ in this paper), which indicates higher Ca content in the micro-structure
of the gel (conventional C-S-H gel) and lower polymerization. In addition, because of the existence
of Ca, some C-O vibration bands (c, d and f) were found in these spectra. The FTIR results of N-
A-S-H gels are shown in Figure 1-1. When pH< 12.5, the main band slightly shifted towards lower

wavenumbers as pH value increased. And when pH>12.5, the main band became identical, which



INTRODUCTION

was around 1006 cm™. So the authors believe at high pH>12.5, it is N-A-S-H gel, but at relatively
low pH value, it is a mixture of N-A-S-H and silica gels. All the bands in FTIR spectra associated

with C-S-H, silica and N-A-S-H gels are summarized in Table 1-1.

(b)
()

Y

Figure 1-1 (a) FTIR spectra for C-S-H gels. (b) FTIR spectra for N-A-S-H gels
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Table 1-1 Summary of FTIR results of C-S-H, N-A-S-H and Silica gels.

Gel type Wavenumber (cm™) Bond
450, 658 typical of C-S-H gel
660 Si-O-Si bending band (typical C-S-H gel)
C-S-H 835,815 Si-O bond symmetric stretching vibrations (Q*)
gel 870 — 875 1470-1400 carbonate C-O stretching vibrations in
’ carbonates

Si-O bond asymmetric stretching vibrations

970 (typical C-S-H gel)(generated by Q? units)
Silica gel 1040'1080’11418%0-1180’ and Q% and Q*silicon tetrahedral in silica gels
1006 T-O bond asymmetric stretching vibrations
650-500 the presence of double rings
594 TO4 external vibrations
N-A-S-H : : —
gel 690-700 TOg4 internal symmetric bending vibrations
860 Si-O terminal bonds (double ring structure)
1085-990 Si-O (Si) bridge bonds (in double ring
structure)

The authors also tried to blend the N-A-S-H gel and C-S-H gel together, and FTIR was
conducted on the blended material. Only some ambiguous conclusions were drawn, based on
different ratios of N-A-S-H gel and C-S-H gel added in, there is no clear trend to follow. And the
characterization method failed to distinguish the N-A-S-H gel and C-S-H gel. In addition,
Takashima attack was performed on C-S-H gel and blended gel. Takashima attack is a chemical
separation method with methanol and salicylic acid, in which C-S-H gel can dissolve, but silica
gel and CaCOz cannot. Based on this method, the C-S-H gels are not pure gels, which is a mixture

of C-S-H gel, silica gel and CaCOs.

Although the main component of these two gels is silicate, the basic molecular structures
of C-S-H gel and N-A-S-H gel are totally different. The C-S-H gel is a layered structure with linear

chains of linked silicate tetrahedral and CaO membrane, while N-A-S-H gel is a three-dimensional
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structure with silicon and aluminum tetrahedral randomly distributed. The cations in N-A-S-H gel
are bounded to gel surfaces to balance the negative charge generated by the substitution of AI** to

Si*". The structures are schematically shown in Figure 1-2.

Figure 1-2 (a) C-S-H gel structure. (b) N-A-S-H gel structure.

The main band in the control group shifted to higher wavenumbers and became broader
after aluminum and sodium being added. This is interpreted as arising from the formation of Si-
O-Al cross-linkages from what was previously Si-O-H or Si-O-Ca groups. The more acidic AI**
ion (relative to H* or Ca®") draws electron density away from the neighboring Si-O bond,
weakening it and resulting in a peak shift to lower wavenumbers. However, the remaining Si-O
bonds in what were previously the pairing silicate tetrahedral may experience an increase in
strength due to the resulting change in polarization at the O on the Si-O-Al linkage, leading to
higher wavenumber contributions to the main Si-O band and consequent broadening of the band
around 970 cm™. The 3635 cm™ band corresponding to portlandite shown in the control sample

disappeared in the samples containing Al and Na. The reasons are: 1) a reduction in Ca(OH):

11
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crystallinity; 2) the pH reduction permitting Ca(OH)2 solubility; and 3) a redistribution of Ca

adsorbed onto surfaces of a modification product (e.g., a sodium aluminosilicate hydrate (N-A-S-

H) gel).

There is no significant change in FTIR spectra and morphological differences in TEM
results between the control group (N-A-S-H gels) and experimental group (N-A-S-H gels with
calcium additions). However, a big difference can be found in EDX results, which is shown in

Figure 1-3.
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Figure 1-3 EDX analysis (1) Ca-Al-Si system (a) G1, G1A, and G1B; (b) G2, G2A, and G2B.

(2) Na-Al-Si system (c) G1, G1A, and G1B; (d) G2, G2A, and G2B.

The actual Si/Al ratios estimated from EDX for G1 and G2 are 1.45+0.03, 2.19+0.11,
respectively. It can be found that nearly no sodium left in the gels with calcium additions, which
means calcium is adsorbed preferentially and sodium is only adsorbed when there is no sufficient

calcium.
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1.1.43NMR

29Si NMR, 2’Al NMR, and 2Na NMR were conducted on the geopolymer gels by Noftz et al. [53].
For 2’ Al NMR, a single peak located at around +56 to +58 ppm attributed to tetrahedral aluminum,
and a small peak located at around +5 ppm associated to the octahedral aluminum that may be
attributable to the appearance of AFm. But the participation of calcium doesn’t change the
modification in this structure. For 2Na NMR, the intensity of sodium decreased as the amount of
calcium added increased, which was also observed in EDX. And for 2°Si NMR, it was believed
that the signals appeared in the -72 to -81 ppm interval were associated to Q2 units, and the signals
appeared at values higher than -100 ppm were associated to Q* units. Noftz et al. [53] studied the
effect of different cations on the 2°Si spectra for different types of aluminosilicate glass and showed
that the width of the NMR resonances increased towards high field (more negative chemical shifts)
in the following order Na<Li<Ca<Mg. The 2°Si NMR spectra were deconvoluted and the areas of
deconvoluted components for control and resulting gels are shown in Figure 1-4. In the control
gels, the amounts of Q*(4Al) and Q*(3Al) are main components in gel G1, and Q*(3Al) and
Q*(2Al) are main components in gel G2. The Q*(2Al) and Q*(1Al) increased significantly in gels
with calcium. Moreover, the amount of Q*(LAl) for gels with initial Si/Al ratio of 1 is smaller than
that for gels with initial Si/Al ratios of 2. The authors believed there are two possibilities: (1) Si-
O-Al linkages are disrupted by the polarizing influence of Ca?* to form Si-O-Ca (thus reducing the
Q*4Al) and Q*(3AI) units, or (2) Al is lost from the 3D structure to produce secondary phases
with Ca. The appearance of octahedral Al by NMR would tend to support this, indicating a rather

poorly crystalline AFm-type phase type monocarboaluminates (not observed by XRD).
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Figure 1-4 Areas of deconvoluted components on spectra for gels G1(control), G1A, and G1B;

G2(control), G2A and G2B.

All 2°Si measurements were acquired using a resonance frequency of 79.5 MHz and
spinning rate was 10 KHz, and referenced against TMS (tetramethylsilane), with a MAS single
pulse of 5 ps and a 10 s. The 2’ Al MAS-NMR and 22Na MAS-NMR spectra were acquired at 104.3
MHz, 105.8 MHz, and the spinning rate was 10 KHz, using Al(H20)¢*>" and NaCl as external

standards (both with a MAS single pulse of 2 ps and a relaxation delay of 5s).

In conclusion, the 3D structures of N-A-S-H gels appear to be preserved, the orientation or
distribution of aluminate and silicate tetrahedral changed by the introduction of Ca. In the authors’
previous study [54], high concentrations of alkaline oxides to C-S-H gel structures increased the
degree of silicate polymerization (increasing Q?) in the gel, even in the very early stages of

reaction. In this paper, the effects on C-S-H gels with aluminum and sodium additions. The
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synthesis pH decreased after the aluminum and sodium added, and the synthesis pH of NA4 is
higher than NA2, which has higher amount of aluminum. This can be interpreted as the initial high
pH is likely to promote hydrolysis of available silicates and support condensation (polymerization)
of (alumina)silicates available from solution or surface sites. The pH reduces when aluminum
nitrite is added, which means the high polymerization degree of more available Al which is known
to form bridges between silicates tetrahedral. The NMR results are shown in Table 1-2. NMR

results show that the existence of stratlingite, and there is no silicate connectivity higher than Q2

(possibly Q3).

Table 1-2 NMR results of control gel NC and sample gels with aluminum and sodium

additions NA2 and NA4.

peak Assigned to Notes
(ppm)
-78.31 tetrahedral end-of-chain Q* silicates
-83.62 tetrahedral mid-chain Q? silicates
-89.6 Q3silicate
295 -81 Q?(1Al)
spectrum -81 Q?(2Al)
-84 Q(2Al) shown in
-87 Q? stratlingite
-91 Q3(2Al)
N 62 Al[4]
spectrum 9.9 Al[6]

The presence of aluminum at high pH will enhance the geopolymerization in
aluminosilicates. This is due to aluminate species’ tendency to form bridging tetrahedral between
silicate units, and bridging of tetrahedral extend to three-dimensional structures rather than just
two. Faucon et al. [55] proposed that 4-coordinated aluminum replaces the silicon in both the

bridging and paired tetrahedral in the drierkette chains of C-S-H gel but Taylor [56] had previously
16



INTRODUCTION

reported that aluminum only replaces silicon in bridging tetrahedral. But the enhanced degree of
cross-linking is limited, which can be seen from the above NMR results. There is no silicate
connectivity higher than Q? (possibly Q). The high alkali concentrations will increase the linkages

between tetrahedral and also levels of hydrolysis of the aluminosilicate.

1.1.5 Volume Change Behavior of Geopolymers

Figure 1-5 Types of Shrinkage

Despite being confirmed as a promising alternative to OPC by numerous laboratory experimental

studies [47, 57, 58], geopolymer has not been widely applied in civil engineering mainly because
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of several main barriers, one of which is the lack of information and knowledge about their volume

change (refer to shrinkage to OPC) behavior during synthesis process.

Shrinkage of cementitious materials has been the interest of numerous research studies
owing to its important effect on micro and macro cracking that in turn often results in deterioration,
non-structural damage, or even catastrophic failure to concrete structures [59-63]. Shrinkage can
lead to early-age cracking, which reduces mechanical properties such as compressive strength and
provides aggressive media (primary chlorine ions) easy access to reinforcing steel. The reaction
between aggressive media and reinforcing steel creates expansive corrosion products, which create
stresses that cause (and later accelerate) cracking. This cycle leads to a relatively quick
deterioration in the properties of the concrete structure. Although the shrinkage of geopolymers
would have significant influence on whether geopolymer will crack or not under the restrained
condition and thus its durability, it has received comparatively little attention [64-68] and the

mechanism of shrinkage of geopolymers is far from being well understood.

The types of shrinkage are illustrated in Figure 1-5. Shrinkage and shrinkage related
stresses have been studied over several decades, along with the progress of cement and concrete
technologies [69]. Shrinkage can be classified as early age shrinkage and long-term shrinkage, or
restrained shrinkage and unrestrained shrinkage. The exact definition of ‘early age’ depends on

the context and time frame of the measurements [70].

The main forms of shrinkage are chemical, autogenous, and dying shrinkage. Chemical
and autogenous shrinkages are two main forms that occur for reasons unrelated to water leaving
the cementitious system; they would occur even if the system were completely sealed from the

external environment [70]. Proper curing practices (or, more accurately, proper external curing
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practices, since water is provided only to the exterior of the system) such as curing in a lime-
saturated bath in the laboratory or applying wet burlap to the surface of the structure in the field,
can help to counteract two forms of early-age shrinkage: autogenous shrinkage and drying

shrinkage [71].

1.1.5.1 Chemical Volume Change

Chemical shrinkage, also called “hardening shrinkage” [49, 72-82], is “internal”’, which does not
affect the overall volume of the system and begins at the moment that activating solution and raw
materials come into contact. Chemical shrinkage is the absolute volume change between the
reactants and the products during the chemical reaction process. The volume change is mainly
caused by the density difference between the products and the reactants, which is called Le
Chatelier’s contraction [76]. As the hydration is completed, this shrinkage can represent
approximately 10% of the initial volume of OPC [76]. Initially, this reduction in volume is
accommodated by deformation of the fresh paste, but after being set, the system resists
deformation and pores are created [83]. The porosity of the system will continue to increase for as
long as hydration reactions (or their equivalents) are occurring. Therefore, chemical shrinkage is
an indicator of the extent of a chemical reaction, and is proportional to the degree of hydration

[72].

As chemical shrinkage has no external effect, it can only be measured indirectly. M.
Bouasker et al. summarized the three principal measurement methods of chemical shrinkage based
on Le Chatelier’s contraction [76], which was first listed by Justnes et al.[84]. The three principal
measurement methods are Gravimetry, Thermostated bath, and Pycnometry, and are depicted in

Figure 1-6 [76]. Gravimetry is the most common method, which is used in the ASTM C1608

19



CHAPTER |

standard for the chemical shrinkage measuring of cement. M. Bouasker et al. reported the
equivalence of the results got from dilatometry and gravimetry was proved by Garcia-Boivin

theoretically and experimentally in 1999 [76].

Data logging
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Figure 1-6 Three principal measurement methods of chemical shrinkage based on Le

Chatelier’s contraction: Gravimetry, Dilatometry, and Pycnometry [66].

In recent years, the chemical shrinkage of slag-based geopolymer system has been studied

by many researchers. Due to the instability of the slag-based geopolymer system, chemical
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shrinkage was affected by a series of factors, such as chemical composition of the raw material,

solution type, pH value, and so on. The most studied system is alkali-activated fly ash-slag.

N.K. Lee et al. [82] used the ASTM method which is dilatometry method shown in Figure
1-6. This method is conducted by placing a capillary tube filled with water above a thin specimen
[85]. Depercolation of the capillary porosity, which may occur as cement hydrates, is a concern
during this test as it will make transport of water to the pores more difficult [86]. Over time, as
porosity is created, external water will enter the pores and the level in the capillary tube will
decrease, showing the internal volumetric change. The calculation equations (which are the same

with the ones described in ASTM C1608[85] are shown below:

Myiq aste~Mvialem
Mcement = 2 (1t_0+£) b (1-3)
CS(t) _ [A(t)—h(60 min)] (1_4)

Mcement

Where M.,.n:= the mass of cement in the vial (g);

Myia1+paste=the mass of the glass vial with the added cement paste (g);
Myiqiempty= the mass of empty vial (g);

w/c = water to cement ratio;

cs(t)= the chemical shrinkage at time t (mL/g);

h(t)=the water level in the capillary tube at time t [87]

Hojati et al. [72] studied the effects of fly ash/slag ratio and activating solution on the
chemical shrinkage and mechanical properties of alkali activated fly ash-slag samples. Hojati et
al. modified the ASTM measuring procedure by using gravimetry method and by replacing the
solution on top of the paste from water to reaction solution. The device was drawn in Figure 1-7

based on the description in this dissertation. In this paper, samples activated by solution with lower
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pH value have shorter initial and final setting time. For a given activating solution, the more
amount of slag, the shorter setting time the sample has. The chemical shrinkage was obtained at
10 days. Hojati et al. indicated that the difference in chemical shrinkage is due to the variations of
the products formed. For a given activating solution, raw material with smaller amount of slag
results in more less C-A-S-H gels, but more N-A-S-H gels, which has lower molar volume.
Therefore, a system with more N-A-S-H gel will have larger chemical shrinkage. For a given
amount of slag, the use of activating solution with large pH value results in a larger reaction extent,

then definitely larger chemical shrinkage.

Paraffin oil ————e

Paraffin oil

10ml Reaction —f——"
Solution o—

Sample

Figure 1-7 Modified device based on ASTM measuring method used in Hojati’s paper. (This

device is drawn only based on the description by the author)

The equation used for this method is shown below:

AVpast:e — Wsub(t)_Wsub(3 0) (1_5)

es Ifly ash+slag PoilX9dfly ash+slag
Where V= the chemical shrinkage (ml/g);
AV, qste=the volume change of the paste [87];

Irly ash+siag= the mass of cementitious material content in the AAFS paste sample (g);
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Wieup (30) = the mass of the sample 30 minutes after the first contact between the cementitious
material and the activating solution (a reference point) (g);
W, ()= the recorded submerged mass of the sample at time t (g); and

poii= the density of the paraffin oil (0.863 g/ml at 23°C).

N.K. Lee et al. stated that compressive strength is increasing with the increasing amount
of slag, which is consistent with the findings of M. Hojati’s study. However, N.K. Lee et al. stated
that more slag results in larger chemical shrinkage, which is opposite with M. Hojati’s
observations. But this paper only observed the chemical shrinkage for 2 days, while M. Hojati’s

observation period was10 days. The trend might change in the following days.

As an emerging cementitious material, pure geopolymers (mainly N-A-S-H gel)’ volume
change behavior during geopolymerization process is much less clear or well understood, for the
following reasons: i. There lacks a well-accepted laboratory testing procedure for measuring
chemical volume change of geopolymers, particularly the selection of appropriate filling solution
and the required monitoring time period; ii. Very limited research studies have been performed on
the chemical volume change of geopolymers; and iii. Underlying chemical processes and its
concomitant volume change during geopolymerization is far from well understood. Due to
different chemical reactions of geopolymer synthesis (geopolymerization instead of hydration for
OPC) and thus potential intervention of using deionized water as the filling solutions on
geopolymerization, the standard dilatometry method for measuring chemical shrinkage of OPC

might not be directly applicable to geopolymers.

Most of the previous studies focused on autogenous shrinkage or dying shrinkage of the

blended geopolymer-related systems. Therefore, very limited data are available regarding the
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chemical volume change of geopolymer-related systems, even fewer for N-A-S-H geopolymer
systems (i.e., the geopolymers without appreciable amount of Ca). Hojati et al. [88] investigated
the shrinkage behavior of alkali-activated fly ash-slag binder system, indicating that the binders
activated at high pH values experienced larger chemical shrinkage, but lower autogenous and
drying shrinkage. Chemical, autogenous, and drying shrinkage of the similar system were
determined by Lee et al. [89]. It was reported that higher sodium silicate and slag contents in the
mixture caused more shrinkage but resulted in a higher compressive strength. There is no
consensus about which filling solution is suitable for quantifying chemical volume change of
geopolymer, nor systematic study on the influence of filling solution on geopolymerization and
thus the accuracy of measured volume change. In addition, inconsistent chemical volume change
has been reported in the literature. Hojati et al. [88] and Lee et al. [89] used activator solution to
test the chemical volume change of alkali-activated fly ash-slag system; Sakulich et al. [90] utilized
distilled water to investigate the chemical volume change of alkali-activated slag system; and
Cartwright [91] used a NaOH solution with an equivalent pH of the activator solution as the filling
solution to characterize the chemical volume change of alkali-activated slag system. The chemical
volume change of metakaolin-based geopolymer (MKG) was first investigated by Li et al. [92],
largely following the chemical shrinkage testing procedure developed for OPC but using the
activator solution (i.e., a mixture of sodium hydroxide solution and sodium silicate solution) as the
filling solution. Unlike OPC, the chemical deformation of MKGs does not show monotonic
chemical shrinkage but exhibits three stages of different chemical deformation: chemical
shrinkage, chemical expansion, and chemical shrinkage, during 14-day monitoring time. They
further linked different volume change stages with geopolymerization processes as follows: the

first chemical shrinkage stage was attributed to the dissolution of metakaolin, the chemical
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expansion stage was due to the formation of Al-rich geopolymer gel, and the formation of Si-rich
geopolymer network gel attributed to the second chemical shrinkage. Lolli et al. [93] also studied
on the volume change behavior of MKGs based on the testing procedure for chemical shrinkage
of OPC but using paraffin oil as the filling solution. Lolli et al. [93] reported that the geopolymers

undergo early-stage chemical expansion instead of shrinkage.

Despite recent progress made in testing procedure and understanding of chemical volume
change of geopolymer, the volume change behavior (shrinkage or expansion) of geopolymer
systems and its dependence on the synthesis factors remain poorly understood. In addition,
potential intervention of filling solutions (e.g., deionized water or activator solution) on the
geopolymerization and the resulting geopolymer gel has not been systematically investigated,

which is the main barrier for establishing a well-accepted laboratory testing procedure.

1.1.5.2 Autogenous Shrinkage

Autogenous shrinkage is a macroscopic reduction in length under constant temperature and
without any moisture migration to or from the concrete [49, 66, 72-75, 79-82, 94-104]. Like
chemical shrinkage, autogenous shrinkage occurs without water leaving the system; however,
autogenous shrinkage is “external” and decreases the overall volume of the system. Porosity and
voids present in the binder initially contain a large amount of solution. As hydration reactions
continue, the internal humidity of the systems drops and pore solution begins to migrate into the
binder, where it is consumed in further hydration reactions. This cycle leads to a continuous
decrease in the amount of solution present in pores generally referred to as “self desiccation.” At
some point, menisci form in pore solution due to surface tension, which creates stresses that

attempt to pull the walls of the pore towards each other. This causes a macroscale decrease in the
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volume of the system that can be measured with length comparators, strain gauges, etc. and may
take the form of distributed microcracking or visible through-cracks that severely degrade the
mechanical properties of a structure [105]. When proper curing techniques are used, externally
supplied water replaces water consumed during hydration reactions, pores remain filled with fluid
longer, and the stresses that cause autogenous shrinkage are reduced. On the other hand, more
water may mean a higher degree of reaction in the system, thus more chemical shrinkage and a

greater degree of porosity.

The relationship between chemical and autogenous shrinkage is not simple [106].
Tazawa et al. [73] note the case of expansive cements, where an overall increase in volume (i.e.
negative autogenous shrinkage, more simply called autogenous expansion) is observed due to the
production of ettringite or portlandite. However, chemical shrinkage still occurs in expansive
cements when phases such as C-S-H undergo hydration, therefore chemical shrinkage and
autogenous shrinkage cannot necessarily be easily related. Chemical shrinkage is, however,
relatable to the degree of hydration, which can be inferred from non-evaporable water content and

a variety of other physio-chemical methods.

1.1.5.3 Drying Shrinkage

When a cementitious body is placed, it will try to reach equilibrium with its environment not just
in temperature, but also in internal humidity. When placed in a low-humidity environment, water
will leave the body, enter the environment, and the body will shrink. This is referred to as drying

shrinkage [49, 50, 66, 67, 72, 80-82, 94, 96-99, 102, 103, 107-125].

The mechanism behind this is similar to that involved with autogenous shrinkage: pores

will empty, starting with the largest first, menisci will be created, and these menisci will create
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forces that pull the pore walls together, resulting in a measurable shrinkage [71]. One considerable
difference is location: whereas autogenous shrinkage will take place anywhere in the sample where
hydration reactions are consuming pore solution, drying shrinkage is mainly confined to surfaces
exposed to the environment. The shape of a body has little effect (generally speaking) on
autogenous shrinkage, however, a body with a greater surface (e.g., a T-shaped beam) will have a
higher degree of drying shrinkage than a body with a lower surface area (e.g., a box-shaped beam).
Many building codes account for the effect of geometry on drying shrinkage with provisions

calling for ‘theoretical’ or *hypothetical’ thickness calculations.

There is no one experiment in which drying and autogenous shrinkages can easily be
separated. Whereas drying shrinkage can easily be prevented simply by sealing the specimen off
from the surrounding environment, allowing autogenous shrinkage to be measured independently,
there is no such a way to mitigate autogenous shrinkage without affecting drying shrinkage.
Therefore, total shrinkage and autogenous shrinkage are usually measured, with the former
subtracted from the latter. Alternatively, mass loss during drying can be measured to determine

the amount of water that has evaporated, which can indicate the degree of drying shrinkage.

1.1.6 Freeze-thaw Durability of Geopolymers

Although mechanical properties of geopolymers synthesized from the mixture of red mud and FFA
have been confirmed in the laboratory by a number of researchers [47, 126-130], their durability
under different conditions needs to be investigated before it can be used in civil engineering
applications. Generally speaking, geopolymers are usually more durable compared to conventional
Portland cement concrete. However, the durability of specific geopolymer is not always ensured

for the following reasons: 1. For geopolymers synthesized from industrial wastes, their variable
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chemical compositions might have negative effect on their durability; and 2. different synthesis
conditions (e.g., chemical composition of raw materials and curing conditions) can result in
different mechanical properties and durability of the resulting geopolymers. The durability of red
mud-fly ash based geopolymer in sulfuric acid and deionized water was studied by the authors’
group [131], which confirmed that red mud-FFA based geopolymer has a good resistance to
sulfuric acid and deionized water and is comparable to OPC. However, its F-T resistance has not
been systematically investigated. F-T often causes damages to concrete structures in cold areas
and undermines their long-term performance [132]. When the critically saturated concrete is
subjected to temperature fluctuating above and below freezing, the freezing front continuously
sucks water from the adjacent region and makes the ice lens getting bigger and bigger, which
results in repeated loss of concrete surface and deterioration of its mechanical properties [133].
Good F-T resistance of various geopolymers was confirmed by few laboratory studies [132, 134-
139]. Sun and Wu [134] and Li et al. [138] investigated the F-T durability of fly ash-based
geopolymer mortar and geopolymer paste. Compared to OPC, both of the geopolymer paste and
geopolymer mortar have good F-T resistance, in light of the small deterioration in their mechanical
strength in the range of 5% to 20% relative to their respective initial strength after subjected to 15
and 300 F-T conditioning cycles, respectively. F-T resistance of fluidized bed combustion bottom
ash-based geopolymers and coal bottom ash-based geopolymers were investigated by Slavik et al.
[135] and Topcu et al. [136], respectively. Almost all of the samples were reported to have good
F-T resistance after subjected to 50 and 100 F-T conditioning cycles, respectively, with less than
20% reduction in compressive strength compared to the unconditioned specimens. A similar study
conducted by Topcu et al. in 2014 [137] indicates that coal bottom ash-based geopolymer lost only

6.77% of its initial strength after 30 F-T cycles. Zhang et al. [140] reported that the PVA short
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fiber reinforced metakaolin and fly ash-based geopolymer mortar composites have excellent F-T
resistance, based on their high remaining impact resistance after subjected to 20 F-T cycles. In
most of the above studies, F-T durability is inferred from the changes in mechanical properties of
geopolymer specimens before and after F-T conditioning cycles. However, the changes in
microstructure, chemical bonding, and pore characteristics of geopolymers during F-T
conditioning processes have not been systematically examined, neither are the fundamental
processes underlying the deterioration of mechanical properties of geopolymer samples during the
conditioning. In addition, the effects of synthesis factors (e.g., curing conditions, Si/Al and Na/Al
molar ratios, water content, and pH values) on F-T durability of geopolymers have not been

studied.

1.2 RESEARCH MOTIVATIONS AND OBJECTIVES

The main goal of this study is to develop a holistic framework of synthesis and characterization of
waste-based geopolymers for civil engineering applications. The technological impact of this
project is the development of next generation, “green” cementitious binder for sustainable civil
engineering. For the scientific impact, three main motivations are developed for: (i) helping fill
the knowledge gap in the understanding of the chemical composition - mechanical properties -
durability behavior relationship of waste-based geopolymer through an integrated multiscale
experimental approach; (ii) using red mud slurry instead of processed red mud powder, mixed with
fly ash to synthesize geopolymers and examine their durability; and (iii) exploring the volume

change behavior and freeze-thaw resistance of RMSFFA geopolymers.

To achieve the above goal, three hierarchically structured objectives are proposed as

follows:
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M To synthesize RMSFFA geopolymers, and to obtain the mechanical properties of
RMSFFA geopolymers.

(i)  To explore the testing procedure for the chemical volume change behavior of
geopolymers and investigate the chemical volume change behavior of different
geopolymer systems.

(ili)  To investigate the freeze-thaw resistance property of RMSFFA geopolymers.

1.3 OUTLINE OF DISSERTATION

This dissertation consists of five chapters. A comprehensive literature review on geopolymers was
presented in Chapter 1, with the focus on geopolymer synthesis, microstructural characterization,
volume change behavior, and durability properties. The influence of curing condition (e.g.,
temperature and curing time) and chemical composition (e.g., Si/Al molar ratio and Na/Al molar
ratio) on the mechanical strength and microstructures (e.g., micromorphology, mineralogy and
porosity) of the resulting geopolymers, as well as the reaction kinetics that have been largely
investigated with mechanical tests, XRD, SEM-EDX, FTIR, BET and ICC was reviewed. The raw
materials used for the geopolymer synthesis in this dissertation, including metakaolin, red mud

slurry and class F fly ash, were also introduced.

Chapters 2, 3, and 4 are devoted to synthesis and characterization of the geopolymers from
two abundant industrial materials: red mud slurry and Class F fly ash. RMSFFA geopolymers were
successfully synthesized and the mechanical properties are investigated and represented in Chapter

2.
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In Chapter 3, two different aspects are evaluated: (i) to examine whether the existing
volume change testing procedure of OPC is suitable for quantifying the volume change of
geopolymers by using metakaolin as the raw material, and (ii) to characterize the volume change
of the more complicated geopolymer system - RMSFFA geopolymers. A comprehensive
experimental study was performed to investigate the influence of different filling solutions (i.e.,
deionized water-DIW and activator solution-AS) on the chemical volume change of metakaolin-
based geopolymer (MKG). SEM-EDX, ICC, FTIR, BET, ICP-MS techniques were used to shed
light on the influence of filling solutions on the geopolymerization process and thus the chemical
volume behavior of MKG. The chemical volume change behavior of RMSFFA geopolymers was

also investigated, which had the overall expansion chemical volume behavior.

In Chapter 4, freeze-thaw (F-T) durability of geopolymers synthesized from the mixture of
red mud slurry-Class F fly ash (RMSFFA) was investigated, with an emphasis on the influence of
chemical compositions and curing conditions (i.e., curing time and curing temperature). F-T
durability was evaluated on the basis of the sustained mechanical strength of RMSFFA
geopolymer specimens after subjected to 50F-T conditioning cycles. The change in their chemical
bonding, mineralogy, and pore characteristics at various F-T conditioning cycles was examined
with Fourier transform infrared spectroscopy, X-ray diffractometer, and Brunauer-Emmett-Teller

testing, respectively, to reveal the underlying processes during F-T conditioning.

Chapter 5 summarizes the major findings from this research study and establishes the
processing-composition-microstructure-property relationships by evaluating the relationships
between the composition (e.g., Si/Al ratios, Na/Si ratios, curing time), microstructure (e.g.,
porosity), and engineering properties (e.g., strength, Young’s modulus, failure strain, durability)

of the geopolymers. These correlations not only provide a comprehensive understanding of the
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processing and engineering properties of the geopolymers but can also be used to develop a readily
applicable design chart for tailoring desired geopolymer composites for specific applications

where different strength or failure strains are required. This chapter also provides some

recommendations for future studies.
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CHAPTER Il - RELATIONSHIP AMONG SYNTHESIS

FACTORS-MICROSTRUCTURE-MECHANICAL PROPERTIES

OF RED MUD SLURRY -CLASS F FLY ASH-BASED

GEOPOLYMERS (RMSFFA)

2.1. INTRODUCTION

Geopolymer, a family of aluminosilicate materials, has been successfully synthesized from various
raw materials rich in silicates and/or aluminates. Synthesized geopolymers are of the composite
nature and constituted of geopolymer gel, crystals, unreacted impurities, and unreactive fillers,
where geopolymer gel has amorphous to semi-crystalline structures[6, 141]. As a sustainable
alternative to OPC, geopolymers need to achieve mechanical properties comparable to those of
OPC. However, the mechanical properties of geopolymer are significantly affected by its synthesis
factors, including chemical composition (e.g., Si/Al and Na/Al ratios) of the raw materials and
curing conditions (e.g., curing temperature, humidity and curing time). To fully understand
reaction processes and the strength development mechanisms of geopolymer, it is imperative to
investigate the formation of geopolymer gel that is largely responsible for gaining strength of this
material. In geopolymer gel, silicate and aluminate tetrahedrons are linked by sharing oxygen
atoms, with alkaline cations balancing the negative charge of AI(OH)s. The structure of

geopolymer gel can be simplified as the following chemical formula [6, 141]:

Mn{_(SiOZ)Z - AlOZ _}n
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Where M is an alkali cation such as potassium (K*) or sodium (Na*) that is used for balancing
negatives charge of AI(OH)4?, n is the polycondensation degree; and z is the Si/Al ratio with the
value range of 1 to 300. It should be noted that geopolymer shows different mechanical properties
with different values of z. Three dimensional and cross-linked molecular structures form when
z<3, which results in stiff and brittle geopolymer; and two dimensional and linearly linked
structures are resulted, giving the synthesized geopolymer adhesive and rubbery properties when
z value is larger than 3. Geopolymer gel forms via the geopolymerization that is often simplified
into three steps in a conceptual model: (i) the raw materials are dissolved in alkali hydroxide and/or
alkali silicate solutions to release reactive Si and Al monomers; (ii) the reactive Si and Al
monomers polymerized to form the oligomers in different sizes; and [142] the oligomers further
polycondense and form three dimensional aluminosilicate molecules, so called geopolymer gel
[143, 144]. These three stages are interactive with each other, and water is extracted in the last two

stages.

In general, geopolymers can be synthesized from a wide range of aluminosilicate rich raw
materials, such as red mud [32, 141], fly ash [145-147], granulated blast furnace slag[148, 149],
rice husk ask [32, 150], natural aluminosilicate minerals, metakaolin [151-153] and the mix of
these materials [126, 154]. In this study, red mud slurry (denoted as RMS) and Class F fly ash
were chosen to synthesize geopolymers. RMS is the major waste produced in the industrial
production of alumina from Bayer process [32-36]. About 1.5-1.6 tons of RMS generated from
every ton of alumina produced [37]. The annual production of RMS is estimated about 200 million
tons worldwide [34, 35], with an increase of 120 million tons annually and a global inventory of
2.6 billion tons by 2011 [36, 38]. Due to the different bauxite ore sources and refining processes,

RMS has different physical, chemical, mineralogical properties with a pH value of ~10-13 [32, 35,
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39, 40]. The main compositions of RMS are iron oxide and alumina-silicate oxides. The enormous
quantity, high alkalinity, and chemical compositions make RMS (1) occupy large areas of valuable
land; (2) be harmful to the environment (especially soil and ground water) and public health [155];
(3) impose serious disposal problems and challenges in the mining industry [33]. In the past, fresh
RMS is either transported to waste lakes, following by dewatering, or dried and utilized towards
bricks making [156, 157], glass ceramics [158, 159], etc. However, these methods are not
sustainable and only consume a small amount of RMS. In recent years, many researchers focus on
developing new ways to recycle or reuse RMS at larger scale, one of which is geopolymer
synthesis or geopolymerization in civil engineering applications [36]. The high alkalinity and the
presence of aluminosilicates make RMS a potential raw material in geopolymerization process. Its
high alkalinity can partially replace the alkali reaction solution in geopolymer synthesis, which
can reduce the cost of synthesized geopolymer. However, based on previous studies [36, 42], the
activity of RMS in geopolymerization is poor or limited. To achieve a better mechanical property
of geopolymer, another raw material with higher reactivity in geopolymerization must be added in

this study.

Class F Fly ash (denoted as FFA), also known as "coal ash", is a coal combustion product
with calcium content less than 20%. Fly ash is generally rich in silicates and aluminates, which
can supply enough SiO; and AlO4 required for geopolymerization. Most of the aluminum plants
which generate RMS waste also generate fly ash from their captive power plants, which make the
two raw materials a good combination for geopolymer synthesis due to the low transportation cost

of waste materials [46].

Red mud and fly ash-based geopolymer has been synthesized by other researchers [41, 47],

but it still needs to take extra efforts to dry and grind red mud slurry to red mud powder prior to
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the synthesis. Therefore, it is worth exploring the feasibility of synthesizing geopolymer with the
mixture of fly ash and RMS without any pre-treatment of the latter to save more time and cost.
This chapter aims to investigate the influence of synthesis factors (e.g., Si/Al molar ratio, Na/Al
molar ratio, curing temperature, and curing time) on mechanical and microstructure properties of

RMSFFA geopolymers.

2.2. MATERIALS AND METHODOLOGY

2.2.1 Materials

RMS was used as received from Alcoa World Alumina LLC in geopolymer synthesis. FFA was
provided by Headwaters Resources Inc. The physical properties and chemical compositions of
RMS and FFA are shown in Table 2-1 and Table 2-2, respectively. The pH value and water
content of RMS are ~14 and 74%, respectively. RMS also contains traceable amount of soluble
Na, Si, and Al. The main components of FFA are SiO, and Al,O3, whose amorphous phases are
the main reactive constituents in geopolymerization. FFA also contains an appreciable amount of
Fe>O3 and some trace elements (e.g., K, Na, Mg, and S). In addition, the median particle size (Ds,)
of FFA is 16 um. A mixture of 50% NaOH and sodium silicate solution was used as the alkaline

activator to activate the mixture of FFA and RMS.

Table 2-1 Chemical compositions of Class F fly ash (wt.%) provided by the supplier.

SiO; Al;O3 FexO3 SOs CaO KO MgO NaO  Moisture Loss on ignition

59.74 2751 491 0.16 145 239 118 0.82 0.08 2.66
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Table 2-2 Physical and chemical compositions of RMS (wt.%0).

Liquid contents  Solid contents Soluble Na Soluble Si Soluble Al
74 26 1.97 0.00555 0.74

2.2.2 Geopolymer Synthesis

While it is desirable to use RMS at a maximum amount to partially replace expensive alkaline
solution, too much RMS results in lower strength of the geopolymer sample due to RMS’s poor
reactivity [155]. In light of the consideration, the mixture of RMS and FFA at a mass ratio of 1:4
was used as the source materials for geopolymer synthesis. Chemical compositions of the source
materials have proven to be critical for synthesizing geopolymer with high mechanical strength.
Nominal Si/Al molar ratio (1.8, 1.9, and 2.0) and nominal Na/Al molar ratio (0.6, 0.7, and 1.0)
were used to prepare RMSFFA geopolymer samples to examine the effect of chemical
compositions on the mechanical properties of RMSFFA. Based on the previous studies in the
literature and by the authors’ group [47, 131], a nominal Si/Al molar ratio of 2.0 and a Na/Al molar
ratio of 0.6 were adopted to prepare RMSFFA geopolymer samples to examine the effect of curing
temperature on the mechanical properties of RMSFFA geopolymers. In addition, it was found that
excessive amount of water present in geopolymer precursor leads to the residual water existing in
the form of hydroxyl in the resulting geopolymer [160], which is unfavorable to strength
development of geopolymers. Accordingly, a water content of 25% was used in the geopolymer
synthesis, which was the lowest possible water content while adequate workability was maintained
for sample preparation. The chemical compositions of geopolymer precursor were controlled by

adjusting relative proportions of the source materials (e.9., RMS and FFA) and the alkaline
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activator solution. Besides the above synthesis factors, the influence of curing conditions,
including curing time periods (14 and 28 days) and curing temperature (room temperature, 50°C,
and 80°C), on mechanical properties and strength development of RMSFFA geopolymers was also
examined. The sample ID, mix design, and curing conditions of RMSFFA geopolymer specimens
are listed in Table 2-3. The sample set ID was named as follows: raw materials - Si/Al (SA) mole
ratio - Na/Al (NA) mole ratio - curing temperature - curing time; RT, 50C, and 80C stand for
curing temperatures of room temperature, 50°C, and 80°C, respectively; and 14D and 28D stand

for 14 days or 28 days curing time periods.

The alkaline activator solution was pre-prepared and then cooled down to room
temperature for later use. RMS and FFA were firstly mixed at the pre-determined ratio with a
mechanical mixer, followed with the addition of the alkaline activator solution, and the whole
precursor was stirred for 30 minutes to ensure thorough mixing. The slurry was poured into pre-
made cylindrical molds with dimensions of 2 inch (diameter) x 4 inch (height), and vibrated for
10 minutes to remove the air bubbles. All the samples were sealed in plastic bags with duct tape.
Samples were placed in a chamber at a relative humidity (RH) of 40% - 50% for curing at room
temperature. For the samples cured at elevated temperatures (i.e., 50°C and 80°C), they were
placed in the oven and taken out after 7 days and 1 day for 50°C and 80°C, respectively, which
were further cured at ambient conditions until respective final curing time was reached. All the
samples were demolded after 14-day curing, and then the 14-day cured samples were taken out for
mechanical property testing while the 28-day cured ones were continuously cured at ambient
temperature for another 14 days. Detailed sample preparation process can be referred to a previous
study from the authors’ group [47]. OPC samples were also prepared and tested for providing a

baseline reference.
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Table 2-3 Summary of mix design and curing conditions of RMSFFA geopolymer specimens

used for mechanical properties tests.

Curing Curing Si/Al  Na/Al L/S Water

Sample set ID
time temp (mol) (mol) (weight Content

RMSFFA-SA2.0-NAO0.6 2 0.6 0.53
RMSFFA-SA2.0-NA0.7 2 0.7 0.57
RMSFFA-SA2.0-NALO 1408 50 2 1 0.7 -5
RMSFFA-SA1.8-NA0.7 1.8 0.7 0.5
RMSFFA-SA1.9-NA0.7 1.9 0.7 0.53
RMSFFA-SA2.0-NAO.7 2 0.7 0.57

RT

(~23)
RMSFFA-SA2.0-NA0.6  14/28 2 0.6 0.53 ~25

50

80

2.2.3 Characterization of Mechanical Properties and Microstructure

Unconfined compressive strength (UCS) tests were conducted on RMSFFA geopolymer samples
after curing for 14 or 28 days using an Instron loading machine to determine their UCS, failure
strain and Young’s modulus. A constant loading rate of 0.5 in./min was used, which was relatively
high but was chosen for the main purpose of comparing the relative trend in mechanical properties
among the samples. In addition, some small pieces were collected from the crushed samples after
the strength test for subsequent characterization of their chemical bonding, mineralogy, and pore
characteristics, to shed light on the samples’ strength development. The external surface of the

samples was avoided since they might have been carbonated after being exposed to the air. Prior
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to the characterization tests, the selected sample pieces were pre-frozen by liquid nitrogen right
after the strength test and then subjected to freeze-drying in order to prevent the samples from any
further geopolymerization reactions. Some of the small pieces were ground to powder for FTIR
and BET testing. The chemical bonding information was inferred from the FTIR spectra obtained
with a BrukerOptics Vetex70 FTIR spectrometer using transmittance mode in the range of
500~1600 cm™ at a resolution of 2 cm™. Specific surface area, accumulative pore volume and pore
characteristics were tested with the instrument ASiQ 1Q TPX from Quantachrome Instruments and

analyzed with Non-Local Density Functional Theory (NLDFT) method.

2.3. RESULTS AND DISCUSSION

2.3.1 Mechanical Properties of RMSFFA Geopolymers

The mechanical and physical properties (UCS, failure strain &, Young’s modulus E, and bulk
density p.) of OPC and all the RMSFFA geopolymer samples cured for 14 days and 28 days are

shown in Figures 2-1, 2-2, and 2-3. The values of OPC are listed in each Figure for reference.

Based on Figure 2-1(a), among the geopolymer samples studied in this study, their UCS
values increased with the increasing of Si/Al molar ratio regardless of the curing time. The UCS
of sample has a dramatically increase when the Si/Al molar ratio increased from 1.9 to 2.0, which
can reach 24 MPa for the sample cured for 14 days. Based on Figure 2-2(a), with the increase of
Na/Al molar ratio, the UCS decreased with the samples cured for 28 days. For 14-day cured
samples, the sample with Na/Al molar ratio of 0.7 has the highest UCS. In general, 28-day cured

RMSFFA geopolymer samples achieved higher UCS values than their 14-day counterparts, except
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SA2.0-NAO0.7. This might have been caused by the formation of cracks during further curing after

14 days.

Based on Figure 2-3(a), the UCS of the samples cured at higher temperatures is higher
than the ones cured at room temperature. However, the geopolymer samples cured at 80°C show
slightly lower mechanical strength than those cured at 50°C, and strength reduction in geopolymers
cured at the temperature higher than 80°C was also reported in the previous studies [147, 161].
This might be caused by more cracks developed at higher temperatures (e.g., 80°C). Higher curing
temperature facilitated geopolymerization (faster and higher degree of dissolution of the raw
materials; faster processes of geopolymer gel formation; higher earlier strength); on the other hand,
elevated curing temperature (>=80°C) often cause more thermal cracking during curing that offset

the benefits of high curing temperature.

A similar trend in the Young’s modulus of geopolymer samples to that of UCS is shown
in (Figure 2.1(c), Figure 2.2(c), and Figure 2.3(c)). Geopolymers have a relatively lower
Young’s modulus compared to OPC. The failure strain, and bulk density of geopolymers with
different synthesis factors (e.g., Si/Al molar ratio, Na/Al molar ratio, and curing temperature) are
shown in Figure 2.1(b)(d), Figure 2.2(b)(d), and Figure 2.3(b)(d), respectively. Most of the
geopolymer samples have either comparable or larger failure strain, especially those with higher
UCS values than OPC samples, which means better ductility and more favorable engineering
performance. With the increase of Si/Al molar ratios, the failure strain and bulk density increases;

however, there is no obvious trend on the changes of Na/Al molar ratio and curing temperature.
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2.3.2 Microstructural Characterization by FTIR

FTIR spectra of the RMSFFA geopolymer samples were acquired to shed light on the effects of
various chemical compositions and curing conditions (curing temperatures and curing time) on the
bonding information of RMSFFA geopolymers. Figures 2-4 (a) and (b) show the variation of
FTIR spectra of the samples cured for 14 and 28 days, respectively. The characteristic spectrum
of the mixture of raw materials (20% RMS+80%FFA) was also provided as the baseline for better
understanding the characteristic bands shift due to geopolymerization processes. As reported by

numerous studies in the literature [162-165], the FTIR spectra in the region of 1300-900 cm™ are
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often used to characterize geopolymer gels, which represent the Si-O-T (T is Si or Al) asymmetric
stretching vibration band, also called the “main band”. The main band of the raw material was
centered at 1029.97 cm™®. Then the main band of raw material shifted towards lower wavenumber,
which indicates the dissolution of the raw material and the formation of geopolymer gels [164,
166]. The band ~1450 cm™ is assigned to the asymmetric stretching of the O-C-O bonds in COs*
formed by the reaction between excessive Na* presenting in the geopolymer and the atmospheric
CO; after the samples were exposed to air [51, 167-169]. The band observed at ~850 cm™ is
assigned to the bending vibration of Si-OH [170-172], which does not exist in the raw materials.
This band usually appeared in the incompletely formed polymers that can reduce the mechanical

properties of the resulting geopolymers, but disappeared upon dehydration [172, 173].
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Figure 2-4 Changes in FTIR spectra of 14-day (a) and 28-day (b) cured samples with

different chemical compositions and curing conditions (curing temperature and curing time).

2.3.3 Pore Characterization of RMSFFA Geopolymers

The pore size distributions of RMSFFA geopolymers with various Si/Al and Na/Al molar ratios

cured for 14 and 28 days are presented in Figure 2-5. Due to the unavailability of BET device

46



RELATIONSHIP AMONG SYNTHESIS FACTORS-MICROSTRUCTURE-MECHANICAL PROPERTIES OF
RED MUD SLURRY - CLASS F FLY ASH-BASED GEOPOLYMERS (RMSFFA)

when different curing temperatures were studied, the results of different curing temperatures are
not available in this section. Based on Figure 2-5, the dominant pore size of all the samples is
below 15 nm. With the increase of curing time, the dominant pore size slightly shifted to smaller
radius regardless of chemical compositions. This is likely due to the higher temperature which
facilitates the geopolymerization reaction, thus resulting in smaller pore radius. There is no clear
trend of the effects of Si/Al molar ratio on pore size distribution. However, with the increasing of
the Na/Al molar ratio, the pore volume increased regardless of the curing time. The total pore
volume of all the RMSFFA geopolymers was plotted in Figure 2-6. Generally speaking, the total
pore volume decreases with the increase of Si/Al molar ratio, and with the decrease of Na/Al molar
ratio. This is consistent with the UCS results: lower total pore volume is corresponding to higher
UCS. The underlying mechanisms associated with this are: i) more geopolymer gel formed; and

i1) denser microstructure; both of which attribute to the strength improvement.
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Figure 2-5 Pore size distribution of RMSFFA geopolymers with various Si/Al molar ratios
cured for (a)14 days and (b)28 days, and pore size distribution of RMSFFA geopolymers

with various Na/Al molar ratios cured for (c)14 days and (d)28 days.
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Figure 2-6 Total pore volume of (a) 14-day and 28-day cured RMSFFA geopolymers with
various Si/Al molar ratios, and (b) 14-day and 28-day cured RMSFFA geopolymers with

various Na/Al molar ratios.

2.4. CONCLUSIONS

In this study, geopolymers were synthesized with the mixture of red mud slurry and Class F fly
ash. The effects of chemical molar ratios (Si/Al and Na/Al), curing temperature, and curing time
on the mechanical properties, chemical bonding, and porosity of RMSFFA geopolymers were
investigated. The following conclusions can be drawn:

e The UCS and Young’s modulus of RMSFFA geopolymers increased, with the
increase of Si/Al molar ratio and decrease of Na/Al molar ratio within the value
ranges of the geopolymer recipes investigated in the current study. The geopolymer
gels formation was confirmed by FTIR results.

e Higher curing temperature is more suitable for strength development of RMSFFA
geopolymers compared to room temperature. However, elevated curing
temperature (>=80°C) might offset the benefit of promoted geopolymerization at

high temperature due to more pronounced thermal cracking during curing.
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BET results shows the lower the total pore volume, the higher strength RMSFFA
geopolymers, which is consistent with the UCS results and reveals the two
mechanisms underlying strength development: cementation by the formation of
geopolymer gel and densification by denser and more compact microstructure of

geopolymers.
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CHAPTER 111 -VOLUME CHANGE BEHAVIOR OF RED MUD

SLURRY AND CLASS F FLY ASH BASED GEOPOLYMERS

3.1 INTRODUCTION

Geopolymers are alkaline-activated aluminosilicates and promising green alternatives to ordinary
Portland cement (OPC), for their following advantages: low CO; emission during synthesis
process [6-8], comparable mechanical strength [9, 10], good resistance to inorganic and organic
acid [4, 5], and excellent fire resistance [2, 3]. Geopolymers can be produced by activating
aluminosilicate materials with alkaline solutions, such as sodium/potassium silicate, sodium
hydroxide, or their mixtures. Common source materials for geopolymer synthesis include natural
minerals or industrial wastes that are rich in aluminates or silicates, such as metakaolin [25, 26],
red mud [27, 28], fly ash [29, 30], or the mixture of the above [31]. Despite being confirmed as a
promising alternative to OPC by numerous laboratory experimental studies [47, 57, 58],
geopolymer has not been widely applied in civil engineering mainly because of several main
barriers, one of which is the lack of information and knowledge about their long-term performance
and volume change behavior during synthesis process. Excessive volume change and the resulting
cracking of cementitious materials are often major causes of the deterioration of civil engineering

structures, reduced durability, and service life, or even catastrophic failure [59-63].

Chemical volume change of cementitious material is the absolute (or internal) volume
change resulting from the volume difference between the formed products and the reactants during
the reactions. The change in volume of OPC in sealed environment was firstly observed by Powers

in 1935 during a hardening process of a mixture of cement and water [174]. Chemical volume

o1



CHAPTER IlI

behavior of OPC during cement hydration process is dominantly reduction in volume (i.e.,
shrinkage), for which dilatometry method specified in ASTM C 1608 [175] is often used for its
simple set-up (see Figure 3-1(a)). In the dilatometry method, deionized water is used as the filling
solution, and the drop in level of water is regarded as the volume reduction of the hydrated cement
[176, 177]. As an emerging cementitious material, geopolymers’ volume change behavior during
geopolymerization process is much less clear or well understood, for the following reasons: i. there
lacks a well-accepted laboratory testing procedure for measuring chemical volume change of
geopolymers, particularly the selection of appropriate filling solution and the required monitoring
time period,; ii. very limited research studies have been performed on the chemical volume change
of geopolymers; and iii. underlying chemical processes and their concomitant volume change
during geopolymerization is far from well understood. Due to different chemical reactions of
geopolymer synthesis (geopolymerization instead of hydration for OPC) and thus potential
intervention of using deionized water as the filling solutions on geopolymerization, the standard
dilatometry method for measuring chemical shrinkage of OPC might not be directly applicable to

geopolymers.

Most of the previous studies focused on autogenous shrinkage or dying shrinkage of the
blended geopolymer-related systems. Therefore, very limited data are available regarding the
chemical volume change of geopolymer-related systems, even fewer for N-A-S-H geopolymer
systems (i.e., the geopolymers without appreciable amount of Ca). Hojati et al. [88] investigated
the shrinkage behavior of alkali-activated fly ash-slag binder system, indicating that the binders
activated at high pH values experienced larger chemical shrinkage, but lower autogenous and
drying shrinkage. Chemical, autogenous, and drying shrinkages of the similar system were

determined by Lee et al. [89]. It was reported that higher sodium silicate and slag contents in the
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mixture caused more shrinkage but resulted in a higher compressive strength. There is no
consensus about which filling solution is suitable for quantifying chemical volume change of
geopolymer, nor systematic study on the influence of filling solution on geopolymerization and
thus the accuracy of measured volume change. In addition, inconsistent chemical volume changes
have been reported in the literature. Hojati et al. [88] and Lee et al. [89] used activator solution to
test the chemical volume change of alkali-activated fly ash-slag system; Sakulich et al. [90] utilized
distilled water to investigate the chemical volume change of alkali-activated slag system; and
Cartwright [91] used a NaOH solution with an equivalent pH of the activator solution as the filling
solution to characterize the chemical volume change of alkali-activated slag system. The chemical
volume change of metakaolin-based geopolymer (MKG) was first investigated by Li et al. [92],
largely following the chemical shrinkage testing procedure developed for OPC but using the
activator solution (i.e., a mixture of sodium hydroxide solution and sodium silicate solution) as the
filling solution. Unlike OPC, the chemical deformation of MKGs does not show monotonic
chemical shrinkage but exhibits three stages of different chemical deformation: chemical
shrinkage, chemical expansion, and chemical shrinkage, during 14-day monitoring time. They
further linked different volume change stages with geopolymerization processes as follows: the
first chemical shrinkage stage was attributed to the dissolution of metakaolin, the chemical
expansion stage was due to the formation of Al-rich geopolymer gel, and the formation of Si-rich
geopolymer network gel attributed to the second chemical shrinkage. Lolli et al. [93] also studied
the volume change behavior of MKGs based on the testing procedure for chemical shrinkage of
OPC but using paraffin oil as the filling solution. Lolli et al. [93] reported that the geopolymers

undergo early-stage chemical expansion instead of shrinkage.
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Despite recent progress made in testing procedure and understanding of chemical volume
change of geopolymer, the volume change behavior (shrinkage or expansion) of geopolymer
systems and its dependence on the synthesis factors remain poorly understood. In addition,
potential intervention of filling solutions (e.g., deionized water or activator solution) on the
geopolymerization and the resulting geopolymer gel has not been systematically investigated,
which is the main barrier for establishing a well-accepted laboratory testing procedure. To fill in
these knowledge gaps, this study aims to examine the influence of filling solutions (deionized
water and alkaline activator solution) on chemical volume change of MKGs using the dilatometry
method. lon exchanges, heat flow evolution, chemical under bonding changes, microstructure
evolution, and porosity characteristics of MKGs were characterized to shed light on
geopolymerization process using different filling solutions. lon concentrations in filling solutions
were obtained by ICP Mass Spectrometer (ICP-MS) to examine the ion exchange between MKGs
and filling solutions. The heat release of geopolymer reactions with different filling solutions were
monitored by Isothermal Conduction Calorimeter (ICC) to help better understand how the filling
solutions might intervene the geopolymerization process. Furthermore, MKG specimens at
different curing time were characterized by Scanning Electron Microscopy (SEM), Energy
Dispersive X-Ray (EDX), Fourier-transform infrared spectroscopy (FTIR), and the Brunauer-
Emmett-Teller method (BET) to examine the changes in their morphology, chemical molar ratios,
chemical bonds, and pore volume distribution, respectively. Lastly, the control samples without
filling solutions at different curing times were prepared and tested with the same characterization

techniques for providing the baseline information.
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3.2 VOLUME CHANGE BEHAVIOR OF GEOPOLYMERS

To better understand the volume change behavior of geopolymers, it is very important to verify
the feasibility of using the existing chemical shrinkage testing procedure initially developed for
cement and to see if any modification to the testing procedure is needed. There are two parts in
this section: (i) chemical volume change test procedure development for geopolymer. Metakaolin
was used to verify the feasibility of the existing volume change testing procedure of OPC due to
the high purity of the raw material; and (ii) using the procedure developed in part (i) to characterize

the volume change of the more complicated geopolymer system - RMSFFA geopolymers.

3.2.1 Volume Change Test Procedure Development

3.2.1.1 Materials and Methodology

3.2.1.1.1 Materials

Geopolymer samples were prepared with metakaolin, which was acquired from Advanced Cement
Technologies, and its chemical composition is shown in Table 3-1. Although MK is not
necessarily more cost-effective or greener than other raw materials [49, 50], it is a more preferred
raw material for exploratory investigations because MK has high percentages of reactive
aluminates and silicates and thus the complexity and uncertainties associated with impurity present
in other raw materials (e.g., fly ash) can be limited. Its average particle size, density, and pH value
at 20°C are 3.9 um, 2.1-2.6 g/cm?, and 4-8, respectively. A mixture of sodium silicate solution and
50% NaOH was prepared as the alkaline activator for MKG synthesis. Two filling solutions were
used in chemical volume change tests: deionized water (DIW) and the same activator solution (AS)

that was used to synthesize MKGs.

55



CHAPTER IlI

Table 3-1 Chemical composition of metakaolin used for synthesizing MKG samples.

SiO2 Al:03  Fe20s CaO MgO NaO KO SOs  Moisture Losson
Content  Ignition

52.20 4311 153 007 006 007 022 009 0.33% 0.18%

3.2.1.1.2 Geopolymer Synthesis and Sample Preparation of Chemical Volume

Change Test

Nominal Si/Al ratio of 1.68 and nominal Na/Al ratio of 1.0 were used for synthesizing MKGs in
this study for: i. achieving high mechanical strength based on the authors’ previous studies [178];
and ii. its relative quicker final setting time compared to other recipes tested by the authors’ group,
which can minimize the potential influences of filling solutions on geopolymerization [179]. The
nominal chemical ratios of the MKG precursors were calculated based on the chemical
compositions of both metakaolin and the alkali activator solution. The liquid/solid ratio and water
content used for synthesizing geopolymer were 1.72 and 40%, respectively. The activator solution
was premixed, cooled down to ambient temperature, and then added to the pre-weighed
metakaolin. The whole precursor was thoroughly mixed for 30 minutes at ambient conditions
(around 23°C and atmospheric pressure) with the aid of a kitchen mixer and then vibrated on a
shaking table for five minutes to get rid of air bubbles trapped inside the slurry. The unconfined
compression strength (UCS) testing data of MKG samples with the same synthesis recipe and
cured at 6 hours, 2 days, 7 days, 14 days, and 28 days are presented in Figure 3-1 as the
complementary information that is imperative for synthesizing geopolymer with satisfactory
performance, with 6 hours being the final setting time of MKGs. The compressive strength of this

MKG recipe reached 12 MPa and remained stable after curing for 7 days.
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Figure 3-1 UCS results of MKGs cured for 6 hours, 2 days, 7 days, 14 days, and 28 days.

Two groups of MKG samples were prepared: Group | was prepared for the chemical volume
change test; Group Il was prepared for investigating the influences of the filling solutions on
geopolyermerization processes under the same curing conditions as Group 1. The detailed sample

preparation is described below:

e Group I: Chemical volume change samples were prepared according to ASTM C1608.
Two sample sets, designated as DIW (DIW as the filling solution) and AS (AS as the filling
solution), respectively, were prepared. Well-mixed geopolymer precursor slurry was
poured into glass vials up to 1 cm thickness to maintain the consistency (see Figure 3-
2(a)). Then the filling solution was slowly poured onto the geopolymer paste along the vial
wall without affecting the paste surface. Finally, a drop of paraffin oil was added to the top
of the filling solution to prevent the evaporation of the filling solution during the
monitoring time. All the MKG samples were placed within a water bath with a constant
temperature of 25°C and their volume changes were continuously measured for 20 days

(shown in Figure 3-2(b)). To get more representative measurements, 20 MKG duplicates
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were prepared for each sample set. The dilatometry method (shown in Figure 3-2(a)) was
used to monitor the chemical volume change by taking readings on the graduated tube at
different time intervals. The expansion or shrinkage caused by the chemical reaction was
calculated as the reading differences with respect to the initial reading and more calculation

details are presented in Section 3.2.3.1.

Group II: The second group was prepared in the same way as Group I. Three sample
subgroups, Group I1-Control (without filling solutions), Group 1I-DIW, and Group I1-AS
were prepared for further characterizing the changes in ion concentration in the filling
solutions and micro-structure of MKG samples at different time instants during chemical
volume monitoring. Group I1-Control was added to provide the baseline micro-structural
for investigating the influence of filling solutions on the resulting geopolymers. To this
end, seven sub-sets were prepared for each sample subgroup to track their pH value of the
filling solution, ion centration of the filling solution, and microstructure changes at seven
corresponding curing time instants (4 hours, 8 hours, 1 day, 3 days, 7 days, 14 days, and
18 days). Three duplicates were prepared for each sub-set, with the sample 1Ds and curing

conditions summarized in Table 3-2.
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(a)

Figure 3-2 Experimental set up of chemical volume change test: (a) enlarged glass vial part,

GEOPOLYMERS

(b)

and (b) whole experimental set up in the water bath of a constant temperature.

Table 3-2 Sample 1Ds and curing conditions of Group Il MKG specimens.

Sample ID Filling solution Curing time

C-4h 4 hours after mixing
C-8h 8 hours after mixing
C-1D 1 day after mixing
C-3D i 3 days after mixing
C-7D 7 days after mixing
C-14D 14 days after mixing
C-18D 18 days after mixing
DIW-4h 4 hours after mixing
DIW-8h 8 hours after mixing
DIW-1D DIW 1 day after mixing
DIW-3D 3 days after mixing
DIW-7D 7 days after mixing
DIW-14D 14 days after mixing
DIW-18D 18 days after mixing
AS-4h 4 hours after mixing
AS-8h 8 hours after mixing
AS-1D AS 1 day after mixing
AS-3D 3 days after mixing
AS-7D 7 days after mixing
AS-14D 14 days after mixing
AS-18D 18 days after mixing
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3.2.1.1.3 Calculation Method and Sample Characterizations

3.2.1.1.3.1 Calculation Method for Chemical Volume Change of MKGs

Chemical volume change measurements were taken by reading the values on capillary tube of each
sample every hour over the first 7 hours, and every day afterwards until 20 days. The first reading
was taken one hour (including half-hour mixing time, 5-minute vibration time, and other
preparation time) after the mixing started. Based on the ASTM standard C1608 [175], chemical

volume change per unit mass of geopolymer slurry at time t is calculated as:

CS(t) — [h(f)—h(fo)] (3_1)

geopolymer

Where CS(t) is the chemical volume change at time t (mL/g), h(t) is the filling solution level in
the glass tube at time t [87], h(t,) is the initial reading [87] at t, , and Mgeoporymer 1S the mass of
geopolymer paste. CS(t) > 0 means that the sample expands while the sample shrinks with a

negative value.

3.2.1.1.3.2 Sample Preparations for Examining the Influence of Filling

Solutions on Geopolymerization

Group 11 specimens were taken out from the water bath at seven different times (4 hours, 8 hours,
1 day, 3 days, 7 days, 14 days, and 18 days) to probe the influences of filling solutions on
geopolymerization, by measuring pH values and ion concentrations in the filling solutions and
examining microscopic morphology, chemical ratios, chemical bonding, and pore characteristics
of Group 1l MKGs. After the samples were taken out, the filling solution (the liquid part) and the

resulting geopolymer (solid part) were directly separated. The filling solution was tested for pH
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value immediately, and then sealed in plastic vials and saved for chemical concentration testing.
To examine whether any ion diffusion takes place between the MKG precursor and the filling
solutions, or the MKG precursor is dissolved by the filling solutions during the monitoring time
period, Na and Al concentrations in the filling solutions were measured with a PerkinElmer
NexION 350X ICP Mass Spectrometer (ICP-MS). To prepare for the ICP-MS test, the filling
solutions from AS sample group were filtered and diluted by 10,000 times with deionized water
manually due to their high concentrations of Na and Al ions. The filling solution from DIW sample

group was filtered and diluted by 1,000 times with the same procedure.

Based on the visual inspection, the resulting geopolymer has clearly three different portions
with thickness of the surface and bottom parts of around 2 mm shown in Figure 3-3. To better
investigate the influence of filling solutions on resulting geopolymers, each MKG sample was
paper dried and cut into three portions (surface, middle, and bottom part, denoted as Surf, Mid,
and Bot, respectively, in the rest of the dissertation) right at the layer boundaries with an Isomet
1000 precision saw. Pictures were taken for each of the sample portions right after the cut. All the
sample parts were subsequently crushed into small pieces (the side surface was avoided to limit
any influences caused by the glass vial walls) and then vacuum-dried for overnight immediately
to prevent any further geopolymerization within remaining pore liquids. In addition, small chunks
of these samples were saved for SEM-EDX and BET tests, and the rest of them were further ground

to powder for FTIR test.
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Figure 3-3 MKG sample cured for 18 days (filling solution of DIW) with clearly layered

surface, middle, and bottom portions.

The heat release of the control, DIW, and AS sample groups was measured using the
intermixing mode with a TAM Air isothermal conduction calorimeter (ICC) at 25°C, to investigate
the influence of the filling solutions (i.e., AS or DIW) on the rate and degree of geopolymerization
of MKG samples. The temperature was set as the same as that in chemical volume change test.
One-gram metakaolin powder was placed in an ampoule, which was sealed by a rubber stopper
with a mixer and three syringes. One syringe contained the premixed activator solution and the
other two contained 2 ml respective filling solutions. The amount of testing materials was
calculated based on the heat capacity of each component of the geopolymer precursor. The whole
set-up was placed inside the testing chamber until the system reached thermal equilibrium. The
activator solution was gradually injected into metakaolin powder and mixed slowly by the attached
mixer. Signals were collected immediately at a 50 s interval. Then the filling solution was
gradually injected onto the surface of the slurry one hour after the mixing, which is roughly the

same time interval as that between mixing geopolymer ingredients and adding the filling solution
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in the chemical volume change test. To maintain consistency, the amount of metakaolin and the

filling solution was kept the same for all three samples.

3.2.1.1.3.3 Micro-structural Characterizations

To investigate the evolution of micro-structure, chemical ratios, chemical bonding, and pore
characteristics of MKG samples during volume change test, SEM-EDX, FTIR, and BET tests were
conducted. The micro-structure of samples was acquired by SEM with a JEOL JSM-7000F in
secondary electron scatter mode. Chemical ratios at selected sample spots were detected by EDX
using an OXFORD INCA X-act instrument. Chemical bonding information was inferred from
FTIR spectra obtained with a BrukerOptics Vetex70 FTIR spectrometer using transmittance mode
in the range of 400~1600 cm at a resolution of 2 cm™. Specific surface area, accumulative pore
volume and pore size distributions were determined with an instrument ASIQ IQ TPX from
Quantachrome Instruments and analyzed with Non-Local Density Functional Theory (NLDFT)

method.

3.2.1.2 Results and Discussion

3.2.1.2.1 Chemical Volume Change of MKGs

According to the calculation method described in Section 3.2.3.1, chemical volume changes of
MKGs (DIW and AS groups) are shown in Figure 3-4, with the data between 0 and 1 day enlarged
in the inset of Figure 3-4. The positive and negative values indicate volume expansion and
shrinkage, respectively. Each of values was averaged over 20 duplicate samples, and the standard
deviation bars are presented. The curves reached a steady state on the 15th day, and the volume

change tests were ended after 20 days.
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Different from the monotonic chemical shrinkage of OPC, the chemical volume change of
MKGs is more complicated with more uncertainties and variations. Both DIW and AS group
curves indicate the samples underwent four different stages, which in turn were affected by the
different filling solution. Stage | is shrinkage (0 to 1 hour for both filling solutions), shown in the
inset of Figure 3-4, while the other three stages are presented in Figure 3-4. For AS group, Stages
Il (expansion), Il (shrinkage), and IV (stable) were between 1 hour to 4 days, 4 days to 7 days,
and 7 days -20 days, respectively, while for DIW group, the stages were between 1 hour to 1 day
(expansion), 1 day to 15 days (shrinkage), and 15 days to 20 days (stable), respectively. These
volume change stages are summarized in Table 3-3 with comparison of Li et al. and Lolli et al.’s

work.
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Figure 3-4 Chemical volume changes of MKG samples with DIW and AS filling solutions
(above dashed line: Expansion; below dashed line: Shrinkage; the volume change data
between 0-1 days are enlarged in the inset; four stages are labeled in the Figure; and all the

data were averaged over 20 samples, with their standard deviation bars included.
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Table 3-3 Summary of chemical volume change stages of MKGs and relevant literature data.

This Study Lietal. [92] Holli et al. [93]
Si/Al molar ratio 1.68 1.15 1.44/1.75/1.99
Na/Al molar ratio 1.00 1.16 1.00
Filling Solution AS DIW AS Paraffin olil
Stage I: Shrinkage 0-1 hour 0-1 hour 0 - 8 hours -

Stage Il: Expansion | 1 hour - 4 days 1 hour-1day | 8hours -2 days 0 - 3 days

Stage I1l: Shrinkage | 4 days - 7 days 1day - 15days | 2 days - 14 days -

Stage IV: Stable 7 days - 20 days | 15 days - 20 days - -

The volume decrease (shrinkage) of Stage | was attributed to the dissolution of metakaolin,
during which smaller species were produced. Similar initial volume change of MKG was also
observed and verified by Li et al. through their physical experiments and theoretical calculations.
Stage Il (expansion) was attributed to the formation of Al-rich geopolymer gel and reaction
products, such as lower density compounds (e.g., monomers or small oligomers), zeolites
precursors, and secondary building units/fragments of zeolites that cause moderate expansion.
Stage 11 (shrinkage) was related to the formation of the amorphous Si-rich geopolymer gels with
higher density (e.g., Si-rich geopolymer gels) [180-182]. The chemical volume change became
stable during Stage IV, which indicates that most of the geopolymerization process was finished.
The first three stages of this study are in good agreement with Li et al’s work [92], and the
difference in stage timeframe is likely caused by the difference in geopolymer synthesis recipes
(e.g., different Si/Al and Na/Al ratios used in the current study and Li et al.). Comparing the MKG
samples with AS filling solution in the current study and in Li et al. [92], higher Si/Al molar ratio

with the similar Na/Al molar ratio will result in more rapid reaction rate. This conclusion is only
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valid in the relatively “pure” geopolymer system, which might be changed with other impurities
presented in the reaction of other geopolymer systems derived from waste materials (e.g., fly ash

or red mud-fly ash mixtures).

On the other hand, this study had longer Stage Il and shorter Stage 111, compared to those
in Li et al. [92]. Beside the difference in time duration of different stages, the current study shows
overall expansion behavior of MKG samples except the first stage during the testing time period,
while Li et al.”s work shows overall shrinkage behavior. The different volume change behavior of
the MKG samples between the two studies was likely due to different geopolymerization process
of different recipes. Holli et al.’s work showed only the expansion of MKGs with the large Si/Al
ratio range, which was likely attributed to the choice of filling solution (i.e., paraffin oil) whose
molecular size might be too large to diffuse through the pores of resulting geopolymer gels. Note
that the first three stages of volume change are also consistent with those of the geopolymerization
processes proposed by Duxson et al. [183]: Dissolution, Gelation, and Reorganization,

respectively.

The chemical volume change of DIW group shows overall expansion from 1 hour to 10
days and overall shrinkage from 10 days to the end of the testing. Compared to AS group, DIW
group experienced shorter Stage Il. This implies the AS group has more Al-rich geopolymer gel
formed because more Al was dissolved by the AS filling solution. DIW group has a similar Stage
I11 to that of AS group in terms of the time duration, while DIW group experienced more volume
reduction during this stage. Therefore, the choice of filling solution in chemical volume change
test is critical for accurately capturing and quantifying chemical volume change of geopolymer.
Inappropriate ones can intervene the geopolymerization process during the testing and thus mask

the real volume change behavior. For MKGs investigated in the current study, monitoring time
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period of 20 days is adequate since their chemical volume change has reached steady-state and
geopolymerization has been largely completed, but it will depend on the geopolymerization rate

and specific geopolymer synthesis recipe for other geopolymers.

3.2.1.2.2 Visual Observation of MKG Samples

Representative images of surface, middle, and bottom parts of the control, AS, and DIW group
samples cured at 8h, 1D, 7D, and 18D are shown in Figure 3-5. The diameter of each sample is
around 22 mm. The color of DIW samples is very close to that of control samples at each curing
time interval. The AS group samples are generally darker than the other two groups throughout
the whole monitoring time, regardless of the location of the sample. This is likely due to the fact
that the AS filling solution promoted geopolymerization process (more discussions in the
following sections). Visual observations also indicate that all the surface parts of DIW group
samples are much more porous, weaker, and crumblier. This is likely attributed to the fact that the
addition of DIW filling solution intervened geopolymerization of the surface portion of samples
and thus not much geopolymer gel formed within this layer. Since visual observation is qualitative
at best and can be misleading, further characterizations on different parts of MKG samples are

detailed in the following sections.
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Figure 3-5 Representative photos of the surface, middle, and bottom part of MKG samples
(control, AS, and DIW groups) cured at 8h, 1D, 7D, and 18D. The scale bar is shown in left

bottom image.
3.2.1.2.3 pH Values and lon Concentrations in Filling Solutions

The pH values of the filling solutions at different elapsed time instants during volume change test
were monitored and its changes relative to the respective initial values were plotted in Figure 3-
6, to shed light on any potential ion exchange between geopolymer precursors and the filling
solutions. The initial values were tested when the geopolymer precursor just was in contact with
the filling solution. The change in pH values of AS group samples fluctuated within a small range
(~ 0.1). On the other hand, the increase in pH values of DIW filling solution went from 0 up to 1.5
shortly after the filling solution contacted with the geopolymer precursor. This indicates that the

concentration of OH" ions did not change much in the AS group, but appreciable amount of OH"
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ions diffused from the geopolymer precursor to DIW filling solution that was attributed to a large
concentration gradient between the geopolymer slurry and DIW filling solution. It is well known
that alkali concentration is a key factor controlling the dissolution of aluminates and silicates from
the raw materials, geopolymerization and mechanical properties of hardened geopolymer [24, 184,
185]. Therefore, the diffusion of OH" ions from the DIW geopolymer precursor to the filling
solution intervened the geopolymerization of DIW group by dampening the degree of dissolution
of metakaolin, which is consistent with visual observations discussed earlier and ICC and FTIR

results presented later in Sections 3.4 and 3.6.

Na* and AIP* ion concentrations were also measured in the filling solutions of all the
samples at different elapsed time to further investigate other ion exchanges between the
geopolymer precursor and the filling solutions. The changes in ion concentrations are plotted in
Figure 3-7(a) and (b), relative to their respective initial values, with the initial values tested in the
pure filling solution (i.e., DIW or AS). Si ion concentration was not tested because of the limitation
of the device. In the DIW group, a small amount of Al ions and a relatively large amount of Na
ions diffused into the filling solution due to the large ion concentration gradient. All the ions came
from the geopolymer precursor, since there was no Al or Na in the initial DIW filling solution.
The fluctuation of Na and Al ion concentrations measured in the filling solutions was attributed to
the complex, dynamic chemical ion exchanges between the being-cured geopolymer slurry and the
filling solutions that are controlled by competing processes of geopolymerization and diffusion, as
reported in the literature [184]. Such competing processes in turn depend on multiple factors such
as the rate and kinetics of geopolymerization, the chemical composition and concentration of
filling solutions. In AS group, Al ion concentration in the filling solution progressively increased

as time elapsed. Since there was no Al in the initial AS filling solution and its pH value did not
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change much (see Figure 3-6), Al ions came from the continuously dissolved raw materials (i.e.,
metakaolin) the diffusion process of the being-cured geopolymer precursor, and the diffusion of
hardened geopolymer and even partial dissolution of geopolymer gel. Compared to DIW group,
AL ion concentration in the AS filling solution is much higher than that of DIW filling solution
throughout the monitoring period. Such differences were likely attributed to two different
underlying mechanisms: i. more Al ions dissolved from the geopolymer precursor in high alkaline
AS filling solution that diffused from the geopolymer precursor to AS filling solution at the early
monitoring stage (up to 3 days); ii. Al concentration in the pore solution of being-cured geopolymer
precursor increased as Si-rich geopolymer gel formed from Al-rich gel during Stage 111 of chemical
volume change and more Al ions were freed (i.e., after 7 days), which is consistent with the
observed chemical volume change behavior of AS group described earlier. On the other hand,
weaker Al-rich gel with DIW group formed relatively quickly such that very limited Al ion
diffused to DIW filling solution. Na ion concentration initially increased in the filling solutions of
both DIW and AS groups (at 4 h), which was likely attributed to more dissolved Na ions in the
geopolymer precursor that was not solidified yet (prior to the final setting time of 6 h). After the
geopolymer precursor solidified (i.e., after 6h), Na ion concentration further increased in the filling
solution of DIW group while the opposite took place in AS group. Such a different trend in Na
concentration in the filling solutions between DIW and AS groups is due to change in relative Na
concentration between the geopolymer precursors and their respective filling solutions. As the
geopolymer precursor solidified and hardened, Na ions were consumed to form geopolymer gel
and became fewer in the porewater of the precursor; consequently, different Na concentration
gradients were resulted in DIW and AS filling solutions and thus diffusions occurred in different

directions: more Na ions further diffused from the geopolymer precursor to DIW filling solution
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while Na ions diffused from AS filling solution into the geopolymer precursor. This is consistent
with the EDX results (i.e., a much higher Na/Al ratio in the AS-Surf while a lower Na/Al ratio in
the DIW-Surf throughout the monitoring period) in Section 3.6. Given the critical roles (e.g.,
balancing the negative charge of aluminum site of alumina-silicate network consisting of
tetrahedral coordinated SiOs and AlOs. groups and thus affecting Si/Al ratio of the resulting
geopolymer gel and its microstructure and overall mechanical properties of the geopolymer) of Na
during geopolymerization [50, 184, 186, 187], it is expected that the diffusion of Na would have
affected the geopolymerization of DIW and AS groups, particularly their surface portions.
Different diffusion behavior of Na in DIW and AS groups is consistent with other characterization

testing results (e.g., visual observations, ICC results, FTIR and EDX results).

111
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Figure 3-6 pH values change of filling solutions at elapsed time instants during volume
change test monitoring compared to the respective initial values. Initial values were tested

when the paste just contacted with filling solution.
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Figure 3-7 Changes in (a) Al and (b) Na ion concentration in the filling solutions at different
elapsed time instants during chemical volume change testing compared to their respective

initial values. Initial values were tested in the pure filling solution (i.e., DIW or AS).

3.2.1.2.4 ICC results

The heat flow of reactions in control, AS, and DIW group samples at 25°C was measured with
ICC to investigate how the filling solutions affect the rate and kinetics of geopolymerization. The
normalized heat flows over time are plotted in Figure 3-8(a), and the portion between 0-10 hours
is enlarged in Figure 3-8(b). In Figure 3-8(b), the time instants when the activator solutions and
the filling solutions (either AS or DIW) added to respective geopolymer samples are marked with
vertical solid lines, respectively, while the representative peaks and hump are labeled by arrows in
Figure 3-8(a). For all the samples, a sharp peak (Peak 1) appeared right after the activator solution
was added, which corresponded to the heat release associated with the dissolution of metakaolin
and the initiation of geopolymer gel formation. For slower geopolymerization reactions, there
would have been two separate peaks, with the first one attributed to raw material dissolution while

the second one associated with the initiation of geopolymer gel formation [188, 189]. In this study,
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the single peak is attributed to the overlap of the two heat releasing peaks because of rapid reaction

of metakaolin.

For the AS group, a new peak (Peak Il1) appeared almost immediately after the AS filling
solution was added, followed with a broad hump. This indicates that the addition of AS filling
solution promoted further geopolymerizations. On the other hand, for the DIW group, the heat
flow was suddenly dropped to negative and then went back to zero after adding the DIW filling
solution. This indicates that the addition of DIW filling solution significantly dampened or even
halted geopolymerization within the surface portion of DIW sample group where the filling
solution imposed most influence. The occurrence of the seemingly strongly “endothermic
reaction” was most likely due to the temperature difference between the added water and
geopolymer precursor, which does not present any chemical reaction. This is consistent with

porous and weak surface part of DIW group samples, as discussed in the previous sections.
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Figure 3-8 (a) Normalized heat flow with time of MKG control group and MKGs filled by

DIW and AS, and the portion between 0-10 hours are enlarged in (b).
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3.2.1.2.5 BET Results

To investigate the influences of filling solutions on resulting geopolymer samples, pore size
distribution and pore volume of different parts of MKG specimens were examined by BET. The
pore size distribution of the middle part of control, AS, and DIW sample groups at different elapsed
time (e.g., 4h, 8h, 1 day, 3 days, 7 days, 14 days, and 18 days) are shown in Figure 3-9 (a), (b),

and (c), respectively. The pore volume is plotted over the half pore width in nm.

For the control group, the dominant pore size evolved from 1.4 nm to 3.7 nm as the time
elapsed. The dominant pore size evolution and pore size distribution pattern of DIW group are
close to that of the control group. While AS group samples show relatively lower total pore
volume, and their dominant pore size shifted to very small size (e.g., ~1.2 nm) after 7 or 14 days.
This is likely attributed to the further geopolymerization reactions promoted by the AS filling
solution, which results in more geopolymer gels, and thus smaller pore volume and smaller

dominant pore size.

The total pore volume of 14-day cured control, AS, and DIW samples is presented in
Figure 3-9 (d). Only the 14 day-cured sample data are presented for the sake of brevity. The total
volume of 14 day-cured control, AS, and DIW group samples are 0.639 cm®/g, 0.241 cm®/g, and
0.633 cm®/g, respectively. The 14-day cured control group sample has similar total volume in each
part (i.e., Surf., Mid., and Bot.). The pore volume of the surface part in DIW sample is “apparently”
smaller because modern non-local density functional theory (NLDFT) method can only detect the
pore sizes smaller than 50 nm; however, the surface part of DIW group is much more porous and
easy to crumble into powder, as shown in pictures in Figure 3-5, which implies that the actual

pore volume in the DIW’s surface part is largely underestimated by the BET method. Therefore,

75



CHAPTER IlI

the total pore volume cannot be compared between the control group and DIW group, although
the total detected pore volume of the DIW sample is “seemingly” much closer to that of the control
group. The AS group has much smaller total pore volume compared to the other two groups, which
is consistent with the previous results on the influence of AS filling solutions on geopolymerization
(i.e., relatively smaller total volume of AS group sample compared to the control group attributed
to the formation of more geopolymer gels promoted by the AS filling solution that fill in more
pores). Furthermore, since a significant amount of Al was dissolved from geopolymer precursor
or the raw materials by the AS filling solution, more Si-rich geopolymer gels formed. The local
density of amorphous Si-geopolymer gels is larger than that of Al-geopolymer gels [92], which

also resulted in smaller pore volumes.
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Figure 3-9 Pore size distribution of the middle part of (a) control group, (b) AS group, and (c) DIW group samples at different
curing time, with total pore volume of 14 day-cured control, AS, and DIW group samples with adding all three parts together

presented in (d).
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3.2.1.2.6 FTIR and SEM-EDX Results

To further illustrate the influences of filling solutions on geopolymerization during chemical
volume change testing, chemical bonding, chemical ratios, and microscopic morphology of
different layers of these sample groups (Control, DIW, and AS groups) were examined by FTIR

and SEM-EDX, respectively.

FTIR spectra of surface and middle parts of three sample groups are presented in Figure
3-10 (I) and (11), along with the spectrum of metakaolin as the baseline. FTIR spectra of bottom
parts of the three sample groups were also acquired, whose results were not presented here for
brevity since they have the similar trends to middle parts. The FTIR spectra in the range of 1200-
900 cm™ are attributed as the ‘main band’ of geopolymer gels, which corresponds to the Si-O-T
(T is Si or Al) asymmetric stretching vibration band [162, 163, 190]. The band at 1080 cm (Si-
O-T) and the hump at 800 cm™ representing asymmetric stretching vibration of Si-O-Si in raw
material became gradually less apparent and the main band shifted to the range of 1030-940 cm™
in all the testing samples, which confirmed the dissolution of raw materials and the formation of

geopolymer gels.

For the control group, in general, the shift of the main band of all the parts are highly
consistent with each other, as shown in Figure 3-10(a-1) &(a-11). The main band was shifted from
wavenumber 1080 cm™ to 969 cm™, from 969 cm™ to 988 cm™, and then from 988 cm™ to 985
cm?, and then stabilized with some fluctuations. The main band shift is corresponding to the
dissolution, Al-rich gel formation, and Si-rich gel formation, respectively, as verified by previous
studies [162, 191]. The spectra of the surface part of 4h cured samples, regardless of the sample

group, have relatively low intensity compared with those of the middle part, suggesting that the
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degree of geopolymerization at early stage is different at different layer within the sample. Besides
the 4h-cured sample, the geopolymer gels development was similar to each other at different

layers.

The humps located at around 870 cm™, 680 cm™, and 570 cm™, shown in all the samples
regardless of the layer, are corresponding to bending vibration of Si-OH bonds [188, 192],
vibration of Al-O bonds [92], and bending vibration of Si-O-Al bonds, respectively [193]. A weak
hump at around 1400 cm™ is assigned to O-C-O bond, which possibly caused by the atmospheric
carbonation [193, 194]. Compared to the control group, the AS group has a similar geopolymer
gel evolution (shown in Figure 3-10 (b-1) and (b-11)) except the 14-day cured sample. However,
the Si-OH bending vibration bonds, Al-O vibration bonds, and Si-O-Al bending vibration bonds
are less obvious than the control group, as well as the middle part of AS group samples. These
non-obvious Si-OH bending vibration bonds suggest the higher degree of geopolymer gel
condensation [192], which means that the surface part of AS group samples have higher
condensation degree than its own middle part and the counterpart (i.e., the surface part) of the
control group. The non-obvious Al-O vibration bonds and Si-O-Al bending vibration bonds
possibly caused by the absence of Al in the geopolymer gels, which were dissolved by the AS
filling solution from the surface part. This is consistent with the ICP-MS results presented earlier

in Section 3.3.

For DIW group (shown in Figure 3-10 (a-111) and (b-111)), two differentiable bands shown
in the ‘main band’ area, the band around 1015 cm is assigned to be Si-O-Si asymmetric stretching
vibration bond, and the band around 1025 cm™ is assigned to be Si-O-Al asymmetric stretching
vibration bond. A new band located at around 790 cm™ appeared in the DIW surface part samples,

which is attributed to the AlO4 vibrations [195]. The differentiable Si-O-Si and Si-O-Al bonds not

80



VOLUME CHANGE BEHAVIOR OF RED MUD SLURRY AND CLASS F FLY ASH BASED
GEOPOLYMERS

overlapped as the case in other two groups and the presence of AlO4 vibrations indicate that the
lower geopolymerization degree than the samples cured at the same time of the other groups. This
is consistent with the ICC results (see Section 3.3.4): the addition of DIW filling solution
intervened or dampened the reaction process. Such a band is not shown in the middle part of DIW
samples, which indicates that the influence of DIW filling solution on geopolymerization was

largely confined to the surface part.
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Figure 3-10 FTIR spectra of (a) Surface parts, and (b) Middle parts of (I) control samples,

(1) AS samples and DIW samples at curing time 4h, 8h, 1D, 3D, 7D, 14D, and 18D.

The centers of the geopolymer gel “‘main band’ of surface, middle, and bottom parts of all

three groups were plotted over the elapsed time in Figure 3-11 (a-1), (b-1), and (c-1) to further
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reveal the influence of filling solutions on geopolymerization. The center of the ‘main band’ of
raw material is also included in the Figures as a reference, which is 1080 cm™. The Si/Al and
Na/Al molar ratio of geopolymer gels of all the samples parts were approximated from the EDX
measurements. The detected spots with Si/Al molar ratio in the range of 1-3, and Na/Al molar ratio
around 1 are considered as typical ranges for geopolymer gels [151, 196, 197]. The Si/Al and
Na/Al molar ratios are also plotted in Figure 3-11 (a-11), (b-11), (c-11), and Figure 11 (a-111), (b-
1), (c-111), respectively, which were averaged over ten spots considered as geopolymer gels of
each sample. As expected, the filling solution has a larger influence on the surface part of both
DIW and AS groups based on FTIR and EDX results. The main band shifted to smaller
wavenumber represents the formation of more geopolymer gels. DIW group surface part has
highest main band wavenumber and lowest Si/Al and Na/Al molar ratios compared to the other
two groups, which indicates that the surface part of DIW group contains fewer geopolymer gels.
This was likely attributed to: i. the intervention of the geopolymerization process of this part by
the filling solution; and ii. some of the geopolymer gels might be partially dissolved by the filling
solution. This is consistent with the visual inspection of surface part of DIW group samples and
diffusions of Na* and OH" between DIW filling solution and the geopolymer precursor discussed

earlier in Section 3.3 (see Figure 3-5).

The AS group has the lowest main band wavenumber and relatively highest Si/Al and
Na/Al molar ratios for all their three different parts. The main band shifted to lower wavenumber
compared to the control group suggests more geopolymer gels formation. Relatively higher Si/Al
and Na/Al molar ratios compared to the other groups also implies the higher degree of
geopolymerization or polycondensation into higher oligomers and polymeric 3D-networks, which

agree well with diffusions of Na* and OH" between AS filling solution and the geopolymer
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precursor discussed earlier in Section 3.3. The much higher Na/Al ratio for the bottom part was
likely caused by the precipitation of Na ions from the filling solution in AS group, which was
captured by the SEM images (the flower-like feature) shown in Figure 3-12. From the EDX
results, the chemical ratios of the flower-like features can be summarized as three categories: (i)
O/Na ~1.3; (ii) O/Na~1.5, C/Na~0.6, and [142] O/Na~2. All these might belong to (i) NaOH
crystal, (ii) NaOH crystal mixed with Na>COs, and [142] Monohydrate, NaOH-H20O. Since this
feature is only shown in samples of AS group, this might be corresponding to the precipitation of
the extra Na cations in the AS filling solution, which is consistent with ICP-MS results shown in

Figure 3-7(b), which can explain the decrease of Na concentrations in the filling solutions.

The SEM images of surface part of 18-day cured samples are presented in Figure 3-13,
which is the most differentiable part from the morphology perspective. The microscopic
morphologies of the surface part in control and AS group are similar (i.e., dense and compact);
however, the surface part of DIW sample is much more porous and easier to crumble. This is
consistent with the visual inspection (Figure 3-5), diffusions of chemical ions (Section 3.3), and

FTIR and EDX results (Figure 3-11).
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Figure 3-11 (a) Si-O-T band wavenumber, (b) averaged Si/Al molar ratio, and (c) averaged Na/Al molar ratio of (I) Surface part,

(11) Middle part, and (I111) Bottom part of geopolymer gels in different sample groups. Each figure is plotted over curing time.
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AS_3D_Mid_x3000 AS_3D_Bot_x3000 AS_14D_Bot_x3000

Figure 3-12 SEM images of AS samples with the flower-like features. The magnification is

3000.

C_18D_Surf_x3000

Figure 3-13 SEM images of surface part of 18-day cured control, AS, and DIW samples. The

magnification is 3000.

3.2.2 Volume Change Properties of Red Mud Slurry and Class F Fly Ash Based

Geopolymers

3.2.2.1 Materials and Methodology

3.2.2.1.1 Materials

A mixture of FFA and RMS, a mass ratio of 1:4 was used to synthesize geopolymers. RMS was

used in geopolymer synthesis as received from Alcoa World Alumina, LLC. FFA was provided
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by Headwaters Resources Inc. The physical properties and chemical compositions of RMS and
FFA are shown in Table 3-4 and Table 3-5, respectively. The pH value and water content of RMS
are ~14 and 74%, respectively. RMS also contains traceable amount of soluble Na, Si, and Al. The
main components of FFA are SiO2 and Al.O3, whose amorphous phases are the main reactive
constituents in geopolymerization. FFA also contains an appreciable amount of Fe2Os and some
trace elements. In addition, the median particle size (Ds,) of FFA is 16 pum. A mixture of 50%

NaOH and sodium silicate solution was used as the alkaline activator to synthesize geopolymer.

Table 3-4 Chemical compositions of Class F fly ash (wt.%) provided by the supplier.

. . L
Si0;  AlO3 Fex03 SO3 CaO KO MgO NaO Moisture ig?ﬁiig:
59.74 2751 491 016 145 239 118 0.82 0.08 2.66
Table 3-5 Physical and chemical compositions of RMS (wt.%0).
Liquid contents  Solid contents Soluble Na Soluble Si Soluble Al

74 26 1.97 0.00555 0.74

3.2.2.1.2 Geopolymer Synthesis and Sample Preparation

While it is desirable to use RMS at a maximum amount to partially replace expensive alkaline
solution, too much red mud will result in lower strength of the resulting geopolymer sample due
to its poor reactivity [155]. In light of the consideration, a 1:4 mass ratio of RMS to FFA was used
as the source materials for geopolymer synthesis. Chemical compositions of the source materials
proved critical to synthesizing geopolymer with high mechanical strength. The synthesis recipe

was used based on Chapter Il results.
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The alkaline activator solution was pre-prepared and then cooled down to room
temperature for later use. RMS and FFA were firstly mixed at the pre-determined ratio with a
mechanical mixer, followed with the addition of the alkaline activator solution, and the whole
precursor was stirred for 30 minutes to ensure thorough mixing. The slurry was vibrated for 10
minutes to remove the air bubbles. Well-mixed geopolymer precursor slurry was poured into glass
vials up to 1 cm thickness to maintain consistency. Based on the conclusions made in Section
3.2.1, DIW was used in this study as the filling solution. Then DIW was slowly poured onto the
geopolymer paste along the vial wall without affecting the paste surface. Finally, a drop of paraffin
oil was added to the top of the filling solution to prevent the evaporation of the filling solution
during the monitoring time. All the RMSFFA samples were placed within a water bath with a
constant temperature of 50°C and their volume changes were continuously measured for 20 days.
To get more representative measurements, ten duplicates were prepared for each sample set. The
dilatometry method (shown in Figure 3-2(a)) was used to monitor the chemical volume change
by taking readings on the graduated tube at different time intervals. The expansion or shrinkage
caused by the chemical reaction was calculated as the reading differences with respect to the initial

reading and more calculation details followed the same rules presented in Section 3.2.3.1.
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Table 3-6 Summary of mix design of RMSFFA geopolymer specimens used for volume

change tests.

L/S Water
Si/Al  Na/Al

Sample set ID (weight Content Objectives
(mol)  (mol)

ratio) (wt.%)

RMSFFA-SA2.0-NA0.6 2 0.6 0.53 Effect of Na/Al
RMSFFA-SA2.0-NA0.7 2 0.7 0.57 .

molar ratio
RMSFFA-SA2.0-NA1.0 2 1 0.7 -5
RMSFFA-SA1.8-NA0.7 1.8 0.7 0.5 Effect of Si/Al
RMSFFA-SA1.9-NA0.7 1.9 0.7 0.53 .

molar ratio
RMSFFA-SA2.0-NA0.7 2 0.7 0.57

3.2.2.2 Sample Micro-structural Characterizations

To investigate the evolution of pore characteristics of MKG samples during volume change test,
BET tests were conducted. Specific surface area, accumulative pore volume and pore size
distributions were determined with an instrument ASiQ IQ TPX from Quantachrome Instruments

and analyzed with Non-Local Density Functional Theory (NLDFT) method.

3.2.2.3 Results and Discussions

According to the calculation method described in Section 3.2.1.1.3.1, chemical volume changes
of RMSFFA geopolymers are shown in Figure 3-14 (a) with different Si/Al molar ratios and (b)
with different Na/Al molar ratios, with the data between 0-1 day enlarged in the inset of Figure 3-

14 (a) and (b). The positive and negative values indicate volume expansion and shrinkage,
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respectively. Each of the values was averaged over 10 duplicate samples. All the RMSFFA

geopolymers have overall expansion behavior regardless of the chemical compositions.

Unlike the four chemical volume change stages of MKGs, the RMSFFA geopolymers
shows only three stages regardless of the chemical compositions: Expansion (0-2 hours),
Shrinkage (2 hours to 7 days), and Stable stage (7 days to 20 days). There is no clear trend can be
found on the effects of different chemical compositions (Si/Al or Na/Al molar ratio) on the
chemical volume change of RMSFFA geopolymers. The shrinkage and stable stages have some
fluctuations, which might be caused by the process of water evaporation and cold water been added

to the water bath.
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Figure 3-14 Chemical volume changes of RMSFFA geopolymers with (a) different Si/Al
molar ratios and (b) different Na/Al molar ratios. The volume change data between 0-1 day

are enlarged in the inset, and all the data were averaged over 10 samples.
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3.3 CONCLUSIONS

A comprehensive experimental study was performed to investigate the chemical volume change
behavior of geopolymers. Two different aspects are evaluated in this Chapter: (i) to verify the
feasibility of the existing volume change testing procedure of OPC in the volume change test of
geopolymers by using Metakaolin as the raw material, and (ii) to characterize the volume change
of the more complicated geopolymer system - RMSFFA geopolymers. The following conclusions

can be drawn:

For the chemical volume change behavior of MKGs:

There are four stages: Shrinkage, expansion, shrinkage, and stable stages, which reflected
different chemical reaction processes during geopolymerization. The main findings are

summarized below:

e For the geopolymer synthesis recipe used in this study, the AS group showed an overall
expansion behavior except the first shrinkage stage, while the DIW group presented

shrinkage behavior (i.e., its final chemical volume is reduced).

e Visual inspection indicates the similar color of DIW group to that of the control group

besides the surface part, while the AS group is much darker.

e The ICC results show that AS filling solution caused further geopolymerization reactions
and DIW filling solution dampened the geopolymerization process of the surface portion

of the precursor.
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The FTIR and SEM-EDX results also indicate that the AS group samples exhibit relatively
lower main band wavenumber, high Si/Al molar ratios and high Na/Al molar ratios, which
implies higher geopolymerization/polycondensation degrees that promoted by the
diffusion of Na ion from AS filling solution to being-cured geopolymer precursor. The
center of the main band and the Si/Al and Na/Al molar ratios of AS group are closer to

these of control group for middle and bottom parts.

Given that the much more porous DIW surface part with much larger size pores cannot be
accurately characterized by the BET techniques, the total pore volume of DIW cannot be
compared to the control group, although the total detected pore volume of the DIW sample
is “seemingly” much closer to that of the control group. The AS group has much smaller
total pore volume compared to the other two groups and shows relatively smaller pore size
distribution, largely attributed to further geopolymerization by the diffusion of Na ion from

AS filling solution.

The filling solutions affect the geopolymerization of MKGs and thus their micro-
characteristics and chemical volume change, largely through complex, dynamic chemical
exchanges between the filling solutions and geopolymer slurry, particularly diffusion-
based leaching or ingress of Na* and OH". Such chemical exchanges are governed by
competing processes of geopolymerization and diffusion, which is affected in turn by the
type of raw materials, chemical composition of synthesis recipe, and chemical composition

of filling solutions.

Although an appropriate filling solution for characterizing chemical volume change of

geopolymer has not been identified, this study sheds light on the fundamental processes of
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how a filling solution affects geopolymerization and thus provides guidance for selecting
filling solution. Ideally, an appropriate filling solution for geopolymers would be inert,
non-volatile, with small molecular size, etc., for characterizing chemical volume change of
geopolymer. Furthermore, an appropriate filling solution should suppress potential ion

exchanges between filling solutions and geopolymer precursor.

For MKGs investigated in this study, a total monitoring time of 20 days is adequate to
capture their chemical volume change; different monitoring time is likely required for other

geopolymer systems that have different rate and kinetics of geopolymerization.

For the chemical volume change behavior of RMSFFA geopolymers:

There are three stages: expansion, shrinkage, and stable stages. The main findings are

summarized below:

The RMSFFA geopolymers have no the initial shrinkage stage as detected on the MKGs,
which might be caused by the different geopolymerization process of different raw

materials.

All the RMSFFA geopolymers experienced overall expansion regardless of the
geopolymer synthesize recipes. All the recipes studied in this investigation show pretty
close chemical volume change behavior. There is no clear trend of the effects of chemical

compositions on the chemical volume change behavior of RMSFFA geopolymers.

To investigate the effects of chemical compositions on the chemical volume change

behavior in the future, a bigger chemical compositions range is recommended.
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For RMSFFA geopolymers investigated in this study, a total monitoring time of 20 days is
adequate to capture their chemical volume change; different monitoring time is required

for other geopolymer systems that have different rate and kinetics of geopolymerization.

95



DURABILITY PROPERTIES OF GEOPOLYMERS

CHAPTER IV - DURABILITY PROPERTIES OF

GEOPOLYMERS

4.1. INTRODUCTION

Geopolymers have emerged as promising green alternatives to Ordinary Portland cement (OPC)
because of their following advantages: low CO2 emission during synthesis process [198, 199],
mechanical strength comparable to OPC [23, 143], low shrinkage [200, 201], good resistance to
acid [131, 202], and excellent fire resistance [148, 203]. Geopolymers can be produced by
activating aluminosilicate materials with alkaline solution [201], such as sodium/potassium
silicate, sodium hydroxide, or their mixtures. The source materials for geopolymerization are
usually natural minerals and industrial wastes rich in aluminates or silicates, such as red mud [32,

141], fly ash [145-147], rice husk ask [32, 150], and the mixture of the above [126, 154].

Geopolymerization also presents a viable economic and environmentally friendly approach
to recycling and reusing various industrial wastes. Red mud slurry (denoted as RMS) is the major
waste in the production of alumina from the Bayer process [32-36]. The annual production of red
mud slurry is estimated about 200 million tons worldwide [34, 35, 37], with an increase of 120
million tons annually [36, 38]. Due to different bauxite ore sources and refining processes, RMS
has variable physical, chemical, and mineralogical properties, with a pH value of ~10 to 13 [32,
35, 39, 40]. The main compositions of RMS are iron oxide and alumina-silicate oxides. The
management and reuse of RMS have been challenging because of its enormous quantity, high
alkalinity, high water content, presence of various heavy metals [41], and serious disposal

problems in the mining industry [33]. In recent years, many researchers focus on developing a new
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way to recycling or reusing RMS, one of which is geopolymerization [36] by taking advantage of
its high alkalinity and the presence of aluminosilicates. The high alkalinity can partially replace
the alkaline solution in geopolymer synthesis, and aluminosilicates present in RMS can participate
in and act as fillers in geopolymerization reactions. In addition, the application of
geopolymerization technology in civil engineering can consume RMS in large quantities.
However, based on previous studies [36, 42], the reactivity of RMS in geopolymerization at
ambient conditions is poor or limited. To achieve better mechanical properties of geopolymer
products, other raw materials with high reactivity in geopolymerization must be added, such as
metakaolin or fly ash. Class F Fly ash (denoted as FFA) is a coal combustion by-product with
calcium content less than 20%. More than 750 million tons of fly ash are generated all over the
world each year. Fly ash is rich in silicate and aluminates, both of which are main reactants in
geopolymerization processes. Most of the aluminum plants which generate red mud also generate
fly ash from their captive power plants, which make these two industrial wastes a good
combination for geopolymer synthesis due to low transportation costs [46]. Red mud and fly ash-
based geopolymer has been synthesized by a number of researchers in recent years [41, 47];
however, RMS still needs to be dried and ground to powders prior to geopolymer synthesis, which

costs more than directly using RMS in geopolymer synthesis.

Although mechanical properties of geopolymers synthesized from the mixture of red mud
and FFA have been confirmed in the laboratory by a number of researchers [47, 126-130], their
durability under different conditions needs to be investigated before it can be used in civil
engineering applications. Generally speaking, geopolymers are usually more durable compared to
conventional Portland cement concrete. However, the durability of specific geopolymer is not

always ensured for the following reasons: 1. For geopolymers synthesized from industrial wastes,
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their variable chemical compositions might have negative effect on their durability; and 2. different
synthesis conditions (e.g., chemical composition of raw materials and curing conditions) can result
in different mechanical properties and durability of the resulting geopolymers. The durability of
red mud-fly ash based geopolymer in sulfuric acid and deionized water was studied by the authors’
group [131], which confirmed that red mud-FFA based geopolymer has a good resistance to
sulfuric acid and deionized water and is comparable to cement. However, its F-T resistance has
not been systematically investigated. F-T often causes damages to concrete structures in cold areas
and undermines their long-term performance [132]. When the critically saturated concrete is
subjected to temperature fluctuating above and below freezing, the freezing front continuously
sucks water from the adjacent region and makes the ice lens get bigger and bigger, which results
in repeated loss of concrete surface and deterioration of its mechanical properties [133]. Good F-
T resistance of various geopolymers was confirmed by few laboratory studies [132, 134-139]. Sun
and Wu [134] and Li et al. [138] investigated the F-T durability of fly ash-based geopolymer
mortar and geopolymer paste. Compared to OPC, both of the geopolymer paste and geopolymer
mortar have good F-T resistance, in light of the small deterioration in their mechanical strength in
the range of 5% to 20% relative to their respective initial strength after subjected to 15 and 300 F-
T conditioning cycles, respectively. F-T resistance of fluidized bed combustion bottom ash-based
geopolymers and coal bottom ash-based geopolymers were investigated by Slavik et al. [135] and
Topcu et al. [136], respectively. Almost all of the samples were reported to have good F-T
resistance after subjected to 50 and 100 F-T conditioning cycles, respectively, with less than 20%
reduction in compressive strength compared to the unconditioned specimens. A similar study
conducted by Topcu et al. in 2014 [137] indicates that coal bottom ash-based geopolymer lost only

6.77% of its initial strength after 30 F-T cycles. Zhang et al. [140] reported that the PVA short
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fiber reinforced metakaolin and fly ash-based geopolymer mortar composites have excellent F-T
resistance, based on their high remaining impact resistance after subjected to 20 F-T cycles. In
most of the above studies, F-T durability is inferred from the changes in mechanical properties of
geopolymer specimens before and after F-T conditioning cycles. However, the changes in
microstructure, chemical bonding, and pore characteristics of geopolymers during F-T
conditioning processes have not been systematically examined, neither are the fundamental
processes underlying the deterioration of mechanical properties of geopolymer samples during the
conditioning. In addition, the effects of synthesis factors (e.g., curing conditions, Si/Al and Na/Al
molar ratios, water content, and pH values) on F-T durability of geopolymers have not been

studied.

In this study, F-T durability of RMSFFA geopolymers was investigated, with emphasis on
understanding the deteriorating mechanisms and processes underlying F-T conditioning. RMSFFA
geopolymer specimens were prepared under different chemical compositions and different curing
conditions. then subjected to 50 F-T conditioning cycles. F-T durability of RMSFFA samples was
evaluated based on the changes in their mechanical properties (unconfined compressive strength
(UCS), Young’s modulus, and failure strain) at various F-T cycles. The changes in their chemical
bonding, mineralogy, and pore characterization were also investigated with Fourier transform
infrared spectroscopy (FTIR), X-ray diffractometer (XRD), and Brunauer-Emmett—Teller (BET)
testing, respectively, to shed light on the mechanisms underlying F-T conditioning induced

damage to RMSFFA samples.
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4.2. MATERIALS AND METHODOLOGY

4.2.1 Materials

A mixture of FFA and RMS was used to synthesize geopolymers. RMS was used in geopolymer
synthesis as received from Alcoa World Alumina, LLC. FFA was provided by Headwaters
Resources Inc. The physical properties and chemical compositions of RMS and FFA are shown in
Table 4-1 and Table 4-2, respectively. The pH value and water content of RMS are ~14 and 74%,
respectively. RMS also contains traceable amount of soluble Na, Si, and Al. The main components
of FFA are SiO; and Al>Os, whose amorphous phases are the main reactive constituents in
geopolymerization. FFA also contains appreciable amount of Fe2O3 and some trace elements. In
addition, the average particle size (Ds,) of FFA is 16 um. A mixture of 50% NaOH and sodium

silicate solution was used as the alkaline activator to synthesize geopolymer.

Table 4-1 Chemical compositions of Class F fly ash (wt.%) provided by the supplier.

SiO» AbOs Fe0s SOs CaO KO MgO NaO Moisture Loss on

Content  ignition

59.74 2751 491 0.16 145 239 118 0.82 0.08 2.66

Table 4-2 Physical and chemical compositions of RMS (wt.%0).

Liquid contents  Solid contents Soluble Na Soluble Si Soluble Al

74 26 1.97 0.00555 0.74
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4.2.2 Geopolymer synthesis

While it is desirable to use RMS at a maximum amount to partially replace expensive alkaline
solution, too much red mud will result in lower strength of the resulting geopolymer sample due
to its poor reactivity [155]. In light of the consideration, a mass ratio of 1:4 between RMS and FFA
was used as the source materials for geopolymer synthesis. Chemical compositions of the source
materials proved critical to synthesizing geopolymer with high mechanical strength. Based on the
previous studies in the literature and by the authors’ group [47, 131], a nominal Si/Al molar ratio
of 2.0 and a Na/Al molar ratio of 0.6 were adopted to prepare RMSFFA geopolymer samples to
examine the effect of curing conditions on the F-T durability of RMSFFA (curing temperature and
curing time). Nominal Si/Al molar ratio (1.8, 1.9, and 2.0) and nominal Na/Al molar ratio (0.6,
0.7, and 1.0) were used to prepare RMSFFA geopolymer samples to examine the effect of chemical
compositions on the F-T durability of RMSFFA. In addition, it was found that too much water
present in geopolymer precursor leads to the residual water existing in the form of hydroxyl in the
resulting geopolymer [160], which is unfavorable to strength development of geopolymers.
Accordingly, a water content of 25% was used in the geopolymer synthesis, which was the lowest
possible water content while adequate workability was also maintained for sample preparation.
The chemical compositions of geopolymer precursor were controlled by adjusting relative
proportions of the source materials and the alkaline activator solution. The sample ID, mix design,
and curing conditions of RMSFFA geopolymer specimens are listed in Table 4-3 and Table 4-4.
The sample set ID was named as follows: raw materials - Si/Al (SA) mole ratio - Na/Al (NA) mole
ratio - curing temperature - curing time; RT, 50C, and 80C stand for curing temperatures of room
temperature, 50°C, and 80°C, respectively; and 14D and 28D stand for 14 days or 28 days curing

time periods.
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The alkaline activator solution was pre-prepared and then cooled down to room
temperature for later use. RMS and FFA were firstly mixed at the pre-determined ratio with a
mechanical mixer, followed with the addition of the alkaline activator solution, and the whole
precursor was stirred for 30 minutes to ensure thorough mixing. The slurry was poured into pre-
made cylindrical molds with dimensions of 2 inch (diameter) x 4 inch (height), and vibrated for
10 minutes to remove the air bubbles. All of the samples were sealed in plastic bags with duct tape.
Samples were placed in a chamber at a relative humidity of 40% - 50% for curing at room
temperature. For the samples cured at elevated temperatures (i.e., 50°C and 80°C), they were
placed in the oven and taken out after 7 days and 1 day for 50°C and 80°C, respectively, which
were further cured at ambient conditions until respective final curing time was reached. All the
samples were demolded after 14-day curing, and then the 14-day cured samples were taken out for
mechanical property testing while the 28-day cured ones were continuously cured at ambient
temperature for another 14 days. Detailed sample preparation process can be referred to a previous
study from the authors’ group [47]. 15 specimens were prepared for each sample set, 12 of which
underwent F-T conditioning which is detailed in the following section, while three of which were

tested without F-T conditioning as the control group.
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Table 4-3 Summary of mix design and curing conditions of RMSFFA geopolymer specimens

used for F-T durability tests (the effects of curing conditions on F-T durability).

Curing  Curing L/S Water
Si/Al Na/Al
Sample set ID time temp (weight Content
(mol)  (mol)
(days) (°C) ratio) (wt.%)
RMSFFA-SA2.0-NA0.6-RT-14D 14
RT(~23)
RMSFFA-SA2.0-NA0.6-RT-28D 28
RMSFFA-SA2.0-NA0.6-50C-14D 14
50 2.00 0.60 053 25
RMSFFA-SA2.0-NA0.6-50C-28D 28
RMSFFA-SA2.0-NA0.6-80C-14D 14
80
RMSFFA-SA2.0-NA0.6-80C-28D 28

Table 4-4 Summary of mix design and curing conditions of RMSFFA geopolymer specimens

used for F-T durability tests (the effects of chemical compositions on F-T durability).

Curing Curing Si/Al Na/Al L/S Water
Sample set ID Objectives
time temp (mol) (mol) (weight Content
RMSFFA-SA2.0-NAO0.6 2.0 0.6 0.53 25
Effect of Na/Al
RMSFFA-SA2.0-NAO.7 2.0 0.7 0.57 25
molar ratio
RMSFFA-SA2.0-NA1.0 2.0 1.0 0.70 27
14/28 50
RMSFFA-SA1.8-NAO0.7 1.8 0.7 0.50 25
Effect of Si/Al
RMSFFA-SA1.9-NAQ.7 1.9 0.7 0.53 25
molar ratio
RMSFFA-SA2.0-NAO.7 2.0 0.7 0.57 25
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4.2.3 F-T conditioning

In each sample set, the three specimens without undergoing F-T conditioning were the control
group and denoted as F-T ‘cycle 0°. The other twelve samples were immersed in deionized water
for 30 minutes at RT, and then all the samples underwent F-T conditioning for various cycles (up
to 50). According to ASTM C666, F-T conditioning was carried out in two incubators, with their
temperatures kept at -10°C and 4°C for the freezing and thawing processes, respectively. An F-T
cycle comprises the following two steps: i. freezing the samples in the air at -10°C incubator for
two and a half hours; and ii. thawing the samples by soaking in the deionized water at 4°C
incubator for one and a half hours. Diameter, height, and weight of the samples before and after

the conditioning were measured throughout the conditioning process.

4.2.4 Mechanical and Microstructural Characterization

Unconfined compressive strength (UCS) tests were conducted on RMSFFA geopolymer samples
after various F-T conditioning cycles using an Instron loading machine to determine their UCS,
failure strain and Young’s modulus. A constant loading rate of 0.5 in./min was used, which was
relatively high but was chosen for the main purpose of comparing the relative trend in mechanical
properties among the samples. In addition, some small pieces were collected from the crushed
samples after the strength test for subsequent characterization of their chemical bonding,
mineralogy, and pore characteristics. The external surface of the samples was avoided since they
might be carbonated during exposing to the air. Prior to the characterization tests, the selected
sample pieces were pre-frozen by liquid nitrogen right after the strength test and then subjected to
freeze-drying in order to prevent the samples from any further geopolymerization reactions. Some

of the small pieces were ground to powder for FTIR, XRD, and BET testing. The chemical bonding
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information was inferred from the FTIR spectra obtained with a BrukerOptics Vetex70 FTIR
spectrometer using transmittance mode in the range of 500~1600 cm™ at a resolution of 2 cm™.
The mineralogical compositions were determined with a Rigaku Geigerflex X-ray powder
diffractometer (XRD) using a CuKa radiation with a voltage of 37.5 kV and a current of 25 mA at
1 sec/step to obtain the XRD spectra. The XRD spectra were collected from 5° to 90° 26 at 0.02
°/step and analyzed with MDI Jade 5.0. Specific surface area, accumulative pore volume and pore
characteristics were tested with the instrument ASiQ 1Q TPX from Quantachrome Instruments and

analyzed with Non-Local Density Functional Theory (NLDFT) method.

4.3. RESULTS AND DISCUSSION

4.3.1 Effect of Curing Conditions

4.3.1.1 Changes in Physical and Mechanical Properties of RMSFFA

Geopolymer during F-T Conditioning

Changes in weight of the samples after F-T conditioning are presented in Figures 4-1 (a) and (b),
which is normalized by their respective initial values prior to F-T conditioning and is plotted versus
the number of F-T conditioning cycles. Figures 4-1 (a) and (b) indicate that both curing time and
curing temperature affect the change in weight during F-T conditioning. For the sample set cured
at RT, both 14- and 28-day cured samples lost weight during the F-T conditioning, especially those
cured for 28 days losing much more weight (over 20%) and collapsed at the 44" F-T cycle.
Therefore there was no data collected for this sample set afterward. On the other hand, the
normalized weight of the samples cured at higher temperatures (i.e., 50 and 80 °C) increases

regardless of the curing time. The difference in the weight variation among the conditioned
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samples might be attributed to the difference in their strength development at different curing
temperatures, with the latter being discussed in the following sections.

The variation of UCS for the samples after various F-T conditioning cycles is presented in
Figures 4-1 (c) and (d), for 14 and 28 days of curing, respectively. For the sake of clarity, the
influence of curing time period is discussed first, followed by the effect of curing temperature.
Influence of curing time period: For samples cured for 14 days (Figure 4-1(c)), there is no strong
or obvious trend of mechanical strength of the samples vs. F-T conditioning cycles, except that the
UCS values of the conditioned samples fluctuate by different magnitudes. Yet, the remaining
mechanical strength of all the conditioned samples after 50 F-T cycles was close to their respective
initial values or did not deteriorate appreciably, which indicates a good F-T resistance. Compared
to their 14-day cured counterparts, the 28-day cured samples had higher initial strength values and
experienced a more pronounced strength decrease in general, especially from 5to 20 F-T cycles,
regardless of the curing temperature, as shown in Figure 4-1(d). Although more strength decrease
was observed on the 28-day cured samples, the sustained strength values of 50°C and 80°C cured
samples after 50 F-T cycles were still high and around 9 MPa. The samples cured for 14 days had
less strength decrease than their 28-day cured counterparts during F-T conditioning, except RT
cured samples, which even had a strength increase compared to the original value. This is likely
to be because 14-day cured samples still had strength development during the F-T conditioning
which offset to some extent the negative effects caused by the F-T conditioning, whereas the 28-
day cured samples might have already finished most of the strength development prior to F-T
conditioning, with the strength decrease likely being caused by the micro-cracks formation
introduced during the F-T cycling and the partial geopolymer gel dissolution during the soaking

[131]. Influence of curing temperature: Because of relatively lower reaction rate and higher
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remaining water content, RT cured samples for both 14 and 28 days had relatively low initial
strength, and thus their sustained UCS values after the F-T conditioning are also low. The samples
cured at 50°C had a better F-T resistance compared to the other two groups, due to their overall
relatively higher average UCS values (all above 10 MPa). This is probably because 50°C is a more
favorable curing temperature that facilitated both the dissolution of the raw materials and
geopolymerization processes during sample synthesis, which promotes the strength development.
However, at the even higher temperature of 80°C, the samples had lower compressive strength
compared to the 50°C counterpart. This might be caused by the formation of internal cracks during
the curing process and the faster moisture evaporation, which results in lacking enough water
content to support geopolymerization processes at later stages. Similar findings were reported in
other studies [121, 161, 204]. Therefore, 14 days and 50°C are more favorable curing conditions
for synthesizing RMSFFA geopolymers to achieve both higher initial mechanical strength and
better F-T durability.

Mechanical properties, including UCS, failure strain, and Young’s modulus of 14- and 28-
day cured samples before and after 50 F-T conditioning cycles are replotted in Figures 4-2(a)-(c)
to better illustrate the sustained mechanical properties and thus the F-T resistance. In general, the
higher temperature (i.e., 50 and 80 °C) cured samples had a higher average Young’s modulus than
that of RT cured samples. Similar to the change in UCS (Figure 4-2(a)), the average Young’s
modulus of the samples without F-T conditioning is higher than that of the samples after 50 F-T
cycles, except RT and 80°C cured samples for 14 days (Figure 4-2(c)). In light of the average
failure strain (see Figure 4-2(b)), no appreciable changes in 50°C and 80°C cured samples for 28
days, and 14-day cured samples became more ductile after 50 F-T conditioning cycles compared

to the one without F-T conditioning. Under the same curing temperature (i.e., 50°C), the 14-day
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cured samples are more ductile than their counterparts cured for 28 days, except the samples cured
at 80°C. Additionally, samples cured at RT became more brittle after F-T conditioning cycles,

regardless of the curing time.
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Figure 4-1 Variation of normalized weight and UCS of 14-day cured (a) (c) and 28-day cured

(b) (d) RMSFFA geopolymers with different curing temperature during F-T conditioning.

109



DURABILITY PROPERTIES OF GEOPOLYMERS

30.0 T
(a)
250 T 014D Cured Sample without F-T conditioning
. [ 014D Cured Sample after 50 F-T cycles
& 200 1 =28D Cured Sample without F-T conditioning
g m 28D Cured Sample after 50 F-T cycles
» 15.0 T s
S : , gl 1| 7
100 -l +
: V% R 1L J VA
5 0 | " - 74 . VA
SRS 7
00 FaFra. .
RT 50°C 80°C
Curing Temperature
7% T
b (b) 014D Cured Sample without F-T conditioning
6% + 014D Cured Sample after 50 F-T cycles
— " 328D Cured Sample without F-T conditioning
S 5% - 1 [ m 28D Cured Sample after 50 F-T cycles
g 4% i Z:J:Z T
= Ep \ T I 1.
3% + R T T //
[5) S I
5 oo e ?A L 7 Tt ZA
= o nd
1% + / /
: 7 Z %
RT . 50°C 80°C
Curing Temperature
250 T
- (€)
200 014D Cured Sample without F-T conditioning
E L 014D Cured Sample after 50 F-T cycles
Q [ @28D Cured Sample without F-T conditioning
@ 150 T m28D Cured Sample after 50 F-T cycles 7, [
= 3 W
>
3 I Z nl
s 1.00 1 - l v o
“ ; | 1 Y 1 %%
2 : ol —F
S 050§ A 77
3 ! T 7 v
> A 7 %
0.00 -—— (/24 77z
RT 50°C 80°C

Curing Temperature

Figure 4-2 Comparison of mechanical properties of RMSFFA geopolymer samples before

and after 50 F-T conditioning cycles: (a) UCS (b) & (c) E

110



CHAPTER IV

4.3.1.2 Chemical Bonding, Mineralogy, and Pore Characteristics Changes of

RMSFFA Geopolymers during F-T Conditioning

FTIR spectra of the geopolymer samples after subjected to various F-T conditioning cycles were
acquired to shed light on the mechanisms underlying the deterioration during F-T conditioning.
Figures 4-3(a) and (b) show the variation of FTIR spectra of the samples cured for 14 and 28 days,
respectively, after various F-T conditioning cycles. As reported by numerous studies in the
literature [162-165], the FTIR spectra in the region of 1300-900 cm-1 are often used to characterize
geopolymer gels, which represent the Si-O-T (T is Si or Al) asymmetric stretching vibration band,
also called the “main band”. From Figure 4-3(a), the main band of 14-day cured samples became
narrower with the increase in F-T cycles. This is likely caused by the continuous increase of
silicates or substitution of tetrahedral Al in the gel structure [205-208]. The main band also slightly
shifted to a relatively higher wavenumber, which might be attributed to (i) more Si inclusions were
formed and joined into the geopolymer gels, which was also observed in Catauro’s study [209];
or/and (ii) dealumination and [164] depolymerization processes caused by F-T conditioning [131].
Then the main band shifted back to a lower wavenumber a little bit after 10 F-T cycles. This
shifting of the main band indicates (i) the increasing substitution of tetrahedral Al in the silicate
network and thus more geopolymer gels formed [165, 210]. The formation of geopolymer gels are
also confirmed by the increase in intensity after 10 F-T cycles, which is also reported by Bakharev
[202]; or/and (ii) the increase in nonbridging oxygens on silicate sites [131, 165, 206-208, 211-
214]. However, the spectra of 28-day cured samples (Figure 4-3(b)) exhibit a different trend
throughout F-T conditioning processes. Compared to the counterparts cured for 14 days, the main
band of the samples cured for 28 days is narrower prior to F-T conditioning, which means higher
extent of geopolymerization and is consistent with the fact that higher unconfined compressive
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strength was achieved in 28-day samples (see Figures 4-1(c) and (d)) prior to F-T conditioning.
As the F-T conditioning continued, the peak of the main band fluctuated by a very small range of
7 cmt, while the peak of 14-day cured samples changed by a range of 12 cm™ and started with a
lower wavenumber of 985 cm™. This is mainly due to the partial dissolution and rearrangement of
geopolymer gel structure. Similar trends in FTIR spectra were observed in samples cured at RT
and 80°C (Figures are not shown here for clarity). Besides the main band, the bands around 790

1 760 cm* and 670 cm™ are attributed to AlO. vibrations [202], crystalline phase of quartz

cm’
[215], and the structural units (i.e., aluminosilicate ring and cage structures) [163], respectively.
For 14-day cured samples at F-T ‘cycle 30’, the band around 790 cm* disappeared and a new band
around 670 cm™ was observed, indicating the formation of geopolymer gels. Then the band at 670
cm™ disappeared and the band at 790 cm™ reappeared at ‘cycle 507, illustrating the partial
dissolution of geopolymer gels at the later stage of the conditioning. Both bands were observed in
all the 28-day cured samples, which suggests that the 28-day cured samples have finished most of

the geopolymerization process before the F-T conditioning, and no appreciable geopolymerization

reactions taking place during the F-T conditioning.

To investigate whether the changes in chemical bonding and mechanical properties of the
samples during F-T conditioning correlate with each other, the main band peak of the samples is
re-plotted versus F-T conditioning cycles, along with the corresponding unconfined compressive
strength (see Figures 4-3(c) and (d)). From both Figures 4-3 (c) and (d), the UCS was changing
in an opposite way to the change of the main band (i.e., UCS decreases as the main band shifts to
higher wavenumber and vice versa) except between F-T conditioning cycles 0-4 and 30-50 in 14-
day cured samples. This is because that the 14-day cured samples likely underwent the combined

effect of continuing geopolymerization and structural deterioration during F-T conditioning, while
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the 28-day cured samples were most likely subjected to deteriorating effect during F-T
conditioning. Similar trends were also found in the samples cured at RT and 80°C, with some

differences that might be attributed to the sample variations.

Partial geopolymer gel dissolution and further geopolymer gel development during F-T
conditioning were also observed with the XRD spectra. XRD spectra of F-T conditioned
geopolymer samples are shown in Figure 4-4, which include samples cured at 50°C for 14 days
(Figure 4-4(a)) and 28 days (Figure 4-4(b)), respectively. The spectra in the range of 10°-50° 20
are presented since no characteristic peaks were detected in the rest of diffraction angles. The main
crystals detected in F-T conditioned geopolymer samples are quartz and mullite. Overall, there
were no minerals generated or disappeared, indicating that there were no crystals dissolved during
the F-T conditioning. The hump in the range of 15° - 40° 20 is the typical XRD pattern of the
amorphous gel in geopolymer, which can be observed in all the XRD spectra of geopolymer
samples in this study and is specifically indicated by two dashed lines on each spectrum in Figure
4-4. For 14-day cured samples, the hump of spectra at F-T ‘cycle 0’ between 15° and 33° 20,
shifted to lower 20 value at F-T ‘cycle 4’ and ‘cycle 10°, which implied the partial dissolution of
geopolymer gels [131]. Then the hump slightly shifted to a higher 26 degree at F-T ‘cycle 30” and
went broader at F-T “cycle 50°, which elucidated that there were geopolymer gels forming during
the F-T conditioning. For 28-day cured samples, the hump shifted back and forth within a very
small range and did not follow any clear trend, which is due to the partial dissolution and
rearrangement of geopolymer gel structure. This is generally consistent with UCS and FTIR results

described in previous sections.

The pore size distributions and total pore volume of RMSFFA geopolymers vs. F-T

conditioning cycles are plotted in Figure 4-5. Due to the limited access to the BET testing device,
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only one representative sample of each batch was tested for its pore size distribution. The pore size
distribution of 14-day cured sample at ‘cycle 0’ is in the range of 1.51 — 17.99 nm, with a dominant
pore size (i.e., the pore size with the largest pore volume) of around 7.66 nm (Figure 4-5 (a)). The
pore size distribution did not change much at F-T ‘cycle 4’, however, it shifted to smaller pores
with no dominant pore size at F-T “cycle 10’ and ‘cycle 30’. Concomitantly, the 14-day cured
samples exhibited appreciable decrease in total pore volume. This was likely attributed to the
formation of geopolymer gel during this early stage of F-T conditioning. However, after the
samples subjected to more than 10 F-T conditioning cycles, their total pore volume started to
increase and exceeded the initial pore volume without F-T conditioning. At F-T “cycle 50°, the
pore size distribution shifted back to larger pores with a dominant pore size of 7.66 nm. This
change in pore volume during the later stage of F-T conditioning was likely attributed to partial
gel dissolution caused by F-T conditioning. For 28-day cured samples (Figure 4-5 (b)), the pore
size distributions of samples did not have appreciable changes in pore size range or dominant pore
size before 30 F-T conditioning cycles. However, a tendency to form a bimodal pore size
distribution was observed, especially after 10 F-T cycles. The bimodal distribution was explained
as the formation of larger volume of interconnected pores, as reported by P. Duxson et al. [23].
Then the pore size distribution shifted into larger pore size at F-T “‘cycle 50°. The 28-day cured
samples had higher total pore volume (higher air-content) (see Figure 4-5(c)), which was likely
due to the cracking formation during longer curing period. In the meantime, the 28-day cured
samples exhibited relatively smaller change in total pore volume, which indicates that there was
no geopolymer gel formation during F-T conditioning, and the micro-cracks formation and the
partial dissolution of geopolymer gel caused by F-T conditioning likely resulted in the

interconnection of smaller pore into larger ones. The variation of pore volume and pores size
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distribution of both 14- and 28-day cured samples is consistent with the variation of their

mechanical strength and the shift of the main band’s wavenumber during F-T conditioning.
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Figure 4-3 Changes in FTIR spectra of 14-day (a) and 28-day (b) after subjected to various
F-T conditioning cycles; Wavenumber of asymmetric stretching vibration band (Si-O-T
band (T is Si or Al)) and UCS versus F-T cycle number of (¢) 14-day and (d) 28-day cured

geopolymer samples at various F-T cycle (up to 50).
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Figure 4-5 Pore size distributions of RMSFFA geopolymers cured for (a) 14 and (b) 28 days
at 50°C, and (c) change in total pore volume of 14- and 28-day cured samples at 50°C with

various F-T conditioning cycles.
4.3.2 Effect of Chemical Compositions of RMSFFAs

As discussed in the previous section, the 14-day (curing time) and 50°C (curing temperature) are
the more favorable curing conditions used in this study. Therefore, different RMSFFAs with
different chemical composition cured at 50°C were prepared to study on the effect of chemical
composition on the F-T performance of RMSFFA geopolymers. Although 14-day is a more
favorable curing time, the results of 28-day cured samples are listed below to shed light on the

effect of curing time on the F-T performance of RMSFFA geopolymers.

4.3.2.1 Changes in Physical and Mechanical Properties of RMSFFA

Geopolymer during F-T Conditioning

For the sake of clarity, the influence of Si/Al molar ratio is discussed first, followed by the effect

of Na/Al molar ratio.
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Influence of Si/Al molar ratio: Changes in weight of the samples with different Si/Al molar
ratios after F-T conditioning are presented in Figures 4-6 (a) and (c), which are normalized by
their respective initial values prior to F-T conditioning and are plotted versus the number of F-T
conditioning cycles. Figures 4-6 (a) and (c) indicate that Si/Al molar ratio has not much influence
on the change in weight of RMSFFA geopolymers regardless of the curing time. The normalized
weight of all the samples increased regardless of the curing time; however, there is no clear trend
of the weight change with the Si/Al molar ratio changes. The sample with Si/Al molar ratio of 2.0
experienced the smallest weight change regardless of the curing time. The weight gain of 28-day
cured samples (<10%) is larger than the ones cured for 14 days (<5%), which might be due to the
strength development in 14-day cured sample as discussed in Section 4.3.1. The variation of UCS
for the samples after various F-T conditioning cycles is presented in Figures 4-6 (b) and (d), for
14 and 28 days of curing, respectively. In general, there is no strong or obvious trend of mechanical
strength of the samples vs. F-T conditioning cycles, except that the UCS values of the conditioned
samples fluctuate by different magnitudes regardless of the curing time. The sample with Si/Al
molar ratio of 2.00 is much higher than the other two groups for both initial and the sustained
strength after 50 F-T cycles, which is more obvious for 14-day cured samples. Mechanical
properties, including UCS, failure strain, and Young’s modulus of 14- and 28-day cured samples
with different Si/Al molar ratios before and after 50 F-T conditioning cycles are replotted in
Figures 4-7(a)-(c) to better illustrate the sustained mechanical properties and thus the F-T
resistance. In general, with increasing the Si/Al molar ratios, both initial strength and sustained
strength after 50 F-T cycles increased regardless the curing time (Figure 4-7(a)). However, with
higher Si/Al ratio, the samples experienced more strength loss after F-T conditioning. This might

be attributed to the higher geopolymerization reaction rate with high Si/Al molar ratios, which
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finished the strength development much faster and there is no further strength development to
offset the strength loss caused by F-T conditioning. The change in average Young’s modulus of
14-day cured samples (Figure 4-7(c)) are similar to the change in UCS, in which the Young’s
modulus after 50 F-T cycles is higher than the ones without F-T conditioning except the sample
with Si/Al molar ratio of 2.0. The Young’s modulus of Si/Al molar ratio of 2.0 decreased after 50
F-T cycles; however, the sustained Young’s modulus is still high compared to other groups. The
average Young’s modulus of 28-day cured samples after 5- F-T cycles doesn’t have appreciable
change compared to the samples without F-T conditioning. In light of the average failure strain
(see Figure 4-7(b)), samples became less ductile after 50 F-T cycles regardless of the curing time
except the sample with Si/Al molar ratio of 1.8, which slightly increased in ductility after the F-T

conditioning.

In conclusion, with increasing the Si/Al molar ratio, the samples have less weigh change
during the F-T conditioning, higher initial and sustained UCS and Young’s modulus, and become
more ductile regardless of the curing time except the ductility of 28-day cured samples after 50 F-
T cycles. For the samples with Si/Al molar ratio of 1.8 and 1.9, the UCS, failure strain, and
Young’s modulus might increase in some cases, which correspond to the lower reaction rate thus
the strength development still taking place during the F-T conditioning which offset to some extent
the negative effects caused by the F-T conditioning, whereas the samples with Si/Al molar ratio
of 2.0 might have already finished most of the strength development prior to F-T conditioning,
with the strength decrease likely being caused by the micro-cracks formation introduced during

the F-T cycling and the partial geopolymer gel dissolution during the soaking.
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Figure 4-6 Variation of normalized weight and UCS of 14-day cured (a) (b) and 28-day cured
(¢) (d) RMSFFA geopolymers with different Si/Al molar ratio at 50°C during F-T

conditioning.
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Figure 4-7 Comparison of mechanical properties in (a) UCS, (b) &, and (c) Young’s Modulus
of RMSFFA geopolymers cured at 14 and 28 days with different Si/Al molar ratios during

F-T conditioning before and after 50 F-T conditioning.

Influence of Na/Al molar ratio: Changes in weight of the samples with different Na/Al molar ratios
after F-T conditioning are presented in Figures 4-8 (a) and (c), which are normalized by their
respective initial values prior to F-T conditioning and is plotted versus the number of F-T
conditioning cycles. Figures 4-8 (a) and (c) indicate that Na/Al molar ratio has significant
influence on the weight change of RMSFFA geopolymers. With increasing of Na/Al molar ratios,
the weight loss changes from negative to positive regardless of the curing time. The samples with
Si/Al ratio of 0.7 is more stable in weight change than the other two groups. The 14-day cured
sample with Na/Al molar ratio of 1.0 has weight loss up to 50% after 45 F-T cycles, while the
weight loss is only up to 12% for its 28-day cured counterpart. The variation of UCS for the
samples after various F-T conditioning cycles is presented in Figures 4-8 (b) and (d), for 14 and

28 days of curing, respectively. In general, there is no strong or obvious trend of mechanical
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strength of the samples vs. F-T conditioning cycles, except that the UCS values of the conditioned
samples fluctuate by different magnitudes regardless of the curing time. Mechanical properties,
including UCS, failure strain, and Young’s modulus of 14- and 28-day cured samples with
different Na/Al molar ratios before and after 50 F-T conditioning cycles are replotted in Figures
4-9(a)-(c) to better illustrate the sustained mechanical properties and thus the F-T resistance. In
general, there is no clear trend of all the mechanical properties with Na/Al molar ratios change.
Samples with Na/Al molar ratios of 0.6 and 0.7 have relatively higher initial and sustained
compressive strength and Young’s modulus (Figure 4-9(a) and (c)). In light of the average failure
strain (see Figure 4-9(b)), sample with Na/Al molar ratio of 1.0 is more ductile after 50 F-T cycles

regardless of the curing time compared to other two groups.

In conclusion, there is no appreciable trend in mechanical properties change with
increasing the Na/Al molar ratio. Samples with Na/Al molar ratios of 0.6 and 0.7 have relatively
higher compressive strength and Young’s modulus, while samples with Na/Al molar ratio of 1.0

have relatively higher ductility after 50 F-T cycles regardless of the curing time.
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Figure 4-8 Variation of normalized weight and UCS of 14-day cured (a) (b) and 28-day cured
(¢) (d) RMSFFA geopolymers with different Na/Al molar ratio at 50°C during F-T

conditioning.
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4.3.2.2 Chemical Bonding and Pore Characteristics Changes of RMSFFA

Geopolymers during F-T Conditioning

The pore size distributions of RMSFFA geopolymers with different Si/Al and Na/Al molar ratios
vs. F-T conditioning cycles are plotted in Figure 4-10 and Figure 4-11, respectively. Due to the
limited access to the BET testing device, only one representative sample of each batch was tested
for its pore size distribution. Based on Figure 4-10, different Si/Al molar ratios don’t have
appreciable trend in the changes of pore size distributions. Based on Figure 4-11, it is obvious that
the general pore volumes increased with the increase of Na/Al molar ratios. The changes in pore
volumes of 14- and 28-day cured RMSFFA samples with different Na/Al and Si/Al molar ratios
after subjected to various F-T conditioning cycles (up to 50) is shown in Figure 4-12. The pore
volume change of 28-day cured samples and the 14-day cured samples with Si/Al molar ratio of
2.0 are highly consistent with UCS change. The lower total pore volumes, the higher UCS values.
This is consistent with the UCS testing results, 28-day cured samples already finished the
geopolymerization process, and the 14-day cured sample with Si/Al molar ratio of 2.0 has higher
reaction rate thus finished the geopolymerization process much quicker than other groups. The
other 14-day cured samples still have geopolymerization development during the F-T

conditioning, so the total pore volumes cannot correlate the UCS values.
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Figure 4-10 Pore size distribution of RMSFFA samples with different Si/Al molar ratios
cured at 14 days (a)(c)(e) and 28 days (b)(d)(f) after subjected to various F-T conditioning

cycles (up to 50).
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Figure 4-11 Pore size distribution of RMSFFA samples with different Na/Al molar ratios

cured at 14 days (a)(c)(e) and 28 days (b)(d)(f) after subjected to various F-T conditioning

cycles (up to 50).
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Figure 4-12 Changes in pore volumes of 14- and 28-day cured RMSFFA samples with
different Na/Al molar ratios (a) and different Si/Al molar ratios (b) after subjected to various

F-T conditioning cycles (up to 50).
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4.4. CONCLUSIONS

An experimental study was performed to evaluate F-T resistance of RMSFFA, based on the

sustained unconfined compressive strength after subjected to up to 50 F-T conditioning cycles.

The processes underlying deterioration of RMSFFA samples during F-T conditioning were

examined from the changes in chemical bonding, mineralogy, and porosity characteristics of the

samples throughout F-T conditioning. In addition, the effect of curing temperature, curing time,

and chemical compositions on the F-T durability of RMSFFA geopolymers were investigated in

this study. The main findings are summarized below:

Except those cured at room temperature, RMSFFA samples had fairly good F-T resistance.
The remaining mechanical strength of 14-day cured RMSFFA samples after subjected to
50 F-T cycles was close to their respective initial values or did not deteriorate appreciably,
while 28-day cured samples had sustained strength around 9 MPa, despite a more
pronounced strength decrease after 50 F-T conditioning cycles. Regarding the effect of
curing temperature, 50°C cured samples have a better F-T resistant, which has higher UCS

compared to the other two groups regardless of the curing time.

The difference in the variation of mechanical strength during F-T conditioning between
14-day and 28-day cured samples lies in the following facts: i. 14-day cured samples likely
had geopolymer gels development during the early F-T conditioning which offset to some
extent the deterioration effects caused by the F-T process; and ii. the 28-day cured samples
might have already finished most of the strength development prior to F-T conditioning,

with the strength decrease likely being caused by the geopolymer gel dissolution.

133



DURABILITY PROPERTIES OF GEOPOLYMERS

e Consistent with the variation of their mechanical strength during F-T conditioning, the
changes in chemical bonding, mineralogy, and porosity characteristics of 14-day cured
samples at elevated temperatures also indicate that appreciable further geopolymerization
and the formation of geopolymer gels during the early stage of F-T conditioning while
partial dissolution of geopolymer gel at the later stage of F-T conditioning. Similarly, the
results of chemical bonding, mineralogy, and porosity characteristics of 28-day cured
samples suggest the partial dissolution of geopolymer gel during F-T conditioning, which

qualitatively agree with the variation of their mechanical strength.

e Si/Al molar ratio has more impact on the mechanical strength, while Na/Al molar ratio has
more impact on the pore size distributions of the samples. Higher Si/Al molar ratio higher

sustained compressive strength after 50 F-T cycles.

Based on this study, 14-day (curing time) and 50°C (curing temperature) are the more favorable
curing conditions and Si/Al molar ratio of 2.0 and Na/Al molar ratio of 0.7 are the more favorable
chemical compositions used in this study, which result in the samples with a good F-T resistance
after subjected to 50 F-T cycles. The mechanical properties and F-T durability of RMSFFA
geopolymer can be further improved by adjusting the synthesis parameters and curing conditions.
Furthermore, the F-T durability of geopolymers synthesized with other raw materials should be

investigated.
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CHAPTER V - CONCLUSIONS AND FUTURE WORK

A holistic framework of synthesis and characterization of waste-based geopolymers for civil
engineering applications is proposed in this Ph.D. study. The technological impact of this project
is the development of the next generation, “green” cementitious binder for sustainable civil
engineering. An integrated multiscale experimental approach was utilized to better understand the
chemical composition - mechanical properties - durability behavior relationship of waste-based
geopolymers. Two types of geopolymers were synthesized and characterized in this study:
metakaolin-based geopolymer (MKG), and red mud slurry and Class F fly ash based geopolymers
(RMSFFA). The effects of chemical molar ratios (Si/Al and Na/Al), curing temperature, and
curing time on the mechanical properties of RMSFFA geopolymers were investigated. The UCS
and Young’s modulus of RMSFFA geopolymers increased, with the increase of Si/Al molar ratio
and the decrease of Na/Al molar ratio, based on the geopolymer recipes investigated in the current
study. A higher curing temperature is more favorable for the strength development of RMSFFA
geopolymers compared to room temperature. More specifically, 50°C is better than 80°C among
the temperatures investigated in the study. FTIR results verified the formation of geopolymer gels
while BET results showed the lower the total pore volume, the higher strength RMSFFA

geopolymers had.

In the second part of this study, a comprehensive experimental study was performed to
investigate the chemical volume change behavior of MKGs. There are four stages in chemical
volume change of MKGs: Shrinkage, expansion, shrinkage, and stable stages, which reflected
different chemical reaction processes during geopolymerization: the dissolution of metakaolin, the

formation of Al-rich geopolymer gel and reaction products, the formation of the amorphous Si-
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rich geopolymer gels with higher density, and the completion of the geopolymerization process.
For the recipe used in this study, the AS group showed an overall expansion behavior except the
first shrinkage stage, while the DIW group presented shrinkage behavior (i.e., its final chemical
volume is reduced). Visual inspection indicates that the color of DIW group is similar to that of
the control group besides the surface part, while the AS group is much darker. The ICC results
show that AS filling solution caused further geopolymerization reactions and DIW filling solution
dampened the geopolymerization process of the surface portion of the precursor. The FTIR and
SEM-EDX results also indicate that the AS group samples exhibit relatively lower main band
wavenumber, high Si/Al molar ratios and high Na/Al molar ratios, which implies higher
geopolymerization/polycondensation degrees that promoted by the diffusion of Na ion from AS
filling solution to being-cured geopolymer precursor. The center of the main band and the Si/Al
and Na/Al molar ratios of AS group are closer to these of control group for the middle and bottom
parts. Given that the much more porous DIW surface part with much larger size pores cannot be
accurately characterized by the BET techniques, the total pore volume of DIW cannot be compared
to the control group, although the total detected pore volume of the DIW sample is “seemingly”
much closer to that of the control group. The AS group has a much smaller total pore volume
compared to the other two groups and shows relatively smaller pore size distribution, largely
attributed to further geopolymerization by the diffusion of Na ion from AS filling solution. The
filling solutions affect the geopolymerization of MKGs and thus their micro-characteristics and
chemical volume change, largely through complex, dynamic chemical exchanges between the
filling solutions and the geopolymer precursor, particularly diffusion-based leaching or ingress of

Na®* and OH'. Such chemical exchanges are governed by competing processes of
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geopolymerization and diffusion, which is affected in turn by the type of raw materials, chemical

composition of synthesis recipe, and chemical composition of filling solutions.

Although an appropriate filling solution for characterizing chemical volume change of
geopolymer has not been identified, this study sheds light on the fundamental processes of a filling
solution affecting geopolymerization and thus provides guidance for selecting filling solution.
Ideally, an appropriate filling solution for geopolymers would be inert, non-volatile, with small
molecular size, etc., for characterizing chemical volume change of geopolymer. Furthermore, an
appropriate filling solution should suppress potential ion exchanges between filling solutions and
geopolymer precursor. For RMSFFA geopolymers, there is no initial shrinkage stage as detected
on the MKGs, which might be caused by the different geopolymerization process of different raw
materials. All the RMSFFA geopolymers experienced overall expansion and similar chemical
volume change behavior regardless of the geopolymer synthesize recipes. There is no clear trend
of the effects of chemical compositions on the chemical volume change behavior of RMSFFA
geopolymers. For MKGs and RMSFFA geopolymers investigated in this study, a total monitoring
time of 20 days is adequate to capture their chemical volume change; however, different
monitoring time might be required for other geopolymer systems that have different rate and

kinetics of geopolymerization.

In the third part of this study, an experimental study was performed to evaluate F-T
resistance of RMSFFA geopolymers, based on the sustained unconfined compressive strength after
subjected to up to 50 F-T conditioning cycles. The processes underlying deterioration of RMSFFA
samples during F-T conditioning were examined from the changes in chemical bonding,
mineralogy, and porosity characteristics of the samples throughout F-T conditioning. In addition,

the effect of curing temperature, curing time, and chemical compositions on the F-T durability of

137



CHAPTER V

RMSFFA geopolymers was investigated in this study. Except those cured at room temperature,
RMSFFA samples had good F-T resistance. The remaining mechanical strength of 14-day cured
RMSFFA samples after subjected to 50 F-T cycles was close to their respective initial values or
did not deteriorate appreciably, while 28-day cured samples had sustained strength around 9 MPa,
despite a more pronounced strength decrease after 50 F-T conditioning cycles. Regarding the effect
of curing temperature, 50°C cured samples have a better F-T resistance, which has higher UCS
compared to the other two groups regardless of the curing time. The difference in the variation of
mechanical strength during F-T conditioning between 14-day and 28-day cured samples lies in the
following facts: i. 14-day cured samples likely had further geopolymer gels development during
the early F-T conditioning which offset to some extent the deterioration effects caused by the F-T
process; and ii. the 28-day cured samples might have already finished most of the strength
development prior to F-T conditioning, with the strength decrease likely being caused by the
geopolymer gel dissolution. Consistent with the variation of their mechanical strength during F-T
conditioning, the changes in chemical bonding, mineralogy, and porosity characteristics of 14-day
cured samples at elevated temperatures also indicate that appreciable further geopolymerization
and the formation of geopolymer gels during the early stage of F-T conditioning while partial
dissolution of geopolymer gel at the later stage of F-T conditioning. Similarly, the results of
chemical bonding, mineralogy, and porosity characteristics of 28-day cured samples suggest the
partial dissolution of geopolymer gel during F-T conditioning, which qualitatively agrees with the
variation of their mechanical strength. Si/Al molar ratio has more impact on the mechanical
strength, while Na/Al molar ratio has more impact on the pore size distributions of the samples.
The higher Si/Al molar ratio, the higher sustained compressive strength after 50 F-T cycles. Based

on this study, 14-day (curing time) and 50°C (curing temperature) are the more favorable curing
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conditions while Si/Al molar ratio of 2.0 and Na/Al molar ratio of 0.7 are the more favorable
chemical compositions used in this study, which result in the geopolymer samples with a good F-
T resistance after subjected to 50 F-T cycles. The mechanical properties and F-T durability of
RMSFFA geopolymer can be further improved by adjusting the synthesis parameters and curing
conditions. Furthermore, the F-T durability of geopolymers synthesized with other raw materials

should be investigated.

Lastly, RMSFFA geopolymer results were plotted in Figure 5-1 to illustrate how such a
holistic framework can be applied to synthesis of cementitious materials for civil engineering
applications, in order to ensure their satisfactory performance. Three performance related
indicators or properties, including UCS, durability (freeze and thaw durability), and chemical
volume change are considered holistically. Ideally, a good recipe will give high strength, high free-
thaw durability, and smaller chemical volume change. Among RMSFFA geopolymer recipes,
Si/Al=2.0 works relatively better, with high UCS and higher freeze-thaw durability, but not the
lowest chemical volume change. However, as long as the chemical volume change is small enough,

this recipe is acceptable.
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Figure 5-1 A holistic framework of geopolymer synthesis with the consideration of strength,
F-T durability, and chemical volume change: RMSFFA geopolymers with different Si/Al
molar ratios cured at 14 days (a) and 28 days (b); and RMSFFA geopolymers with different

Na/Al molar ratios cured at 14 days (c) and 28 days (d).

In conclusion, geopolymers have very good mechanical properties comparable to OPC,
and small chemical volume expansion, and good F-T resistance properties based on the recipes
studied in this Ph.D. study. In the future, more geopolymer systems should be tested for various

durability properties to better tailoring the recipes for different civil engineering applications.
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