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Abstract

Acid corrosion of concrete sewerage pipes arouses both industry and academy concern
in recent years due to the high cost of rehabilitation and replacement. Alkali activated
materials, also named geopolymers, are recommended as potential alternative
materials to Portland cement (PC)-based concrete in sewer environments due to their

better resistance to the acid solution.

The reaction products, pore structure, sample curing conditions and acid environment
conditions are the influencing parameters that determine the acid resistance of
geopolymers. Particularly, the reaction products of geopolymers, i.e., calcium
aluminosilicate hydrate (C-A-S-H) gel, calcium (alkali) aluminosilicate hydrate (C-
(N)-A-S-H) gel and sodium aluminosilicate hydrate (N-A-S-(H)) gel determine the
performance of geopolymers under acidic conditions. However, geopolymers use
industrial wastes as raw materials; variations in chemical compositions could induce
significant changes in the reaction products and microstructure of geopolymers,

leading to different engineering properties and acid resistance behaviour.

The ultimate goal of this research is to investigate the acid degradation mechanism of
alkali-activated materials. This lies on a basis of a full understanding of the
degradation mechanism of various geopolymers phases under acidic conditions. In this
thesis study, instead of using industrial by-products as raw materials, pure precursors
were synthesized by organic polymeric steric entrapment solution-polymerisation
route. The obtained stoichiometrically controlled powders were activated by alkaline
activators to produce ‘pure’ reaction productions, e.g., N-A-S-(H) gel and C-(N)-A-S-
H gel, or blends of C-(N)-A-S-H and N-A-S-(H) gels, with designed Al/Si, Na/Al and
Ca/Si ratios. The acid resistance of different reaction products based on the pure
precursors was evaluated. The acid degradation of alkali-activated materials derived
from fly ash and blast furnace slag were investigated. The innovation and significant

contribution to geopolymer chemistry can be summarized as following:

(1) The synthesized precursors used stoichiometrically controlled routine showed
similar chemical properties as the industrial precursors from the TGA, XRD

and FTIR results. The non-calcium precursors were mainly amorphous with a



higher surface area and higher hygroscopicity. The calcium promoted the
formation of crystalline phases. The synthesized routines could be an effective
method for the intrinsic investigation of the acid degradation of AAMs.

(2) The dealumination dominated the microstructural change of N-A-S-H gel
under the sulphuric acid attack, and the dealumination had minor effect on the
bulk structure integrity. The C-(N)-A-S-H gel showed both dealumination and
decalcification, together with significant and rapid loss of sodium and slow
loss of silicon. The dealumination and the loss of sodium continued after
decalcification and desiliconization. The Si/Al ratio of non-crosslinked C-(N)-
A-S-H gel decreased, while the Si/Al ratio of N-A-S-H gel increased after
exposure to sulphuric acid. The silicate polymerization degree (Q*
concentration) increased, especially for C-(N)-A-S-H gel.

(3) Low calcium samples showed a higher leaching amount of aluminium than
high calcium samples, indicating that the calcium content in the mixture
promoted the dealumination resistance when exposed to sulphuric acid. The
formation of additional calcium-containing products in Ca-rich, Al-rich
sample was decomposed prior to C-(N)-A-S-H/N-A-S-H gels. The Si-O bond
strength in N-A-S-H gel appeared weaker than that in the C-(N)-A-S-H gel,
due to the calcium prevented the leaching of silicon from samples. The silicon
chains length of the C-(N)-A-S-H gel increased with increased Si/Al ratio.
However, the chain length of the N-A-S-H gel increased with reduced Si/Al
ratio.

(4) The AAMs derived from fly ash shows more obvious mass loss and volume
loss than that derived from slag under sulphuric acid attack, and the lower
initial compressive strength was difficult to meet the practical engineering
needs. For slag based AAMs, the increased SiO- content could greatly improve
the initial compressive strength but had less effect on the residual strength
under sulphuric acid attack. The hydration products from the paste reacted with
sulphuric acid to form expansive calcium sulphates, mainly existing in the
weak area between the slurry and fine aggregate, and the expansion stress
caused flaking. For low-Ca AAMs derived from fly ash, minor sulphur

intruded into the sample, while the high-Ca AAMs derived from slag attracted



more sulphur. The higher calcium content in AAMs attracts more sulphur into
the sample due to the high ionic force between Ca?* and SO4%.
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CHAPTER 1. INTRODUCTION

Under the concept of sustainable development carbon neutrality, improving the
durability of construction buildings is a promising strategic approach in the civil
engineering industry. The durability of concrete includes the resistance to permeability,
frost damage, corrosion damage, carbonization, and alkali-aggregate reaction etc. The
sewerage pipes based on ordinary Portland concrete (PC) have a high potential for
acid corrosion due to the presence of carbonation and H»S acidification in the sewer
environment. The development of alternative more durable materials for sewers
application has aroused wide attention and interest in both academia and industry. In
the past few years, alkali-activated materials (AAMs) have been recommended as
promising alternatives to PC, mainly due to their low CO2 emission, comparable

strength, and superior resistance in acidic environments.

The reaction products of AAMs are important for their acid resistance. However,
AAMs normally are derived from industrial by-products like fly ash and slags, which
are featured with varied chemical compositions and physical properties. The influence
of the impurities from raw materials on the acid resistance of AAMs makes the

mechanism of acid corrosion still vague in previous studies.
The aim of this research is as follows:

1. To investigate the acid corrosion mechanism of synthetic AAMs minimizing
the effect of raw materials. An organic polymeric steric entrapment solution-
polymerisation route will be used to synthesize pure precursors, then alkali
solutions will be used to synthesize pure aluminosilicate gels (here ‘pure’
means containing no other elements such as Fe, S, etc. It does not mean the
gels are of a single composition and molecular structure).

2. To explore the acid degradation of the obtained pure gels. Acid corrosion test
will be conducted on the obtained pure gels. The dissolution rate, ion
concentration, pH value, mass loss, crystallization, microstructure and
morphology of AAMs before and after acid attack will be studied.

3. To optimal the materials design of the alali-activated materials according to
the real application environment. Finally, optimal mixture of geopolymers

concrete in sewer environment will be recommended based on the comparison
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of the results from the degradation of the reaction products derived from pure

precursors and industrial raw materials.

Chapter 2 shows the critical literature review regarding this research. The acid
corrosion that happened in the cement and concrete structures have been discussed in
this chapter, including sewer corrosion, acid rain corrosion and acid gases corrosion.
The influencing factors including precursors, activators, and curing program on the
acid resistance of AAMs have been summarized. The corrosion mechanism for PC
and AAMs in different acidic environment is discussed. The exiting problems in the
studies regarding to the acid corrosion of PC and AAMs are discussed too, which lead
to the research gap of this thesis.

In Chapter 3, the raw materials and the characterization technologies used in this
research are summarized. In the following, the specific testing parameters for each test
will be given in the respective chapters according to different characterization

purposes.

Chapter 4 discusses the details about synthesis of the stoichiometrically controlled
aluminosilicate precursors and alkali-activated gels. The chemical and physical
properties of the synthesized precursors are described. The comparation between the

synthesized precursors and the industrial raw materials is illustrated.

In Chapter 5, the structural depolymerization process of the synthesized N-A-S-H gel
vs. C-(N)-A-S-H gel exposed to sulphuric acid attack is investigated. The evolution of
the molecular structure of the gels, particularly the bond change after exposure to
H2S04 solution of the designed AAMs is discussed. The C-(N)-A-S-H gel had higher
degree of structural order than the N-A-S-H gel, while the N-A-S-H gel showed higher
polymerization extent. In N-A-S-H gel, the Al'Y transferred completely to AlV during
sulphuric acid attack, while trace amount of Al'Y was still detected in the exposed C-
(N)-A-S-H gels. Both gels had increased silica polymerization degree after exposure
to sulphuric acid solution. Due to rapider dealumination of N-A-S-H gel than C-(N)-
A-S-H gel, the Si/Al ratio increased much higher in the former. The molecular
framework changes of N-A-S-H gel caused by dealumination was found to have less
effect on the integrity though than that of C-(N)-A-S-H gel, in which coarse gypsum

crystalline grains formed and led to destructive stress in hardened matrix. This paper
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provides an insight at microstructure level of the two typical gels, which is essential
for the manufacturing and application of alkali-activated materials.

Chapter 6 discusses the phase evolution of the C-(N)-A-S-H/N-A-S-H gels to
sulphuric acid attack. Four sodium-containing calcium aluminium-substituted silicate
hydrate (C-(N)-A-S-H) and aluminosilicate hydrate (N-A-S-H) gels with designed
Ca/Si and Si/Al ratios are produced with synthetic calcium aluminosilicate powders.
The C-(N)-A-S-H gels show a higher resistance to leaching than N-A-S-H gel, while
the latter has a high resistance to depolymerization under acid attack. The
macrostructure damage caused by the presenting of calcium happened in the pure
AAMs, however, the calcium hydroxide helps to mitigate the sulphuric acid attack on
the reaction gels regarding the phase change. This study provides a basic route to
understand the effect of AAMs composition on acid resistance. It further suggests
designing the Ca/Al ratios of AAMs in practical applications in compliance with the
composition of raw materials and specific exposure conditions to achieve satisfying

acid resistance.

In Chapter 7, fly ash and slag used by a local concrete manufacture are used to produce
alkali-activated fly ash and slag binders. The binders are exposed to sulphuric acid
attack and the effects of raw materials on the acid resistance of alkali-activated
materials are investigated via macro analysis and micro analysis. The results are
correlated with the previous results in Chapter 5 and Chapter 6. The relationship
between the products of synthesised materials and industrial raw materials are
established.

Chapter 8 draws the main conclusions of the thesis work and provides perspectives for
future research. The main findings of the acid degradation of AAMs derived from
synthetic pure materials and the guiding for application of AAMs in practical

engineering are shown in this chapter.



CHAPTER 2. LITERATURE REVIEW

2.1 Introduction

Over the past century, ordinary Portland cement (OPC) concrete is the most commonly
used construction material as its reliable performance, widespread availability, and
low cost. However, as an alkaline material with pH of 12.5-13.5 (Bullard et al., 2011),
concrete is susceptible to erosion in acidic environment, leading to performance
deterioration and consequently economic loss (Jiang et al., 2014). The economic loss
caused by acidic rain (pH < 5.6) corrosion on existing concrete buildings is over 2
million US$ per annum in Hangzhou, a city in China with around 7 million population
(Zhang et al., 2019). Microbial-induced concrete corrosion (MICC), which is complex
acid corrosion, that happens in sewer systems reduces the service life of concrete
components from 100 years to 30-50 years (Jensen, 2009). Twenty years ago, the
maintenance cost in the United States was approximately $36 billion annually (Koch
et al., 2002), including repairing and replacing the concrete components, and it is

expected to be more costly.

Alkali-activated materials (AAMs) have been discussed and promoted as an
alternative construction material to OPC in particular applications, as their comparable
properties and green footprint on the environment (Provis et al., 2015, Provis, 2018,
Zhang et al., 2014). AAMs derived from different precursors are also nominalized as
AAFA which is produced from fly ash, AAS which is produced from ground blast
furnace slag, and AAFS which is produced from fly ash and slag, etc. Several authors
reported that AAMs showed an advantage over OPC in terms of acid resistance (Shi
and Stegemann, 2000b, Bakharev, 2005, Lloyd et al., 2012b, Ahmad Muhd lzzat,
2013, lzzat et al., 2013b, Aiken et al., 2017, Bernal et al., 2012a, Ariffin et al., 2013).
Shi (2003) found that the corrosion depth of OPC was almost twice that of AAS binder
when exposed to acid solutions. Moreover, AAFA binder is superior to AAS in
appearance change and mass loss when exposed to the sulphuric acid solution (Aiken
et al., 2018).

However, there is widespread controversy regarding the evaluation criterion for the

acid resistance of AAMs. ASTM C267 (2012) has addressed the standard method for
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the chemical resistance of OPC, which indicates four criteria include change of weight
and appearance of specimens, test medium, and compressive strength. Some
researchers believe that the widespread application of the already-known OPC
standards is sufficient for the AAMSs, while others disagree. Aiken et al. (2018)
reported that the visual appearance and mass loss showed favourable results for the
AAMs binders, while the percentage compressive strength loss of OPC mortars was
lower than AAFS binders. Furthermore, the residual compressive strength of the
AAFA mortar is much lower than the AAFS binders and OPC mortars due to its
relatively lower initial compressive strength (Aiken et al., 2018). While this consensus
had been raised by more scholars, there is currently no widely accepted test method
and evaluation standard. Whether AAMs are more acid resistant than OPC is still

unknown.

Due to the diversity of AAMs, it is hard to compare the acid resistance of AAMs and
OPC directly. Thus, the present review summarized the state of the art concerning the
physical and chemical performance of AAMs exposed to acid attack and discussed the
influencing factors responsible for the degradation of materials. The aim of the present
review is to provide better understanding of acid resistance of AAMs and also to

simulate further research in this topic.

Over the past century, OPC is one of the most commonly used construction materials,
due to its versatility, reliable performance, widespread availability and comparatively
low cost than most other available building materials. However, concrete is
susceptible to erosion in acidic environment as an alkaline system, leading to
performance deterioration and economic loss. For example the acidic rain (pH < 5.6)
(Likens et al., 1979), a kind of acidic deposition, is a strongly corrosive medium
containing not only H* but also other species including NH;, Mg?*, and SO%~ (Zeng
et al., 2018), which could cause dissolution of alkaline substance in concrete surface

and expansion (Zivica and Bajza, 2001b).

According to Chinese government report, about 15.7 billion dollars lost every year
due to acidic rain (Xue et al., 2005, Qing and Yanxia, 2009). The sewage produced
sulphuric acid dioxide dissolved in water under the decomposition of bacteria, making
the sewer environment acidic (Song et al., 2019). This complex reaction made concrete

vulnerable to deterioration and reduced the service life of concrete from 100 years to
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30 - 50 years (Khan et al., 2019, Jensen, 2009). Approximately $36 billion were used
to maintain, repair and replace concrete component due to sulphide induced corrosion
and carbonization (Jiang et al., 2014). Previous research on concrete corrosion caused
by climatic environment has mostly focused on carbonation, chloride or sulphate
corrosion, and freeze-thaw damage, rarely in acid corrosion (Alexander and
Beushausen, 2019, LI and SUN, 2013). On the other hand, the greenhouse gases
emission during the manufacture process of Portland cement is becoming perceived
as unsustainable for environment, for example generated around 8% of global CO>
(Provis and Bernal, 2014a, Olivier et al., 2013). Therefore, improving the acid
resistance of concrete and developing new alternative acid-resistant construction

materials are the motivation of both industry and academia.

Alkali-activated material (AAM) also referred to geopolymer (GP) which is a
cementitious construction material prepared with aluminosilicates and alkaline
solutions (Davidovits, 1991, Davidovits, 2008). AAM has been discussed and
promoted as a supplementary construction material for cement in particular
application (Provis et al., 2015, Provis, 2018) as its comparable properties and green
photoprint for environment. Aluminosilicates major from industrial by-products,
particularly like granulated blast furnace slag (GGBFS) and fly ash (Provis etal., 2015,
Duxson and Provis, 2008) are used as precursors in the system. Alkali solutions the
major source of green gas emission including caustic alkali, silicate, carbonate and
sulphate, etc are used as activators. Several authors reported that geopolymers showed
out advantage over Portland cement in acidic resistance (Shi and Stegemann, 2000b,
Bakharev, 2005). However, there is no standard test procedure classified acid attack
of AAM.

The present review summarizes the state of the art concerning the performance of
AAM exposed to acid attack and discusses the deterioration mechanisms responsible
for the degradation of materials. The state of the art is reviewed from the aspects of
the mass change, compressive change and penetration depth of various geopolymers
under acidic environment. There is no standard evaluate criteria in published
literatures, several factors could influence the value of mass change and compressive

change except materials itself, such as kind of acidic solutions, pH value, test period,



etc. By highlighting the advantages and drawbacks of mixtures at different practical
application, an outlook for future work will be provided.

2.2  Geopolymer technology

Alkali-activated reaction is a different hydration process between aluminosilicate-
containing precursor and alkaline solution, unlike directly hydraulic-reaction of
Portland cement and water (Chatterji and Rawat, 1965, Palomo et al., 1999b). Solid
industrial waste like GBFS, FA, coal gangue, phosphorous slag, steel slag, and red
mud which could be activated by alkaline solutions to form hardened cementitious
materials are used as precursors (Provis et al., 2015). Metakaolin (MK) possessing
intense pozzolanic reactivity is one natural precursor. Precursor is usually divided into
two groups according to CaO content: low-calcium precursor, such as class F FA
(w(CaO) < 10%) (ASTM, 2019), metakaolin, coal gangue; high-calcium precursor,
like slag and class C FA (w(CaO) = 10 ~ 20%) (ASTM, 2019). The chemical and
physical characteristics of precursors, and the properties of geopolymers derived from
them, are well described in the literatures (Provis et al., 2015, Provis, 2014, Shi et al.,
2003).

Alkali-activated reaction, also named as geopolymerization is a three-step process
(Zhang et al., 2018a): (a). Dissolution. Under the reaction of OH™ from activators, the
bonds broken of Si-O-Si and Si-O-Al in precursor and converted to ions ([SiO4]* and
[AlO4]*) into solution. (b). Conformation of amorphous hydration products. Above
ions react with alkali metal cations (i.e., Na* or K*) and form hydration product for
three-dimensional amorphous polymer structure. Meantime, OH" could react with AP
and Si®* at surface of precursors to form [OSi(OH)]", [OSi(OH)]%, [0Si(OH)]* and
[Al(OH)4]" monomer. (c) Above monomers condensation polycondensation. The main
alkali-activated products includes low-Ca sodium aluminosilicate hydrate (N-A-S-H)
and high-Ca calcium (sodium) aluminosilicate hydrate (C-(N)-A-S-H) (Shi et al.,
2011, Lee and Lee, 2016, Garcia-Lodeiro et al., 2011), along with other contaminants,
e.g. calcium hydroxide, calcium silicate hydrate (C-S-H), mullite, quartz, hematite,
ettringite, semi-carbonate al. (Shi et al., 2018, Bernal et al., 2011a, Bernal et al.,

2013a). The composition distribution map is shown in Figure 2-1.
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Figure 2-1. Pseudo-ternary plot of binder gel compositions measured by SEM-EDX (van Deventer et

al., 2015).

As shown in Figure 2-2, the nanostructure of N-A-S-H gel is a three-dimensional
zeolite-like network which contains crosslinked AlO4 and SiO4 tetrahedra linked via
shared oxygen atoms, with terminal hydroxyl groups forming at the gel surface
(Davidovits, 1994, Duxson et al., 2007b, Duxson et al., 2005b). C-(N)-A-S-H gel is
composed of repeating sets of three silicate tetrahedra in aluminosilicate chains with
an interlayer containing liquid H.O, varies cations e.g. Ca?*, Na*, and H*, and a
calcium oxide sheet with layered network (Myers et al., 2013, Labbez et al., 2011).
Silica presents mainly in one-dimensional chains and tetrahedral coordination (Provis
and Van Deventer, 2009, Shi et al., 2003, Provis et al., 2005a, Myers et al., 2013).
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Figure 2-2. Schematic representations of a section of silicon-aluminium chains in C-(N)-A-S-H gel
(Provis and Bernal, 2014b), existed in two layers composited by calcium octahedra (Myers et al.,
2013).

2.3  Acid corrosion in the cement and concrete structure

2.3.1 Concrete sewer corrosion and biodeterioration mechanisms

In sewer pipe systems, gaseous hydrogen sulphide (H.S) can cause significant
concrete degradation, as shown in Figure 2-3 (Grandclerc et al., 2018). The wastewater
is composed of sulphate ions and sulphate-reducing bacteria, and aqueous hydrogen
sulfide (H.S) is produced from the sludge under the reaction of bacteria (Shook and
Bell, 1998). The gaseous H.S escapes into the sewer atmosphere and partitions into
the moisture layer present on the surfaces above the water line and dissociates into
hydrogen ions (H*) and sulfide ions (S%) in high humidity environment. S* could be
oxidized into several sulphur species under the reaction of bacterial, then form
sulphuric acid (H2SO4) (Joseph et al., 2012). H* could contribute to the reduction of
surface pH of cementitious walls and SO4? reacts with diffusion Ca?* which producing
gypsum and ettringite. The expansive reaction products cause severe damage of the

sewer system (Alexander and Fourie, 2011).

~— Biofilm

Gypsum

Waste 89, 850,

Water Concrete

H:S (@)= H.S (aq)

Figure 2-3. Concrete sewer and biodeterioration mechanisms. The biofilm is composed of sulphur-
oxidizing bacteria (SOB) (Chen et al., 2003). Sulphate-reducing bacteria exists in the sludge
(Grandclerc et al., 2018).

The corrosion process of sewer concrete is summarized in three stages by (Khan et al.,
2019, Islander et al., 1991) as shown in Figure 2-4. The freshly placed concretes have
a very high pH ranging from 12 to 13. Hence the freshly concrete is not favourable for

the growth and colonisation of bacterial species. Firstly, carbonation of carbon oxide
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(CO2) under humidity atmosphere causes the reduction of concrete reduction of the
surface pH of sewer concrete to 9-10, which is suitable for microbial colonies growth.
At the second stage, the neutrophilic sulphur-oxidizing microorganisms (SOM) grows
and utilizes the sulphuric compounds from wastewater to produce elemental sulphur
and polythionic acid further reducing the pH of the concrete from 9 to around 4.
Afterwards, acidophilic SOM starts metabolizing sulphur and thiosulphate into
sulphuric acid, reducing the pH of concrete below 2.
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Figure 2-4. Stages of corrosion in new concrete with hypothesized microorganism's succession during
Microbially Induced Concrete Corrosion (MICC) proposed by (Khan et al., 2019, Islander et al.,
1991).

2.3.2 Acid rain corrosion

Sulphur dioxide (SO2) and oxides of nitrogen (NOy) released into the air when coal
and oil are burned can be acidified. In the presence of water, SO3z is converted rapidly
to sulphuric acid (Equation 2-1), and NOx reacts with OH- to form nitric acid
(Equation 2-2). This phenomenon is known as acid rain (Underdal and Hanf, 2019).
The pH of acid rain varies by location, ranging from 4.0 to 7.0, as shown in Figure 2-5
(Sharma and Reddy, 2004, Vet et al., 2014). Even if sulphur and nitrogen emissions
continue to drop as a consequence of climate protection (Vet et al., 2014), acid rain

corrosion on concrete structures cannot be straightway ignored (Fan et al., 2010).
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Figure 2-5. Three-year-average pH values for 2005-2007.

2.3.3 Acid gases corrosion

As an alternative to reduce CO> emission, capture gas from power plants and then
store them in suitable geological formations had been proposed by Marchetti in 1977
(Marchetti, 1977). This idea of geological storage of CO, was explored further and
extended to the treatment of H.S (Jacquemet et al., 2012). A large number of gas
capture and storage projects have been active around the world (Bachu and Gunter,
2005, Beckwith, 2011). Geological disposal of these acid gases requires drilling and
cement wellbores (Lesti et al., 2013). This requires the cement wellbores involved to
be corrosion resistant to prevent gas leakage. Acid attack caused by acid gases is the
main corrosion that occurs in cement wellbores, as shown in follow equations from

Equation 2-3 to Equation 2-7.
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decalcification
2.4 Influencing factors of acid resistance of AAMs

2.4.1 Effect of precursor

Acid resistance of alkali-activated materials depended on the reaction products derived
from various precursors (Lee and Lee, 2016, Bernal et al., 2012a, Bakharev, 2005).
That main react products of OPC were calcium-silica-hydroxide (C-S-H) gel and
calcium hydroxide. Calcium hydroxide could react with sulphuric acid and form
expansive gypsum, causing the reduction of pH in cement, further C-S-H gel
decomposition. For alkali-activated GGBFS (AAS), C-(A)-S-H gel with low C/Si ratio
was formed and showed less solubility compared to C-S-H gel (Bernal et al., 2012a).
Conversely, for N-A-S-H gel derived from alkali-activated metakaolin or low calcium
fly ash, there was no expansive corrosion product formed and it was much less
sensitive to acid solution (Okoye et al., 2017). The detailed results about acid
resistance of geopolymers derived from fly ash, GGBFS, or blended precursors were

summarized below.

2.4.1.1 Fly ash

Natural pozzolans such as volcanic ashes or various minerals that require calcination
like clays or shales were classified as Class N fly ash; low calcium fly ash (CaO <
18%) referred to Class F that produced by burning anthracite or bituminous coal and
high calcium fly ash referred to Class C (CaO > 18%) produced from burning lignite
or subbituminous coal (ASTM, 2019). Previous studies (listed in
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Table 2-1) mainly focused on class F fly ash as its widely source, more unburnt carbon,
slower hydration reaction and lower compressive strength than Class C (Hemalatha
and Ramaswamy, 2017).



Table 2-1. Summary of studies investigating durability of alkali-activated fly ash exposed to acid attack.

Sample Curing Acid solution Ref.
Precursor Activator Acid Con. & Tem. pH
(Na,0%/Ms)
Class F FA NaOH 80°C/50% for 72h, 20 + 1°C/ 50% H2S04 1.0 M, 60 ~ 220°C (Hashimoto et al., 2017)
NaOH + Na,S Oven at 85°C/99% for 20h HCI 0.1N 1 (Fernandez-Jimenez et al.,
2007)
Oven at 60°C for 24h, room for 3d 12%, 45 °C 30%, 25 (Chaudhary and Liu, 2009)
°C
70°C for 1d 15% (Temuujin et al., 2011)
80°Cforl10h 1,2,4M (Nguyen et al., 2013)
80°C/25% for 12 h, 24°C/50% 1,2 (Nguyen and Skvara, 2016)
85°C for 48h H2SO4 10% (Thokchom et al., 2009)
Mould curing for 1 d, and then water curing 3% (Izzat et al., 2013a)
for7d
oven at 70°C for 24 h, room 3% (Izzat et al., 2013b)
oven at 80 °C for 24 h 2% 1 (Mehta and Siddique, 2017)
Ambient curing 2% 1 (Ourgessa et al., 2019)
Room for 48h, fog room 1% 1 (Gu etal., 2018)
NaOH/KOH + Na,S Room for 24h, then oven 95°C for 24h. H2SO4 5% 0.8 (Bakharev, 2005)
CH3;COOH 2.4
FA+ calcium Sodium metasilicate 80°C/100% for 24 h, 300°C for 24 h H2SO4 90 °C 2.5 (Pyatina and Sugama, 2016)
aluminate
cement
FA + red mud Sodium trisilicate room at 23°C/40%-50% 3 (Zhang et al., 2016a)
FA + silica fume NaOH + NayS oven at 100°C for 72 h, room 2% (Okoye et al., 2017)
FA + nano-silica room 3% 3 (Deb et al., 2016)
FA + MK K2S 20°C for 7d, room 4 (Zhuang et al., 2017)




Aliques-Granero et al. (2017) found that alkali-activated fly ash mortar (AAFA)
exhibited minor change outer and remained dark grey at the inner region after 196
days 5%-sulphuric acid corrosion. The alkali-activated slag mortar (AAS) had severe
expansion from edges to corner and was split into six pyramid-like fragments,
corresponding to the cross-sectional change. As a control sample, OPC showed
different corrosion process that disintegrated into acid solution from surface until
complete dissolution after 196 days. The develop trend of mass change and
compressive strength change of OPC, AAS and AAFA was shown in Figure 2-6. From
the results, it was clear that AAFA experienced minor mass change and compressive
strength. The AAS samples showed increased mass and compressive strength, while

OPC sample showed significant decrease in mass and compressive strength.
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Figure 2-6. Mass and cross-sectional change of OPC, AAS and AAFA mortar cubes exposed to
sulphuric acid solutions at different concentrations (1, 3, and 5 wt%) (Aliques-Granero et al., 2017).
Changes of mass and compressive strength of FA-based geopolymer were investigated
by most research. It was hard to compare results in a constant variable environment as
the inconsistence experiments and materials. The published results about the mass

change and compressive strength of AAFA were summarized in Figure 2-7, the mass
1



change distributed in the range between -5% and 5%, which meaning that AAMs
derived from fly ash experienced minor mass change after exposed to acid. The change
of compressive strength varied among studies from around 0% to 50%, which

indicated the complexity of each system regarding the acid resistance.
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Figure 2-7. Changes of mass and compressive strength of fly ash based geopolymers, data from
references listed in



Table 2-1.

For alkali-activated fly ash/metakaolin binders exposed to sulphuric acid solution,
Zhuang et al. (2017) found that the flexural strength and compressive strength of
binders remained rather stable after 360 days attack, while there was a decrease-
increase trend for tensile strength. Compared to OPC, alkali-activated fly
ash/metakaolin binders showed better acid resistance. Duan et al. (2015) tested the
acid resistance of alkali-activated fluidized bed fly ash/metakaolin blends in sulphuric
acid (2%) plus hydrochloric acid (2%) solutions. They consisted of the conclusion that
AAMs showed better acid resistance than OPC. The resistance of AAMs derived from
metakaolin and municipal solid waste incineration fly ash to acid rain was conducted
by Jin et al. (2016), and the compressive strength loss of the samples increased with
the pH and acid eluviation volume.

The effects of siliceous supplementary materials, such as silica fume and nano silica,
on the acid resistance of fly ash-based AAMs were studied. Chindaprasirt et al. (2014)
immersed alkali-activated blends from high calcium ground fluidized bed combustion
fly ash and silica fume in 3% sulphuric acid solution for 3 months and found that the
silica fume could help to increase the initial compressive strength but had minor effect
on the compressive strength loss of blends during acid attack. This was because for
high calcium AAMs system, enough silicon could simulate hydrated reaction to a
greater degree, producing more C-(A)-S-H gel and developing compressive strength
(Guo et al., 2010). In acidic environment, the leaching of calcium and the favourable
dissolution of excess silica were responsible for the severe compressive loss. This
phenomenon was reversed in the low calcium AAMs system. For low calcium fly ash,
silica fume developed the acid resistance of fly ash-based geopolymers with less mass
loss and compressive strength loss (Okoye et al., 2017). The calcium content of fly

ash was possibly the cause of this difference.

Different to silica fume, nano-silicon had smaller average particle dimeter, which
could not only provide silicon source for gepolymerisation but also had filling effect
to improve the microstructure of matrix under optimum dosage (Belkowitz et al.,
2015). Deb et al. (2016) found that 2% corporation of nano-silica in fly ash-based
geopolymer reduced the mass loss and compressive strength loss. This was because

that increase of SiO2 under optimum level could develop the density of matrix that

3



reduced the porosity and permeability and further reduced the ingress of acid. It should
be noted that extra nano-silicon could not completely reacted in system which caused
excessive self-desiccation and cracking that eventually reduce the acid performance
of geopolymers (Belkowitz et al., 2015). A thermal shock resistant cement composed
calcium aluminate cement and class F fly ash activated by sodium metasilicate were
test the acid resistance to 90 °C sulphuric acid solution (Pyatina and Sugama, 2016).
Samples were cured at 85 °C for 1 day followed by cured for another 12 h at 300 °C,
simulating the circumstance of geothermal wells. The samples showed less weight loss
and a small increase in compressive strength. This was due to that low calcium fly ash
continued reacted even at later age. This effect became more obvious with the increase
content of fly ash in AAMs.

2.4.1.2 Metakaolin

Metakaolin showed a plate shape which was different from fly ash with sphere.
Metakaolin-based AAMs need higher water/solid ratio to reach similar workability to
fly ash, due to its shapes and fineness. Kong et al. (2007) illustrated that fly ash based
AAMs contained higher proportion of microspores than metakaolin based AAMs
which dominantly composed by mesoporous. The research related to the acid
resistance of metakaolin-based AAMs was less than fly ash-based, due to its high cost

in the production, as listed in Table 2-2.

Table 2-2. Summary of studies investigating durability of alkali-activated metakaolin exposed to acid
attack.

Sample Curing Acid solution Ref.
Precursor Activator (Temperature/Humidity, (pH)
(Na,0%/Ms)  °C/%)
MK KOH + PS ovenat 70 °C for 2 h HCI (2) (Gao et al., 2013)
MK NaOH + ovenat 50°C for 17 h HCI (2) (Tognonvi et al.,
NazS 2012)
MK KOH + K;S  70°C for 24h HCI (1.47) (Bouguermouh et
NaOH + al., 2017)
Nazs
MK + fluidized  NaOH + Microwave for 5min, H,SO, (Duan etal.,
bed FA NazS then 40 °C HCI 2015)
MK + municipal NaOH + 20°C/60% Simulated acid  (Jin et al., 2016)
solid waste Na,S rain (3, 4, 5)

incineration FA
Palomo et al. (1999a) found that compression strength of metakaolin-based

geopolymers continued increasing after immersion into sulphuric acid solution for 90
days. They claimed that the time spending on the transformation from the amorphous
4



aluminosilicate network structure into crystallization was responsible for the
continuing development of mechanical strength. This was because that small amounts
of crystals with faujasite structure were advantaged for the development of strength.
Gao et al. (2013) found that the structure of geopolymer derived from metakaolin
remained intact after 28 days HCI attack. Bouguermouh et al. (2017) investigated the
chemical durability in hydrochloric acid of potassium and sodium activated
metakaolin geopolymers and they found that minor changes in the crystalline
components and amorphous features of binders.

2.4.1.3 Ground granulated blast-furnace slag (GGBFS)

Ground granulated blast-furnace slag (GGBFS), sometimes simply referred to as
“slag”, is a glassy granular material. Unlike the consistent chemistry and mineralogy
of OPC around world or fly ash which completely dependent on the nature and relative
proportions of minerals associated with the coal matter being burned, slag lied between
these two extremes, with its chemistry dominated by calcium from the limestone and
silica from ore. From previous research (as shown in Figure 2-6 and Table 2-3), the
mass change and compressive strength change of alkali-activated slag (AAS) blends

lied between OPC and alkali-activated fly ash.

Shi and Stegemann (2000c) started the acid corrosion test on activated blast furnace
slag cement, compared with PC, lime-fly ash blend and high alumina cement-gypsum
and lime (HAC) paste about twenty years ago. Excepted for the rapid dissolution of
HAC paste, the corroded depth of alkali-activated slag paste interposed between OPC
and lime-fly ash blend. They proposed that the acid resistance of pastes depended on
the nature of protective layer which formed after corrosion consisting mainly of
silicone gel rather than the permeability porosity. This was because that the calcium
was more sensitive to the pH drop than silicon and aluminium. The pastes with higher
calcium content corroded more severely. Shi (2003) confirmed the better acid
resistance of alkali-activated slag than OPC due to its lower calcium/silicon (Ca/Si)
ratio. It was noticed that Ca/Si ratio also determined the corrosion products of
materials. A dense protective layer of silica gel formed in alkali-activate slag pastes,

while a porous corroded layer left in OPC paste.



Bakharev et al. (2003) compared the compressive strength loss of alkali-activated slag
and OPC concrete when exposed to acetic acid solution (pH = 4) for 12 months and
found that AAS showed less compressive strength loss than OPC concrete. The
decalcification of C-S-H gel and the formation of soluble calcium acetate led to the
serious deterioration. Alkali-activated slag composed of less calcium components than
OPC, which was verified by Zivica and Krizma (2013) and Komljenovi¢ et al. (2012).
However, Bernal et al. (2012a) found that alkali-activated slag and OPC showed
similar compression strength changes when exposed to mineral acids. It was observed
that a consistent increase of porosity happened for all samples. But alkali-activated
slag showed less increasement in porosity compared to OPC. They reiterated the effect
of porosity on acid resistance and proposed that alkali-activated slag paste showed

better acid resistance than OPC in acetic acid.

Regarding to the mass change, Koenig et al. (2017) found that the OPC samples
showed almost twice mass loss than alkali-activated slag when exposed to mixed
solution of organic acids. In HNOs acid solution, alkali-activated slag showed around
11.6% mass loss, while around 16.2% of mass loss for OPC (Mellado et al., 2017).
Aliques-Granero et al. (2017) found a slightly mass increasement in AAS samples
when exposed to H>SO4 solution, and the increasement rate increased with the

concentration of acid.

Table 2-3. Summary of studies investigating durability of alkali-activated slag exposed to acid attack.



Sample Curing Acid Ref.

Precursor Activator (Temperature/Humidity, solution
(Na,0%/Ms) °C/%) (pH)
Slag Anhydrous moisture chamber at HNO3 (3) (Shi and Stegemann,
sodium 23°C for 1 year CH;COOH 2000c)
metasilicate 3
CHs;COOH
(5)
Anhydrous Moist curing (23°C) HNOs (3) (Shi, 2003)
sodium CH;COOH
metasilicate 3
NaOH + Na,S 21°C/50% CH;COOH (Bakharev et al., 2003)
(4%/0.75) 4)
SS (2.4) 25°C/90% H2S04(3) (Bernal et al., 2012a)
HCI (3)
HNOs (3)
CH3;COOH
(4.5)
NaOH + Na,S 20°C/90% 6M (Komljenovic et al.,
NHsNO; 2012)
(4.95)
NaOH + Silica 24 hat 95% RH 1% HCI (Zivica and Krizma,
fume 2013)
2.4.1.4 Fly ash/GGBFS blends

For low calcium systems, geopolymer derived from Class F fly ash set slowly. Curing
at high temperature or blended with slag could increase setting speed and improve
earlier compressive strength (as listed in Table 2-4). The reaction product of fly
ash/slag blends was the coexistence of N-A-S-H, C-A-S-H and C-(N)-A-S-H gels. The
C-(N)-A-S-H gel was suggested to possess a higher load-bearing capacity and space-
filling effect than N-A-S-H gel (Provis et al., 2012, Zhang et al., 2018c, Lee and Lee,
2016). With the increase of slag content, the compressive strength improved due to
the increase content of incorporated calcium and formation of C-(N)-A-S-H gel with
denser network. For the acid resistance of blends, except for the difference in raw
materials, the fly ash/slag ratio was of significant important influencing factor and was

studied by researchers frequently.

Table 2-4 Summary of studies investigating durability of alkali-activated fly ash/slag exposed to acid
attack.



Sample Curing Acid Ref.
(Temperature/Humidity, solution

Precursor  Activator °C/%) Acid (pH) Con.
(Na20%/Ms)
Low NaOH + 23°C/100% H2S04 1%, 3%,  (Aliques-
calcium  NaS 5% Granero et al.,
FA + 2017)
slag Multi-step curing H>SO,4 (Allahverdi and
(1,2,3) Skvara, 2006)
HNO;s (3)
23°C H2S04 (Lloyd et al.,
(1~3) 2012a)
HNOs (1~3)
75°C for 48h, 20 °C/ Mixed acetic (Koenigetal.,
65% Organic propionic  2017)
acid (3) lactic
acid
20°C/50% H.S04(3) 10% (Lee and Lee,
2016)
20°C/90% for 28d H.S04 (1) (Zhang et al.,
2018c¢)
70°C for 7d, 20 + H2S04 (1) 1,3 and (Aiken et al.,
1°C/50% 5% 2018)
room H2S04 (3) 3% (Debetal.,
2016)

Figure 2-8 summarized the effect of slag content on the compressive strength change
and residual compressive strength of alkali-activated fly ash/slag blends. Lee and Lee
(2016) found that the samples with 30% of slag showed the highest decline of the
compressive strength. This was possibly due to the formation of N-C-(A)-S-H gel with
a certain amount of calcium incorporated in the structure (Ismail et al., 2014), which
lower acid resistance than C-(A)-S-H gel. The N-A-S-H gel formed binders with less
slag content seemed to have less susceptible to acid than C-(A)-S-H. Aiken et al.
(2018) found that the loss rate increased with the acid concentration, but it was hard
to judge the effect of slag content on loss rate. Koenig et al. (2017) found that for
alkali-activated fly ash binders, a slightly increase of compressive strength was found
after 12 weeks immersion in sulphuric acid compared to that curing at water. The
alkali-activated fly ash showed barely visible change in visual appearance, while
samples started progressively paste loss while with the increasing of slag content.
Paradoxically, Lloyd et al. (2012b) calculated the corroded depth by measuring the
length change of samples, and found that the corroded depth decreased with the
increase of slag content which means samples with higher slag content had less paste
off, as shown in Figure 2-8. Although the author claimed that the corrosion depth was
the more meaningful indicator than change of mass and compressive strength and had

been recognized by some peers (Zhang et al., 2018c), others believed that the claim
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could be effective under specific application conditions (Aiken et al., 2018). The
peeling depth and remain depth could not represent the corroded depth and uncorroded
depth, as not all erosion cause spalling.
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Figure 2-8. The effect of slag content on compressive strength loss and residual compressive strength,
data collect from previous published literatures (Lee and Lee, 2016, Aiken et al., 2018, Koenig et al.,
2017, Zhang et al., 2018c).

The content of slag appeared different influence trend on the acid resistance based on
different evaluate indictors. The compressive loss rate was not a suitable indicator to
evaluate the acid resistance of fly ash/slag blends. Neither mass loss, compressive
strength loss nor peeling depth could be an effective indictor of acid resistance (Aiken
etal., 2018, Lee and Lee, 2016, Gu et al., 2018). There was a need to develop standard

test method to evaluate the acid resistance of geopolymers.



The effect of slag content on the change of reaction products of alkali-activated fly
ash/slag binders was shown in Figure 2-9. The C-A-S-H and C-N-A-S-H gels formed
in high-calcium systems were no longer existent after exposed to sulphuric acid,
indicating the gels were vulnerable to sulphuric acid attack. The broad hump indicating
N-A-S-H gel in fly ash based geopolymers could still detected in the XRD patterns
after sulphuric acid attack.
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Figure 2-9. The effect of slag contents on the reaction products of geopolymers before and after exposed
to sulphuric acid solution. GP1 and GP5 were fly ash based, while GP2 to GP4 presenting the slag
content in geopolymers were 30%, 70% and 100%, respectively. G-gypsum, M-mullite, Q-quartz, H-
hematite, E-ettringite, SC-semicarbonate, CH-calcium hydroxide, CSH-calcium silicate hydrate (Aiken
etal., 2018).

Acid corrosion cause the degraded surface and changes in bromicrostructure of fly
ash/slag blends. Signs of physical deterioration such as cracks, gaps and aggregate
matrix debonding were observed as shown in Error! Reference source not found..
The fly ash and slag based geopolymer mortar (FA-GPm) showed minor crack
propagation near edges and minor efflorescence, while the sulphate resistant Portland
cement (SRPC) mortar showed major degradation and loss of almost 2-3 mm material
from the surface.

Matrix

Quartz
Aggregate

Exposure
. Surface

ottom Surface

(i) Visual (ii) Cross-section Surface with  (iii) Optical Microscope imagery
assessment SEM specimens location
(a) FA-GPm after acid attack of 6 months

Top Surface

r
v !
s B

(i) Visual (ii) Cross-scction Surface with (iii) Optical Microscope imagery
assessment SEM specimen location
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Figure 2-10. Visual analysis and optical microscopy of specimens (a) FA/Slag blend mortar (FA-GPm)
and (b) sulphate resistant Portland cement mortar (SRPCm) after exposure to sulphuric acid solution
for 6 months (Khan et al., 2020).

The distroation of the crosss-section of the samples after exposure to the sewer attack
for 24 months was detected by SEM (as shown in Error! Reference source not
found.). It was observed that the creation of voids and gaps within the microstructure
of FA-GPm near interface with aggregate, which caused the increment of porosity and
further the loss of compressive strength and density of the samples. Compbined the
EDX images, we could find the precipitation of gypsum. And also we could observe
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the loss of alkalinity from the gel matrix, and there was no major dealumination. This
indicated that the framework of cross-linked N-A-S-H gel matrix was slightly
disoriented with the loss of alkali. But it could be observered of partial dealumination
within the matrix which indicating limited transformation of gel framework to

amorphous silica gel structure, due to the penetration of acid.
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Figure 2-11. SEM images with EDX elemental mapping of fly ash/slag blend mortar (FA-GPm) after
exposure to aggressive sewer environment in chamber 1 (high H.S content) and 2 (low H,S content)
for 24 months.(Khan et al., 2020).

The SEM-EDX images of the SRPC mortar which was exposed to sewer attack for 24
months was shown in Error! Reference source not found.. From the EDX, it was

obvious that extensive sulphur was penetrated into the matrix of the SRPC mortar.
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This was led to the disintegration of portlandite and C-S-H matrix, beside the
widespread precipitation of gypsum and nucleation of ettringite, while the silicon and

aluminum were completely depleted.
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Figure 2-12. SEM images with EDX elemental mapping of sulphate resistant Portland cement mortar
(SRPC) after exposure to aggressive sewer environment in chamber 1 (low H,S content) and 2 (low
H.S content) for 24 months.(Khan et al., 2020).

2.4.1.5 Others

Recent research greatly expanded the source and type of precursors for geopolymers
(Provis et al., 2015), such as pulverized fuel ash, fluidized bed fly ash, palm oil fuel
ash, municipal solid waste incineration fly ash, volcanic ash, red mud, calcinated mine

waste, ceramic waste and waste glass powder, as listed in Table 2-5.

Fernando and Said (2011) tried immersion test of alkali-activated mine waste mud in

5% of sulphuric, hydrochloric and nitric acid solutions and found that the sample
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showed better performance in appearance change and weight change than OPC. They
attributed this phenomenon to the less calcium compounds and lower water absorption
rate of the alkali-activated samples. Ariffin et al. (2013) tested the acid resistance of
blends composes of pulverized fuel ash and palm oil fuel ash and found that the blends
experienced less mass and compressive strength loss than OPC. They claimed that C-
S-H gel in OPC was more susceptible to acid environment than N-A-S-H gel.
Chindaprasirt et al. (2014) found that corporation of around 3.75% of silica fume in
alkali-activated fluidized bed fly ash blends could help to develop the compressive
strength and durability performance. Duan et al. (2015) found a lower porosity of
alkali-activated fluidized bed fly ash/metakaolin blends which contributed to the better
performance. Jin et al. (2016) found smaller strength loss in metakaolin-based
geopolymers than OPC when exposed to acid rain (pH = 2). Mellado et al. (2017)
concluded that the low mechanical stability of alkali-activated ceramic waste. Vafaei
et al. (2018) tested the blends of waste-glass powder and calcium aluminate cement in
acidic solution which showed superior durability performance than OPC. They
attributed to the higher stability of aluminosilicate structure and relatively low calcium
content. Zhang et al. (2016a) also found comparable performance of alkali-activated
red mud and class F fly ash blends to OPC in acidic environment which was consistent
with Okoye et al. (2017).

Table 2-5 Summary of studies investigating durability of alkali-activated other precursors exposed to

acid attack.
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Sample Curing Acid Ref.

(Temperature/Humidity, solution
Precursor Activator °Cl%) Acid Con.

(Na,0%/Ms) (pH)
Fluidized bed 65 °C for24 h,then25  H,SO, 3 vol% (Chindaprasirt
FA + Silica °C/80% etal., 2014)
fume
Pulverized fuel room at 28°C for 28 d H,SO, 2% (Ariffinet al.,
ash 1) 2013)
Palm oil fuel
ash
Calcinated Room curing HCI 5% (Fernando
mine waste H2S04 and Said,
mud HNO; 2011)
NaOH +

Bottom ash Na,S 75°C for 48 h, H,SOs 3% (Sata et al.,

23+2°C/50% Q) 2012)
Volcanic ash oven at 80°C for 24 h, H.SOs  5wit% (Yankwa

ambient @ Djobo et al.,

2016)

Ceramic waste 65°C for 48h, 23 + HNO3 1M (Mellado et

1°C/100% 2) al., 2017)
Waste-glass Room at 23°C/95% for ~ H»SO4 (Vafaei et al.,
powder 24h, 90°C for 2h 3) 2018)

HCI (3)
Quartz powder 20+£2°Cor80+2°C H,SOs 3% (Zhang et al.,
Glass waste D 2018b)
Lithomarge NazS Multi-step curing H,SOs  0.10,0.31 (Kwasny et
precursor HCI and al., 2018)
0.52 mol/l

2.4.2 Type of activator

Generally, activators refer to caustic alkali (e.g., NaOH and KOH), alkali-containing
silicates (commonly sodium silicate, i.e., waterglass), aluminates, phosphates,
sulphates, carbonates (commonly Na.CO3), etc. A product of the suspension of silica
fume in sodium hydroxide water solution was proved to be used as activators but
should cured under specific conditions (Zivica and Krizma, 2013). The caustic
content, Na>O/SiO; ratio and total amount of Na.O and SiO2 could influence the
development of compressive strength of AAMs. For example, the compressive
strength of samples activated by NaOH solution increased with the content of Na2O in
activators (Fernandez-Jiménez and Palomo, 2005). The higher content of Na.O
increased the pH of activators, which had a positive effect to the kinetics of reaction
(Palomo et al., 1999b). Bakharev (2005) activated fly ash by the sodium hydroxide
and sodium silicate solutions, respectively, and found that the former showed better
sulphuric acid resistance. The former deteriorated through the formation of cracks,
while the later deteriorated through crystallisation of zeolites and formation of fragile

grainy structures. The reaction between samples and acid solution governed the
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degradation process of FA-based geopolymers. Ourgessa et al. (2019) found that the
higher molarity and higher liquid to solid ratio of sodium hydroxide solution could
benefit the strength and porosity of alkali-activated fly ash, and then promote the acid

resistance.

Lloyd et al. (2012b) found that the corroded depth of alkali-activated fly ash pastes
decreased, and the acid resistance improved with the increase amount of soluble
silicate and sodium content, respectively. A denser corroded layer (Si-rich) formed at
the samples that hindered the degradation of acid attack. On the other hand, with the
increase amount of sodium, the corroded depth decreased but the corroded layer
became brittle and more likely to generated shrinkage cracks which caused by

dissolution and precipitation of soluble compounds.

The effect of activators dosage on the acid resistance of AAMs was also investigated.
Aiken et al. (2018) found that the application of high dosage activators was conducive
to the formation of dense structures, reduce the porosity and alkalinity loss of
geopolymers under acidic conditions. However, very little impact on sulphuric acid
resistance of neat fly ash based geopolymer was found as the similar reaction product
and corrosion mechanism. The author further stated that the acid resistance of FA-

based geopolymers rely on the reaction productions rather than the porosity.

Another infusing factors of activators on the acid resistance of AAMs was the alkaline
cations. Bouguermouh et al. (2017) investigated the role of alkaline cations on
microstructure and composition of metakaolin-based geopolymers after acid attack.
They found that sodium hydroxide was better for metakaolin with high kaolinite while
potassium hydroxide was better for low kaolinite metakaolin in acidic environment.
The former was due to the formation of more stable aluminosilicate cross-linked
polymer structure, while the later was due to the filling effect of secondary minerals
(quartz and muscovite) occupied in pores avoiding the release of alkali cations into

the acidic solution, as shown in Figure 2-13.
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Figure 2-13. XRD patterns of low kaolinite MKA1 and MKAZ2 activated by sodium hydroxide, high

kaolinite KR activated by potassium hydroxide, respectively Bouguermouh et al. (2017).

2.4.3 Curing program

2.4.3.1 Effect of curing program on alkali-activation reaction

The effect of curing program on the acid resistance of AAMSs was related to the change
of alkali-activation reaction under different curing regimes. The detailed alkali-
activation process was summarized in the section 2.2. Thermal curing was proved to
accelerate the dissolution, conformation and condensation processes (Graytee et al.,
2018). As a result, the geopolymer cured at suitable higher temperature environment

could improve the compressive strength of the geopolymer with the more polymers.

The infusing factors related to curing regimes included temperature, humidity and
pressure of the curing environment. Bai et al. (2018) found that moist curing could
ensure better mechanical properties of steel slag modified geopolymer, compared to
exposed curing and sealed curing. Zribi et al. (2019) have confirmed that curing
temperature could decrease the consolidating time from few days at room temperature
to few hours at 60 °C. After consolidation, the compressive strength increased as a
function of curing time for both samples. Ranjbar et al. (2018) tried hot-pressed curing
17



which offered an efficient method for production of high strength binders in an
extremely short time which is remarkably applicable in low energy precast. The
increase in both temperature and time provided a positive effect on the dissolution of
reactive portion of the aluminosilicate precursors. Zhao et al. (2019) put 7-day ambient
cured sample in the oven at 50°C and 80°C for 1 day, respectively, and found that
samples cured at 50°C showed higher compressive strength. For samples cured at
80°C, as the formation of internal cracks and the faster moisture evaporation during
the curing process sampled showed lower compressive strength. Nguyen et al. (2013)
also found that the higher curing temperatures resulted in higher compressive
strengths, although curing at temperature over 60°C could not increase the

compressive strength significantly.

2.4.3.2 Effect of curing program on the acid resistance

For fly ash based geopolymers, Yankwa Djobo et al. (2016) did sulphuric acid (5% of
H>S04 solution with pH = 1) corrosion test on volcanic ash based geopolymer mortars,
which cured at room temperature (27 + 3 °C) for 7 days and oven curing 80 °C for one
day, respectively before demold. They found that samples cured at 27 °C had a 24%
of compressive strength loss and 3.51% of weight loss at 180 days. For samples cured
at 80 °C, 60% of strength loss and 3.1% of weight loss were found, which meaning
rapid evaporation at 80°C resulted in poor pore structure with high connectivity then
led to bad acid resistance. However, there were conflicting conclusions from
researchers. Song et al. (2005) cured the class F fly ash based geopolymer concrete at
either 23°C or 70°C for 24 hours, and found that specimens had similar degradation
trends regardless of the curing conditions. Sreevidya et al. (2012) cured fly ash based
geopolymers at 60°C for 24 hours and then cured ta ambient environment for 27 days.
The samples remained structurally intact and did not show any recognizable change

in color after immersed into 5% sulphuric solution and 5% nitric acid for 14 weeks.

The effect of microwave curing on acid resistance of fly ash based geopolymer was
conducted by Chindaprasirt et al. (2012). The household microwave (2.45 GHz, 90
Walt) radiation could develop the acid resistance of high calcium fly ash based
geopolymers, as indicated by the relatively low strength loss. Microwave radiation
heightened the dissolution of fly ash at the early stage of geopolymerization and then

a dense and strong sample was obtained that improved the acid resistance.
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2.5 Mechanism of acid corrosion for PC and AAMSs

2.5.1 Sources of acidic environment

Acidic environment for concrete mostly related to the industrial processes and urban
activity (Zivica and Bajza, 2001a). The source of acid media for concrete included
acid rain caused by gaseous carbon dioxide, sulphur dioxide and nitrogen oxide from
burning a large amount of fossil fuels or biological substances, and sewerage corrosion
happened in sewer system. Corrosion in sewer system related to the bacterial activity
including the production of hydrogen sulphide which could be oxidised to sulphuric
acid (Sand and Bock, 1984). So far, the literatures were mostly related to the sulphuric
acid on geopolymers as it related to the practical environments, i.e., sewer swage,

acidic rain, oil well etc.
2.5.2 Aggressivity of acid
2.5.2.1 Dissociation degree of the acid

The aggressivity of acidic solutions was depended significantly on the real
concentration rather than pH value. This was because that pH value depended on the
dissociation degree of the acid. Strong acids (i.e. HCI, HNO3 and H>SQO4) had a high
dissociation degree might possess lower pH value even in small quantities in solution
comparing a weak acid, for example organic acid (Zivica and Bajza, 2001a). Shi and
Stegemann (2000a) found that acetic acid appeared much more aggressivity than nitric
acid, that was contradiction with Pavlik (1994). The reason for this phenomenon was
related to the former took constant pH value while the later adapted constant
concentration. With the same pH value, acetic acid showed much corrosive than nitric
acid for alkali-activated slag paste (Shi, 2003), as much higher concentration of acetic
acid than nitric acid due to the difference in dissociation degree. At the same
concentration, mineral acids seem more corrosive to pastes than organic acids (Shi and
Stegemann, 2000c, Pavlik, 1994). The aggressivity of same acid solution increased
with both concentration and, verified by deepened corroded depth of samples exposed

to lower pH acid solution (Lloyd et al., 2012a).

2.5.2.2 Anions present in acid
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The chemical character of anions presenting in solution was another influencing factor
on the aggressivity of acid (Zivica and Bajza, 2001a) as the anion related to the
reaction products formed between acid solution and cement materials. The reaction
product directly impacted the performance of building constructions in service.
Regarding to Bakharev (2005), high-resistant AAMs deteriorated with the formation
of fissures in amorphous polymer matrix, while low-resistant AAMs deteriorated
through the crystallisation of zeolites and formation of fragile grainy structures. The
severity of acid attack also depended on the solubility of reaction products. Zivica and
Bajza (2002) expound that the soluble reactants were not conducive to acid resistance
as porous surface contributing further deterioration, while the formation of insoluble
reactants enhancing acid resistance vice versa. However, this statement depended
significantly on the amount of formed reaction products. For example, sulphuric acid
attack caused a higher degree of surface deterioration, mass loss and microstructure
change. The reaction products, such as calcium sulphate, was deposited inside the
sample matrix, which might hinder the further erosion by acid ions (H*, H3O").
However, the expansion imposed internal disintegrating stresses and might cause
cracks and further degradation of matrix (Allahverdi and Skvara, 2005). For HCI or
HNO3 solutions, the reaction products (i.e., CaCl> or Ca(NOz)2) were soluble, and
diffused into acid solution which providing pathway for erosion (Allahverdi and

Skvara, 2006).

2.5.3 Corrosion mechanism of AAM in acid media

Following illustrations summarized from Aiken et al. (2018) and Allahverdi and
Skvara (2001) could describe the corrosion mechanism happened in AAMs with
different gel structures (as shown in Figure 2-14. When alkali-activated materials
contacted the acid solution, ion exchange happened immediately. The soluble
components exited between framework diffused into solution (i.e., Na*, Mg?"), the
ionized ions from acid, such as H*, HzO", CI;, SO4*>* CH3COO", NOs" diffused into

samples simultaneously.

(1) The framework of solid blend suffered electrophilic attack by hydrogen protons.
Along with the diffusion of Na*, AI** ejecting from the Si-O-Al bond under the
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attack of hydrogen protons and diffused into solution. Smaller amounts of soluble
Ca?*, Ma%*, K* and Fe?* cations diffused into acid solution at the same time.

(2) For alkali-activated fly ash blends, the dealumination happened in the framework
of N-A-S-H gel and left a silica-rich zeolites network (Lloyd et al., 2012b) showing
a higher acid resistance (Breck, 1984).

(3) For alkali-activated slag blends, three calcium-containing substances (calcium
hydroxide, calcium silicate hydrate and calcium oxide layers in Tobermorite-like
structure) were susceptible to acid attack (Allahverdi and Skvara, 2001, Shi, 2003,
Aiken et al., 2018, Lee and Lee, 2016). When Ca?" met the diffusing anions like
NO3z’, ClI and CH3COO", produced soluble salts which causing shrinkage cracks
that accelerated the transport of ions through the corroded layer (Allahverdi and
Skvara, 2001). When Ca?* met the diffusing SO4*, white calcium sulphate was

precipitated causing expansion and peeling of the surface materials.
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Figure 2-14. Schematic diagram of the mechanism of acid attack in 100% fly ash GPs, fly ash/slag GPs and 100% PC mixes. Modified based on Aiken et al. (2018).
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2.6 Summary and outlook

Shi and Stegemann (2000b) proposed a hypothesis that the acid resistance of cement
materials mainly depended on the nature of hydration products rather than the
permeability porosity of hardened cement pastes. They found that hardened specimens
formed a protective layer consisting mainly of SiO2-nH>O gel. Bakharev (2005) found
that the median pore size was of more importance for the durability of materials
exposed to acidic environment compared to porosity. The intrinsic influencing factors

on the acid corrosion mechanism is still not clear.

Although the change of mass and compressive strength could not be effective
evaluation indicator, a better acid resistance of alkali activated materials than OPC
was widely recognized around academies. The excellent corrosion resistance of
hardened low-calcium alkali-activated pastes could be attributed to the absence of
Ca(OH). (Bakharev et al., 2003). The residual aluminosilicate type gel in the affected
area was less soluble and more mechanically sound than that formed in Portland
cement. Figure 2-15 described the relationship between properties and CaO content in
system, including compressive strength development, strength loss, mass loss,
corrosion depth and appearance change when exposed to acidic environment. For low
calcium system, it could keep better performance in appearance and mass change. The
problem was the lower initial compressive strength and higher penetration depth.
Conversely, with the increase of CaO content (slag content), the exfoliation corrosion
of the samples started to become severe. The compressive strength loss of AAMs
increased, but residual compressive strength kept higher than low calcium system. The

complex performance was the main barrier for establishing a standard.
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Figure 2-15. Description of relative relationship between properties with CaO content in alkali-
activated blenders, no numerical signification (Rafeet et al., 2019). The distances and lines shown in
the figure are indicative.

The journey for setting standards for mix design/formulation and early-age properties
of alkali-activated material was still lengthy (Ko et al., 2014), as existing cement
standards were most prescriptive including composition and performance criteria. Ko
et al. (2014) suggested that the standards for AAMs should be derived from existing
standards to minimum the challenging and time-consuming. Recommendations for
future study included transformation from prescriptive standard to performance
standard. Table 3 summarized the existing standards regarding to durability test which

was possible to be used for AAMs.

The future research should consider making contribution to the establishment of
standards based on the specific performance of blends. Due to most published research
focusses on laboratory test, there was rarely result about real service test according to
real performance of geopolymers in sewer environment and there was a need to
conduct experiments on site and collect data to guide future laboratory research.
Simultaneously, micron and nano-scale analysis of the structure and mechanism of

corrosion should also be carried out.

Thus, the research gap of this thesis is summarized as follows:
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1. The intrinsic influencing factors on the acid corrosion mechanism of alkali-
activated materials is still not clear. Under the influence of single factor, the
degradation mechanism of alkali-activated materials has not been studied yet
as the influence of the impurity from raw materials is inevitable.

2. The effect of Si/Al and Ca/Si ratios on the degradation of the alkali-activated
materials should be explored to further guide the material design in practical
engineering applications.

3. The comparison on the degradation of the reaction products derived from
labraotary syntheised precursors and industrial raw materials should be built
to clearly classify the effects of the impuities.
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CHAPTER 3. RESEARCH PLAN AND METHODOLOGY

3.1 Introduction

The chapter gives an overview research plan and methodology used in this thesis.

3.2 Research flow chat

This study focuses on the following aims:

A. Investigation of the structural depolymerization of N-A-S-H and C-(N)-A-S-
H gel exposed to sulphuric acid

B. Investigation of the phase evolution of the C-(N)-A-S-H/N-A-S-H gels to
sulphuric acid attack

C. Investigation of the effect of Si/Al and Ca/Si ratios on the sulphuric acid
resistance of AAMs

D. Investigation of the phase decomposition of AAMs exposed to real sewerage
attack

The flow chart of this thesis is shown in Figure 3-1.

Chapter 4

Preparation of pure precursors

/\

Chapter 5 Chapter 6
N-A-S-H vs C-(N)-A-S-H C-(N)-A-S-H gels with different Ca/Si
and Si/Al ratios

—

Chapter 7

AAMs derived from FA and
GGBFS exposed to sulfuric acid

Chapter 8

Conclusions and perspectives

Figure 3-1. Research flow chart of this thesis
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3.3 Raw materials

The raw materials used in this thesis are summarized in the Table 3-1. More details
about the application of each material in separate experiment will detailly described
in each chapter. It should be noted that distilled water is used during the formation of
pure AAMs gels (Chapter 4, 5, and 6), while tap water is used in the preparation of
AAMs used for sulphuric acid attack and sewerage attack (Chapter 7).

Table 3-1. Raw materials used in this thesis.

Materials Description Source

Polyethylene glycol Average MW = 20 kDa, i

(PEG) Mr=200g/mol SIGMA-ALDRICH, INC.
Polyvinyl alcohol (PVA)  Average MW = 31-56 kDa SIGMA-ALDRICH, INC.

Colloidal silica
suspension
Aluminium nitrate
nonahydrate 98.0% purity SIGMA-ALDRICH, INC.
(AI(NO3)3-9H.0)

Calcium nitrate

40 wt.% suspension in water SIGMA-ALDRICH, INC.

tetrahydrate >=099.0% purity SIGMA-ALDRICH, INC.
(Ca(N03)2-4H20)

NaOH pellet >=09.0% purity Chem-supply

Sodium

Silicate/Waterglass Ms=2 Chem-supply

Fly ash Industrial by-products Nielsen Concrete pty Itd
GGBFS Industrial by-products Nielsen Concrete pty Itd
Sulphuric acid solution 98.0% purity Chem-supply

3.4 Characterisation

Many analytical technologies have been used to characterize the chemical and
nanostructure of materials. In this study, electron microscopy, solid state nuclear
magnetic resonance (NMR) spectroscopy, Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), X-ray fluorescence (XRF), combined
thermogravimetric analysis/mass spectrometry (TGA) and Gas adsorption will be used
to characterize geopolymers. Except for SEM-EDX, specimens used for other
characterizing techniques both will be ground by hand using a mortar and pestle and
immersed in acetone to remove loosely bound water and halt the alkali-activation
reaction without any significant changes in geopolymers specimens (Ismail et al.,
2013b).

3.4.1 Scanning electron microscopy/Energy-dispersive X-ray spectroscopy

(SEM-EDX)
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SEM-EDX could scan the microstructure and micromorphology of specimens before
and after acid corrosion. Specimens will be dried in oven at 60 °C for 24 hours and
then be gold coated before test. 5 kV and 15 kV accelerated voltages with 10 mm
working distance will both be tried to get high resolution figures. Transmission
electron microscopy (TEM) which similar to SEM will also be used to get higher
resolution results, and could give more information about sample as a whole (Walkley
et al., 2016c).

3.4.2 X-ray diffraction (XRD)

According to aforementioned literatures (Aiken et al., 2018, Shi, 2003), the crystalline
phase is one of the key influence parameters on the acid performance of geopolymers.
X-ray diffraction could be used to identify crystalline and semi-crystalline phase in
geopolymers. Different crystal phase could diffract X-ray radiation at the surface of

material.

According to Bragg’s Law (Bragg and Bragg, 1913), the wavelength of the incident
X-ray radiation (A) can be functioned with scattering angle (0) and the interplanar

atomic spacing (d), as shown in Equation 3-1.

2dsin6=n\ Equation 3-1
There are two method to analysis materials with XRD; one is to measure the scattering
angle with known A X-ray and calculate out d to get the structural analysis, the other
one is to apply a crystal with known d to calculate out A to get the elements contained

in materials.
3.4.3 X-ray fluorescence (XRF)

To check the designed chemical components of all samples and the change of
component during acid corrosion, XRF can identify the elements present within
material. The sample will be prepared by lithium tetraborate and metaborate in

platinum crucibles at 1050°C for 15 minutes to produce a glass bead.
3.4.4 Combined thermogravimetric analysis (TGA)

TGA could measure the mass change of materials with the increasing of temperature,

while different component in materials loss at different temperature. It can
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qualitatively analyse the content of component in material. In this study, all samples
will be prepared with powder, and at a heating rate of 10°C/min from 30°C to 1000°C
in ambient air (C-(N)-A-S-H system) and nitrogen purge (N-A-S-(H) system) at
200ml/min, respectively. All sample will be hold in the instrument for 20 minutes at
30°C to keep consistency.

Mercury intrusion porosimetry (MIP) was recommended the only available
characterization procedure that can cover nearly the whole range of pore sizes of
materials (Diamond, 2000). MIP will be used to measure the pore size distribution
and porosity of materials. Samples (diameter < 2.5mm) before and after acid corrosion
will be prepared and first immersed into acetone solution for 24 hours to halt hydration
reaction in materials and then put them in 60°C oven for 48 hours to dry after

evaporation of acetone.
3.4.5 Inductively coupled plasma/ atomic emission spectroscopy (ICP-OES)

ICP-OES will used to measure the leach concentration of calcium, silicon and alumina

from geopolymers into acid solutions.
3.4.6 Fourier transform infrared spectroscopy (FTIR)

Chemical bond environment in materials could absorb particular frequency infrared
light and change the intensity received by detector. Based on Fourier transform
function, the intensity of light can be transformed to the function of wavelength
(Smith, 2011). All samples in this study will be performed over the range 4000 - 400

cm, scanning 64 times at a resolution of 4 cm™,
3.4.7 Nuclear magnetic resonance spectroscopy (NMR)

Active nuclei (e.g., 2°Si and 2’Al) will be used in solid state magic angle spinning
nuclear magnetic resonance spectroscopy (SS MAR NMR) to obtain the information
of coordination state of Al and the connectivity of Si in both N-A-S-(H) and C-(N)-A-
S-H framework systems before and after acid corrosion. NMR could help to get the
information about the change of atomic structure of geopolymers which is becoming

an important technology for analysing of materials.
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CHAPTER 4. SYNTHESIS OF STOICHIOMETRICALLY
CONTROLLED ALUMINOSILICATE PRECURSORS AND
ALKALI-ACTIVATED GELS

4.1 Introduction

Alkali-activated materials (AAMS), also known as geopolymers, have been incredible
pace in the last two decades, motivated by environmental protection and waste
utilization, and are increasingly considered as potential green alternatives to Portland-
based cement (Provis, 2018). Accordingly, geopolymers based on alkali-activation of
fly ash and blast furnace slag. As the raw materials used to produce geopolymers, fly
ash and slag are industrial by-products, with inconsistent properties and physical-
chemical characteristics (Zhang et al., 2016b). Furthermore, this can be particularly
challenging to promote the wide application of geopolymers in the industry like
Portland cement. To understand the chemistry of geopolymers and alkali-activated
binders, the production of precursor powders via chemical synthesis routes has gained
significant attention as a method of control the consistency of raw materials (Walkley
et al., 2016b, Cui et al., 2010). The premise for this approach to be acceptable is that
the chemically synthesized powders could produce the same reaction product as

AAMs under alkali-activated process.

Pechini firstly described a method of preparing powder formulations used in the
manufacture of ceramic dielectrics require the calcination of a mechanically-ground
mixture of metal oxides and carbonates in definite proportions (Pechini, 1967). Recent
studies have adopted variations of this process to synthesise calcium, silicon or
aluminium containing oxides powders (Pramanik and Pathak, 1994, Gilgln et al.,
1999, Cui et al., 2008, Walkley et al., 2016b, Ye and Huang, 2020). Walkley et al.
(2016b) developed a fast, reproducible method by employing an organic polymeric
steric entrapment solution-polymerisation route to synthesise reactive aluminosilicate
and calcium aluminosilicate powders. The stoichiometrically controlled alkali-
aluminosilicate gels produced by synthesized powders were characterised by a series
of technological methods (Walkley et al., 2016a, Walkley et al., 2016c).

In this chapter, three innovative aluminosilicate powders and four calcium

aluminosilicate powders are prepared by the same approach developed by (Walkley et
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al., 2016b). The alkali-activated gels derived from powders are compared with that
derived from fly ash and slag. This chapter provide basic information on the raw

materials.

4.2 Research method
4.2.1 Materials preparation for synthesis pure aluminosilicate

The GGBFS collected from Neilsens Concrete Pty Ltd (Australian) was an industry
by-product of iron and steel making. The molten iron slag was quenched from the blast
furnace in water to produce granular products, and then the granular products were
grounded into powders with similar particle sizes like Portland cement. The GGBFS
was classified as alkaline with the alkalinity coefficient [Mo = (CaO + MgO)/(SiO. +
Al>;03)] of 0.97 and hydraulicity modulus of 2.05 [b = (CaO + MgO + Al>O3)/SiO;]
as per GB/T 18046-2017 and met the requirements in AS 3582.2:2016 (Standard).
The commercial MK was collected from MetaMax - BASF, which was a manufactured
product produced by heating the mineral kaolin at temperature of 600 - 800 °C. The
mean particle size of MK is 4.56 um. The FA was collected from Neilsens Concrete
Pty Ltd (Australian), which was a by-product of the power station from coal
combustion. The chemical composition of the FA and GGBFS is shown in Table 4-1.
Polyethylene glycol (PEG) with average molecular weight 20 kDa and polyvinyl
alcohol (PVA) with average molecular weight 31-56 kDa are used as organic solvents
for calcium aluminosilicate powder and aluminosilicate powder, respectively.
Colloidal silica (SiO2) with 40 wt.% suspension in water, aluminium nitrate
nonahydrate (AI(NOs)3-9H20) with 98.0% purity and calcium nitrate tetrahydrate
(Ca(NO3z)2:4H20) with 99.0% purity are metal source. The chemical reagents used to
synthesize particles are all from Sigma-Aldrich. Distilled water is used throughout this
chapter. The stoichiometry was designed to achieve the elemental ratios outlined in
Table 4-2.

Table 4-1. Chemical composition (oxide basis) of fly ash and GGBFS.

wt.% Si0; AlLOs CaO MgO SO, Fe0s Na,O KO others
FA 56.36 33.85 271 066 014 288 042 0.76 2.72
GGBFS 28.98 12.87 34.68 6.06 217 043 024 025 1432

Table 4-2. Designed molar ratios for precursor powders.
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Sample Empirical formula Ca/(Al+Si)  Al/Si Polymer

N1 0.5Si0,-Al203 3.52 PVA
N2 1.0Si02-Al,03 - 2.00 PVA
N3 1.5Si0,-Al,03 - 1.33 PVA
C1 1.0Ca0-Si0,-0.09Al,03 0.85 0.18 PEG
C2 1.9Ca0-Si0,-0.09Al,03 1.60 0.18 PEG
C3 1.0Ca0-Si0,-0.03Al,03 0.94 0.06 PEG
C4 1.5Ca0-Si0,-0.03Al,03 1.42 0.06 PEG

Precursor powders were prepared in the laboratory following the methods used by
Gulgun et al. (1999) and Walkley et al. (2016b). Solutions will be stirred using a

thermostatic stirrer, which can control the temperature and stirring speed.

1)

2)

3)

4.2.2

Solutions preparation. Preparation of 5 wt.% PVA and PEG solution. Add
hydrolysed PVA or PEG to distilled water, stirring for 1 hour at 60 °C. Add
aluminium nitrate nonahydrate powder to distilled water to prepare 40 wt.%
solutions. Add calcium nitrate tetrahydrate powder to distilled water to prepare
40 wt.% solutions, stirring for 1 hour at 60°C.

Synthesis of aluminosilicate powders. Add aluminium nitrate nonahydrate
solution into above PVA solution, stirring for 1 hour at 60°C before adding
colloidal silica, and then stirring for 1 hour at 80°C to evaporate water in
solution to form a dry viscous aerated gel. This gel will then be calcined at a
muffle furnace at the laboratory, with 3°C/min to 550°C and held for 1 hour.
Synthesis of calcium-aluminosilicate powders. Add aluminium nitrate
nonahydrate solution and calcium nitrate tetrahydrate solution into PEG
solution, stirring for 1 hour at 60°C before adding colloidal silica, and then
stirring for 1 hour at 80°C to form a viscous aerated gel. Before calcination,
this gel will be put in a 100°C oven overnight to remove any remaining water.
Then this gel will then be calcined at a muffle furnace at the laboratory, with
3°C/min to 900°C and held for 1 hour.

Characterisation

The particle size distribution of the precursors were tested by a laser diffraction

particle size analyser (Microtrac S3500), in a measuring time of 10 seconds.

X-ray diffraction (XRD) using a Bruker D2 Phaser instrument with Cu Ko radiation,

a nickel filter, a step size of 0.02° and 0.5 s/step. Data were obtained in the range from

5 to 70° 20. Phase analysis was performed using Jade 6 with PDF patterns.
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Fourier Transformed Infrared Spectroscopy (FTIR) was collected with a Perkin Elmer
FTIR-ATR spectrometer from 4000 to 400 cm™ with 64 scans at a resolution of 4 cm-
! The spectra were fitted using a baseline correction and deconvoluted in the range of
600 - 1300 cm™ using Gaussian curves. Deconvolution processes were carried out
using Origin software (Origin 6.0, OriginLab Corp., Northampton, MA, USA) and the
Lorentzian multi-peaks fit module.

The X-Ray fluorescence was identified to analyse the chemical elements presented
within the material. The sample was prepared by lithium tetraborate and metaborate
in platinum crucibles at 1050°C for 15 minutes to produce a glass bead.

Thermogravimetric analysis (TGA) measured the mass change of materials with the
increase of temperature, while different components in materials lose at different
temperatures. Differential thermogravimetric (DTG) analysis was performed to
analyse the mass change rate to temperatures. All samples were prepared with powder
and at a heating rate of 10°C/min from 30°C to 1000°C in ambient air (C-(N)-A-S-H
system) and nitrogen purge (N-A-S-H system) at 200ml/min, respectively.

4.3 Results and discussion

Figure 4-1 shows the particle size distribution and passing percentage of synthesized
precursors, metakaolin and GGBFS. The particle size of GGBFS is less than 100
microns, while metakaolin shows two peaks at 1-100 and 100-600 microns. The
synthesized precursors show similar particle size distribution as metakaolin with two

peaks.
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Figure 4-1. Particle size distribution and passing summary of synthesized precursors, metakaolin and
GGBFS.

4.3.1 Chemical compositions

Figure 4-2 shows the bulk oxide composition of metakaolin and slag, which are within
the general scope in the published studies (Lothenbach et al., 2011). The chemical
compositions of precursor powders synthesized in the lab are also shown in Table 4-3.
It should be noted that the bulk oxide composition of the metakaolin and slag could
not present the active compounds of the raw materials. The table shows the designed
and measured physical compositions of the synthesized precursor powders. The
difference is less than 4%. The data indicated that the synthesized precursor powders

kept good consistency and could be used for the following research.
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Figure 4-2. Ternary diagram of the chemical composition (CaO-Al,0s-SiO,) of solid raw materials, as

determined by X-ray fluorescence analysis.

Table 4-3. The designed and measured physical compositions of synthesized precursor powders.

Sample N1 N2 N3 C1 C2 C3 C4
Al0s 066 050 040 0.04 0.03 0.01 0.01

Designed  SiO; 033 050 060 048 033 049 0.40
CaO - - - 048 0.64 049 0.59
Al,Os 064 047 041 004 0.03 0.01 0.01

Measured  SiO; 036 053 059 046 034 049 042
CaO - - - 050 0.63 050 0.57

4.3.2 Thermogravimetric-differential thermogravimetric (TGA-DTG) of

precursors

Figure 4-3 shows the TGA-DTG data of each precursor powder. The sodium-free
samples N1 and N3 show 17.79% and 13.71% of mass loss after being heated to 1000
°C. The mass loss mainly happens at around 30 - 400 °C with a dominant peak at
around 118 °C, which is mainly contributed to the evaporation of absorbed water and
decomposition of residual polymers. Minor mass loss happens after 500 °C which
indicates that the polymer in the raw precursor gels is fully calcined. However, the

DTG data of samples N1 and N3 both show an overlapped peak at the range of 60 -
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400 °C. Thus, the samples N1 and N3 were treated with the second calcination process
at 550 °C for 1 hour, and the TGA-DTG curves of the recalcined samples are shown
in Figure 4-3. The mass losses of samples N1 and N3 reduce to 7.87% and 6.64%,
respectively. And the mass loss mainly centres at around 60 °C, which is contributed
to the water loss. Calcium-free samples show a high absorption rate of water from air.
Thus, the non-sodium precursors used for following chapters are treated by heated at
550 °C for 2 hours. This might be due to its higher specific surface area after

calcination.
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Figure 4-3. TGA-DTG data of the precursors N1, N2 and N3 as marked.

Figure 4-4 shows the TGA-DTG data of the calcium-containing precursors, which
displayed minor mass loss when the temperature increased to 1000 °C. The mass
losses of samples C1, C3 and C4 are only 0.49%, 1.64% and 0.57%, respectively,
which could be ignored. The small loss peak at around 662 °C of the DTG data might
be due to the decomposition of calcite which formed between the calcium oxide in
sample and carbon oxide from the decomposition of PEG. It should be noted that
sample C2 showing significant mass loss of 5.62%. The mass loss of sample C2
consists of three parts at 143 °C, 450 °C and 719 °C, which attribute to the evaporation
of free water, decomposition of calcium oxide and decomposition of calcite. High
content of calcium in sample C2 is the reason for its higher amount of formed calcite

during calcination.
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Figure 4-4. TGA-DTG data of the calcium-containing precursors C1, C2, C3 and C4 as marked.

Figure 4-5 shows the TGA-DTG data of the FA, MK and GGBFS. The mass losses of
sample FA, MK and GGBFS are 1.96%, 1.94% and 1.96%, respectively. The mass
loss peak of MK is at around 67 °C, which is contributed to the evaporation of
absorbed water. The mass loss peaks of FA and GGBFS at 132 °C and 125 °C,
respectively, are contributed to loss of absorbed or bounded water in sample. The mass
loss peak at around 680 °C, which are contributed to the loss of absorbed water and

the decomposition of calcite.
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Figure 4-5. TGA-DTG data of the industrial precursors of FA, MK and GGBFS as marked.

4.3.3 X-ray diffraction (XRD) analysis
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Figure 4-6 shows the XRD patterns of the calcium-free precursors N1, N2 and N3,
which displaying a domain featureless hump at about 22° 20. This broad peak is
designated as a characteristic peak of aluminosilicates (Walkley et al., 2016b). There
are no crystalline phases detected in the calcium-free precursors. The precursors
treated at 550 °C for 2 hours is enough to remove polymers used for synthesized

process and prevent the formation of crystals.

The XRD patterns of the calcium-containing precursors are shown in Figure 4-7. All
samples show a hump which centred at around 29° 20, indicating the presence of
amorphous phases. Sample C1 shows crystalline phases of calcium silicate (CS,
PDF#27-0088), dicalcium silicate (C.S, PDF#33-0302) and yoshiokaite
(Cas.3Al10.7Sis 3032, PDF#80-1547). Three crystalline phases of calcium silicate (CS,
PDF#47-0159), dicalcium silicate (C.S, PDF#86-0399 and 24-0034) and tricalcium
aluminate (C3A, PDF#31-0148). As shown, higher content of Ca and Al in sample C2
promotes the formation of tricalcium aluminate and provides two polymorphs of
dicalcium silicate. The sample C3 shows five crystalline phases which are calcium
silicate (CS, PDF#76-0925), tricalcium aluminate (CsA, PDF#32-0148), yoshiokaite,
pseudowollastonite (PDF#74-0874) and quartz (PDF#79-1912). The formation of
quartz in sample C3 is due to the relatively higher content of silicon. The sample C4
shows four crystalline phases which are dicalcium silicate (C.S, PDF# 33-0322),
tricalcium silicate (CsS, PDF# 49-0422, 31-0301), and yoshiokaite. Lower content of
aluminium in sample C4 promotes the formation of tricalcium silicate. The
calcium and aluminium content in precursors could influence the polymorph of
crystalline. With the increase content of aluminium, sample C2 shows the formation
of tricalcium aluminate. The lower content of aluminium in samples C3 and C4

promote the formation of tricalcium silicate.
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Figure 4-6. XRD patterns of each synthesized calcium-free precursors as marked.
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Figure 4-7. XRD patterns of each synthesized calcium-containing precursors as marked.

Figure 4-8 shows the XRD patterns of FA and GGBFS. Sample FA shows a broad
hump at around 22° 20, indicating the formation of amorphous phase of
aluminosilicate, which is consistent with the dominant hump formed in the calcium-
free precursors showed in Figure 4-6. Crystalline phases, including calcite (PDF#05-
0586), quartz (PDF#46-1045), mullite (PDF#20-0425) and tricalcium silicate
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(PDF#24-0034), are solon identified. Sample GGBFS shows a broad hump at around
29° 20, due to diffuse scattering between 25-35° 20, which is consistent with the XRD
patterns of calcium-containing precursors. Longhi et al. (2020) founded the MK
showed the formation of broad hump in the range of 15-35° 20 with the presence of
crystalline phases of anatase and halloysite. The synthesized precursors exhibit similar
amorphous characteristics to industrial raw materials, and different crystalline phases.
As known, the reactivity of precursors derived from amorphous phases (Zhang et al.,
2016b).

C - Calcite
Q - Quartz

WM
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MW W C,S - Tricalcium silicate
i
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Figure 4-8. XRD patterns of fly ash and GGBFS.

4.3.4 Fourier transform infrared spectroscopy (FTIR) analysis

Figure 4-9 shows the FTIR patterns of each precursor. The calcium-free precursors
N1, N2, N3 and MK display a main peak at around 1062 cm™, contributed to the
asymmetric stretching vibration of Si-O-T bonds, where T could be Si or Al (Catherine
A. Rees, 2007). The bending vibration of Al-O bond at AlOs octahedral sites is
contributed another peak at around 808 cm™ (Zhang et al., 2013). The small peaks at
around 636 and 430 cm™ are contributed to symmetrical stretching and bending of Si-
O-T bonds, respectively (Walkley, 2016). The significant shoulder at around 1198 cm’
! might be due to the symmetric stretching vibration of Si-O-Si bonds (Criado et al.,
2007). For calcium-containing precursors, an overlapped peak formed at around 877

cm* which is contributed to the asymmetric stretching vibration of Si-O-T bonds. The
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lower wavenumbers compared to the calcium-free precursors might be due to the
addition presence of aluminium in the vibration associated to Si-O-T bonds (Zhang et
al., 2013). The symmetric stretching vibration of C-O-C bonds of calcite is found in
the synthesized precursors at around 1475 to 1419 cm™. And the high calcium content
in sample C2 and C4 promotes the formation of calcite.
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Figure 4-9. FTIR patterns of each precursor.

4.4  Concluding remarks
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The synthesized precursors used stoichiometrically controlled routine at the laboratory
are analysed and compared with the industrial precursors in this chapter. It was found
that the synthesized precursors show similar chemical properties as the industrial
precursors from the TGA, XRD and FTIR results. Different chemical compositions of
the synthesized precursors have minor effect on the characterization results. The non-
calcium precursors are mainly amorphous with a higher surface area and higher
amount of absorbed water during sample preparation. The calcium in the calcium
aluminosilicate powders promotes the formation of crystalline phases. This chapter
proved that the synthesized routines could be an effective method for the intrinsic

investigation of alkali-activated materials in the following chapters.
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CHAPTER 5. STRUCTURAL DEPOLYMERIZATION OF N-
A-S-H AND C-(N)-A-S-H GELS BY SULPHURIC ACID
ATTACK

5.1 Introduction

Durability of cementitious materials is an important property due to the growing
demand for long-service-life of structures but with low maintenance cost. Concrete is
an alkaline material with an initial pH of pore solution around 13, which helps to
protect the steel bar in concrete from corrosion (Dyer, 2017, Cao et al., 2021a). The
corrosion of reinforced concrete is dominated by acid-base reactions, causing pH
reduction inside concrete, which will further accelerate the acid corrosion of steel bars
and hydration products of concrete (Grengg et al., 2018). Acidic environment also
occurs in geothermal wells and groundwater, causing degradation to the underground
concrete structures (Khan et al., 2019). Among various acidic conditions, sulphuric
acid corrosion is considered to be the major cause for acidic degradation of concrete
structures (Aiken et al., 2018). Alkali-activated materials (AAMs), also widely called
geopolymers, have emerged as promising environmentally friendly cementitious
materials due to the low carbon dioxide emissions and waste utilization in
manufacturing (Ma et al., 2019). In comparison to ordinary Portland cement (OPC),
AAMs usually contain much higher alkali concentration, and perform better in terms
of mass change and compressive strength change when subjected to acid attack
(Bakharev et al., 2003). However, the detailed corrosion mechanism of AAMs is not

clear due to the complexity of raw materials and activators and the product variation.

The acid resistance of cementitious materials is strongly dependent on the interaction
between hydration products and acidic media (Bernal et al., 2012b). Hardened OPC-
based materials are composed of hydration products calcium hydroxide (CH) and
calcium silicate hydrate (C-S-H) gel (Cao et al., 2021b), whereas AAMs are composed
of N-A-S-H, C-(N)-A-S-H and their blends, depending on the aluminosilicate
materials (Longhi et al., 2020). While the N-A-S-H gel is known as a three-
dimensional alkali aluminosilicate hydrate gel network, consisting of crosslinked
[AlO4] and [SiO4] tetrahedra linked via shared oxygen atoms, with terminal hydroxyl
groups on the gel surface (Provis and Van Deventer, 2014). It is generally described

as an amorphous, nanocrystalline zeolite phase (Provis et al., 2005b). The N-A-S-H
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gel usually presents ratios of 0.1 < Na/Si < 0.3 and 1 < Si/Al < 4 (Winnefeld et al.,
2010, Fernandez-Jiménez and Palomo, 2005). The C-(N)-A-S-H gel is described as an
imperfect crosslinked/non-crosslinked Tobermorite-like structure, assembled by two
one-dimensional Si tetrahedron chains (randomly Al substitution into paired
tetrahedron) and a calcium octahedron chain (Schilling et al., 1994, Fernandez -
Jiménez et al., 2003). The C-(N)-A-S-H type gel formed in alkali-activated slag
possesses a relatively low calcium content [Ca/(Si + Al) < 1.5] compared to the C-S-
H gels formed in OPC (1.5 < Ca/Si < 2) (Taylor, 1997, Myers et al., 2013), and the
Al/Si is usually less than or equal to 0.2 (Pardal et al., 2009). Alkali cations, such as
Na*, are incorporated into C-(N)-A-S-H/N-A-S-H gel via a charge balancing
mechanism, where they exist in the interlayer charge-balancing [AlO4]° tetrahedra as
well as adsorbed to the surface of gel (Longhi etal., 2019). Understanding the stability
of the molecular composition and microstructure evolution of C-(N)-A-S-H/N-A-S-H
phases exposed to aggressive environment is critical for the application of AAMs,
especially their durability.

Previous research has attempted to reveal the effects of many factors (i.e. precursors,
activators, sample size, acid type, etc.) on acid resistance of AAMs (Davidovits, 1991,
Zhang et al., 2018c, Ourgessa et al., 2019, Ren et al., 2020, Aiken et al., 2018). It was
reported that sulphuric acid attack caused weight increment and volume expansion of
alkali-activated slag (C-(N)-A-S-H is the dominant binding gel), while minor weight
and appearance change for alkali-activated fly ash (N-A-S-H is the dominant binding
gel) (Aliques-Granero et al., 2017). This is due to the formation of gypsum for high
calcium alkali-activated binders. Higher residual compressive strength of alkali-
activated slag after acid corrosion was found comparing to alkali-activated fly ash (Shi,
2003, Bakharev et al., 2003). During the acid attack, the alkali-activated fly ash binder
showed leaching of aluminium, sodium, and calcium except for silicon (Temuujin et
al., 2011). It is hypothesized that a silicon-rich porous structure was left after acid
corrosion in samples. However, elements leaching in acid solution caused a minor
change of compressive strength, which proved that this silicon-rich structure
contributed most source of the compressive strength in low calcium system (Temuujin
et al., 2011, Allahverdi and Skvara, 2001). This phenomenon differs from acid attack
on OPC.

47



Decalcification of the binding gels (i.e., C-S-H or C-(N)-A-S-H) has been identified
in the both OPC and alkali-activated slag after exposed to acid. The exposed layer of
OPC is highly porous silica-rich gel while an aluminosilicate type gel is formed in the
affected area of the activated slag sample, and the latter was less soluble and more
mechanically sound (Bernal et al., 2012a). Acid attack on fly ash based geopolymer
resulted in the substitution of Na* and K* ions by H* or H3O", breaking Si-O-Al and
Si-O-Si bonds in N-A-S-H gel, releasing silicic acid (Okoye et al., 2017). N-A-S-H
gel was found to have good stability though (Longhi et al., 2019). The free sodium
existing in the pore solution of the sample can easily diffuse into the external
environment. However, acidic corrosion is a complex process. The impacts of
contaminates such as iron, carbon, sulphur, etc. are inevitable but none has been

illustrated and fully understood (Fernandez-Jiménez and Palomo, 2003).

The overall aim of this work is to distinguish the acid corrosion mechanisms of N-A-
S-H and C-(N)-A-S-H gels. To avoid those possible effects of contaminants from
industrial wastes and keep the same alkali activation procedure for AAM
manufacturing, pure precursors were designed and synthesized in the laboratory. After
activation by alkali solution, stoichiometric controlled AAM gels, i.e., N-A-S-H and
C-(N)-A-S-H, were obtained. The experiment illustrated the evolution of the
molecular structure of the gels, particularly the bond change after exposure to H2SOs
solution. This work is expected to provide knowledge on improving the acid resistance

and application for AAMs as new construction materials.

5.2 Experimental methods

5.2.1 Geopolymer binder synthesis

The aluminosilicate powder and calcium-aluminosilicate powder used in this study
were synthesized via an organic steric entrapment solution-polymerization route
(Walkley, 2016). The precursor compositions (empirical formula 1.5Si02-Al,03) was
chosen to represent the range of bulk silicon and aluminium content typically found in
fly ashes (Provis and Van Deventer, 2014). Another precursor (empirical formula
1.07Ca0-Si0-0.086Al,03) was chosen to enable synthesis of binders exhibiting
chemistry range in regions of the calcium aluminium-substituted silicate hydrated gels
in alkali-activated slag (Provis and VVan Deventer, 2014). The activating solution was

prepared by the dissolution of sodium hydroxide powders (Sigma-Aldrich, 98 wt.%
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purity) in sodium silicate solution (Na2O = 14.7% (mass), SiO, = 29.4%, D-Grade™,
PQ Australia) and distilled water with desired modulus (Ms = SiO2/Naz0) of 1. The
stoichiometry was designed to obtain a cation ratio of the reaction mixture like the
Na20-Al>;03-Si02-H20 (N-A-S-H) gel and CaO-(Na20)-Al>03-SiO2-H,0 [C-(N)-A-
S-H] gel, the reaction products of alkali-activated fly ash and alkali-activated slag,
respectively (Provis and VVan Deventer, 2014) (see Table 5-1). The activating solutions
were mixed with the aluminosilicate powder and calcium aluminosilicate powder in
casting containers to form the homogeneous pastes, which are denoted as NASH
sample and C(N)ASH sample, respectively. The pastes were stayed in containers
(cylinders with diameter of 10 mm and height of 20 mm) with sealed lid and cured at
ambient temperature for 120 days. The water/solid ratios (w/s) used for NASH sample
and C(N)ASH sample were 1.0 and 0.75, respectively, to obtain a workable and

homogeneous paste.

Table 5-1. Molar ratios in the precursor powder and the reaction mixture for NASH sample and
C(N)ASH sample.

Precursor . .
Reaction mixture
Sample . powder
ID Empirical formula Cal(Al
Si/Al  Ca/Al  w/s Si/Al Na/Al + Si)
NASH 1.5Si0;-Al;0s 0.75 0.00 1.00 1.13 0.75 0.00

C(N)ASH 1.070Ca0-Si0,-0.086AI0; 581 465 0.75 7.18 1.59 0.57

5.2.2 Acid corrosion testing procedures

Acid corrosion test was conducted based on the general guidelines in ASTM C267.
Following 120 days of sealed curing at 25 °C, five specimens from each mix were
submerged in 5 containers with 5% sulphuric acid solution (H2SOa) at a liquid to
sample mass ratio of 6, respectively. Another five samples were submerged into
distilled water as references. The specimens were taken out from the leachates after 1
d, 3d, 7d, 28 dand 56 d, respectively. Visual inspection was carried out on each
sample. The leaching behavior of each sample had been monitored by recording the
pH and elemental concentrations of the distilled water and the 5% sulphuric acid
solutions during 56-day immersion of samples. Then the samples were dried overnight

in a vacuum oven at 40 °C. The mass loss of samples was calculated by Equation 5-1.
m,-m,

Am= x100% Equation 5-1
mO
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where: Am (%) is the mass change of the specimen during corrosion; mq is the mass
of the dried specimen before corrosion; mc is the mass of the dried specimen after

corrosion.

Inductively coupled plasma mass spectrometry (Thermo X-series Il ICP-MS with a
CETAC - 500 auto-sampler) was used to analyse the immersion solutions of each
sample to determine elements leached from the paste into the acid solution and water.

Part of the 28-d sample was reserved for scanning electron microscopy energy-
dispersive X-ray spectroscopy (SEM-EDS) test. The SEM samples were kept in the
original appearance of the fracture surface to see natural microstructure (it affected the
quality of picture though). All the rest of the exposed samples were ground with
acetone using a pestle and mortar by hand to stop reaction. Figure 5-1 shows the

experimental procedure.

L Alkaline solution

A

[
Stirring Cast and 5% H,SO,
d 2
Precursor Fresh cure solution
. paste )]
Cured paste - -
samples Acid corrosion
test
XRD
TGA-DTG
SEM-EDX
FTIR
- - Dry
NMR Grinding Weight

Figure 5-1. The experimental procedure.

5.2.3 Characterisation

The following characterization techniques were used:

e X-ray diffraction (Bruker D8 Advance powder XRD) patterns were collected
between 5 and 60° 20 with a step size of 0.02° 260, using Cu Ka radiation with
wavelength 1.54 A, at voltage 40 kV and current 40 mA. Jade 6 software with
the powder diffraction file (PDF) database was used to analyse the diffraction

patterns.
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5.3

Combined thermogravimetric analysis - differential thermogravimetric (TG-
DTG) was conducted on TA Instruments Discovery SDT 650. The temperature
was increased from room temperature up to 1000 °C at a rate of 10 °C/min in
a nitrogen environment. The weight loss information obtained from the TG
curve and first derivative (DTG) was used to confirm the type of hydrates and
reaction products.

Fourier transform infrared spectroscopy (FTIR) using Perkin Elmer FTIR-
ATR spectrometer in absorbance mode from 4000 to 400 cm™. Using
absorbance values, the spectra were fitted using a baseline correction and
deconvoluted in the range of 600 -1300 cm™ by Origin 9.1 (OriginLab
Corporation, USA) with a Gaussian multi-peak fit module.

Solid-state single pulse ?’Al and 2Si magic angle spinning (MAS) NMR
spectra were collected on a Bruker 300 MHz Advance I11 400WB spectrometer
with double air bearing 4 mm MAS probe. Samples were spined at 8 kHz with
1 ps pulse (pi/12) and 1 s relaxation period between scans. The position of
peaks was also verified with the CPMAS spectrum. Repetition delay was 100
s, determined to be sufficient for complete relaxation. Up to 1000 scans were
collected. Deconvolution of the 2°Si MAS NMR spectra was performed by
OriginLab. The minimum possible number of peaks was used to enable an
accurate but meaningful interpretation of the spectra.

SEM-EDS was performed using a Hitachi SU3500 instrument equipped with
a 50 mm? Oxford Instruments silicon drift detector. Analyses were made at
1000 - 10000 magnification at 5 - 15 kV with lower accelerator energies for
imaging with secondary electron returns only and higher accelerator energies

for imaging in backscatter mode and the EDS point analyses.

Results and discussion

5.3.1 Visual inspection and mass change

Figure 5-2 displays the appearance of the dried NASH sample and C(N)ASH sample

before and after 28 days of exposure to sulphuric acid. The surface appearance of

unexposed NASH sample was more porous than the C(N)ASH sample. This is partly

due to the high reactivity of the aluminosilicate powder for the NASH sample. The

rapid coagulation during sample preparation resulted in less compacted paste. On the
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other hand, it is related to the nature of binding gel formed in each system. It was
found that the N-A-S-H gel formed in the fly ash system showed less dense and more
porous than the C-(N)-A-S-H gel and C-(A)-S-H gel formed in the slag dominant
systems (Wang et al., 2021a). It agrees with previous findings that C-(N)-A-S-H gel
is a space-filling C-(A)-S-H gel which could significantly reduce porosity (Provis et
al., 2012). After exposure to sulphuric acid solution for 28 days, the NASH sample
partially dissolved and had visible cracks around the residual edge of the sample. The
exposed C(N)ASH sample suffered severe damage with a completely split which due
to the formation of expansive reaction product(s) during acid attack. There was trace
amount of calcite formed (as determined by TG-DTG and XRD in the following),
which was due to the carbonation on the surface of sample. After exposure to sulphuric
acid, the calcite was decomposed completely. Together with the released Ca?* from
the dicalcium of C-(N)-A-S-H gels, reactive Ca?" reacts with diffusing SO4% ions and
forms expansive gypsum, acerated the damaged of the C(N)ASH sample. This was
consistent with the previous results that calcium-containing sample showed visible
damage (Aiken et al., 2018). The destruction form of the C(N)ASH sample confirmed
the initial failure at the concrete surface, which is the formation of cracks caused
surface peeling (Aiken et al., 2018, Zhang et al., 2018c).

NASH C(N)ASH

Before

Before

Figure 5-2. The appearance of NASH sample and C(N)ASH sample before and after 28 days exposure
to sulphuric acid.

Figure 5-3 shows the mass changes of the two synthesised NASH sample and
C(N)ASH sample after exposure to distilled water and the 5% sulphuric acid solution.
Positive value represents a mass gain, and negative value represents a mass loss. In

distilled water, a minor mass loss occurred in both the NASH sample and C(N)ASH
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sample, which was likely due to the leaching of alkali. When exposure to sulphuric
acid, it could be observed that the C(N)ASH sample had an evident mass gain over the
exposure time, while the NASH sample displayed a mass loss. After 56 days of
exposure to sulphuric acid, the C(N)ASH sample had a mass gain of 0.8%, and the
NASH sample had a small mass loss of 0.15%. The increased weight of the C(N)ASH
sample is related to the formation of reaction products (confirmed in the following
sections) and the decreased weight of the NASH sample was due to the dissolution of
reaction product. The results are consistent with the above appearance change of the
samples. From the results, the distilled water had minor effect on the mass change of
samples while the sulphuric acid attack had significant influence on the mass change
of samples. This suggests that the synthetic C-(N)-A-S-H and N-A-S-H gels are stable
in distilled water while sensitive to sulphuric acid solution. In the following section,
the leaching performance of N-A-S-H gel and C-(N)-A-S-H gel in distilled water and

sulphuric acid solution could explain this phenomenon.

—M- NASH in water
0.89 _g— NASH in acid
-@- C(N)ASH in water
—O— C(N)ASH in aci
@ 0.6 4
g
c 0.4 1
©
<
[3)
»n 0.2 -
%)
s
0.0 Bm oo - oo oo &
] Loss
—{]— —0
'0.2 1 1 1 1 1
0 10 20 30 40 50 60

Exposure time (days)

Figure 5-3. The mass change (%) of the NASH sample and C(N)ASH sample after exposure to water
and 5% sulphuric acid solution

5.3.2 Leaching behaviour

Figure 5-4 displays the evolution of the pH values of the immersion solutions (i.e.,
distilled water and the 5% sulphuric acid solutions) with exposure time. As shown in
Figure 5-4 (a), the initial pH of the distilled water was 6.6, and it increased rapidly to
9 for the NASH sample after 1 day of immersion and remained high thereafter. Similar

behavior was observed for the C(N)ASH sample with the pH increased to 12. The
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increased pH was due to the leaching of hydroxyl ions from samples into the leachates.
This took place because of the differential pH between distilled water and samples
which were alkaline in nature. The higher pH value of the leachate for the C(N)ASH
sample compared to the NASH sample suggests its higher leaching amount of
hydroxyl ions (OH") from samples.

For the samples immersed in 5% sulphuric acid solution, the pH of the resulted
solution for the NASH sample has minor increment from 0.11 to 0.4, while it increased
to approximately 2.7 for the C(N)ASH sample. lons leaching (such as hydroxyl ions)
were facilitated by the transfer of acidic ions, i.e., H*, H30", and SO.%, into the
samples, while metal cations (i.e., Ca?*, AI**, and Na*) into the acid solution. The
consumption of HzO" ions in the sulphuric acid solution of the NASH sample and
C(N)ASH sample were 53.2% and 99.75%, respectively, according to acid-base
neutralization reaction. The results are consistent with previous findings that the
alkali-activated fly ash sample showed lower pH value than the alkali-activated slag
after exposure to sulphuric acid solution (Aiken et al., 2018). As well known the OH"
ions acted as catalyst during alkali-activation process (Palomo et al., 2015). The
greater impact of the C(N)ASH sample on the pH evolution of both distilled water and
sulphuric acid solution was related to its lower consumption of OH" ions during the

formation of reaction products.
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Figure 5-4. pH values of the (a) distilled water and (b) 5% sulphuric acid solution after 56 days of
immersion of the NASH sample and C(N)ASH sample.

Figure 5-5 displays the cumulative concentration of aluminium (Al), calcium (Ca),
sodium (Na), and silicon (Si) presented in the distilled water and 5% sulphuric acid
solutions during 56-day immersion of NASH sample and C(N)ASH sample. There
were no significant quantities of aluminium, calcium, or silicon (< 116, 249, and 145
ppm, respectively) present in the water solutions leached out from any of the NASH
sample and C(N)ASH sample. The main element identified in water was sodium,
which increased concentration with the exposure time. The cumulative concentration
of Na leached out from the NASH sample and C(N)ASH sample was 4886 ppm and

15248 ppm after 56 days exposure to water, respectively. This was not surprising due
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to the sodium silicate and sodium hydroxide solutions which were used as activators
in the mixes. As known, the existing Na in alkali-activated materials included three
types, i.e. free Na (the majority), union Na, and compound Na (Huang et al., 2018).
The free Na existed in the pore solution of the sample and easily diffused into the
external environment. Union Na was converted from free Na, existing in an unstable
form. The compound Na existed in a stable form in the reaction hydrate, i.e., N-A-S-
H gel. The results suggested that more free Na leaching out from the C(N)ASH sample
than the NASH sample to distilled water. This result also suggests a possible high
efflorescence potential of geopolymer when a small dose of calcium is introduced, and
indeed, it has been found by Longhi et al. (2021).

For sulphuric acid leachates, a significant amount of aluminium, sodium, and silicon
leached out from both the NASH sample and C(N)ASH sample. As shown in Figure
5-5 (a), the concentration of aluminium from the C(N)ASH sample and NASH sample
resulted in the highest concentration of 11719 ppm and 38100 ppm, respectively.
Higher concentration of Al in the leachate of the NASH sample suggested that the
dealumination in the N-A-S-H gel was easier. The calcium content leaching out from
the C(N)ASH sample reached the highest value (6830 ppm) on the first day and kept
constant thereafter. It is a result of the decalcification of C-(N)-A-S-H gel and the
dissolution of other reaction products in the C(N)ASH sample. The concentration of
sodium leached from the C(N)ASH sample (41200 ppm) was significantly higher that
of the NASH sample (6734 ppm). The bound Na* and compound Na* are converted
back to free Na" under acid attack (Longhi et al., 2019), therefore, the Na
concentrations were significantly higher in the acid solution leachate than in the water
leachate. The difference of sodium concentration in the distilled water and acid
solution was regarded to be the amount of bound Na* and compound Na*. The
cumulative concentration of silicon leached from the NASH sample and C(N)ASH
sample reached 18350 and 8918 ppm, respectively, after 56 days of acid exposure. In
view of the above results, the NASH sample showed higher leaching concentrations
of Al and Si than the C(N)ASH sample, except for Na.
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Figure 5-5. Cumulative concentrations of aluminium, calcium, sodium, and silicon leached from the
NASH sample and C(N)ASH sample exposed to distilled water and 5% sulphuric acid solution for 56
days.

Figure 5-6 shows the Si/Al and Na/Al ratios in unexposed NASH sample and
C(N)ASH sample and their acid leachates. For the NASH sample, Al was the most
easily precipitated element, followed by Na and, lastly Si. The most readily
precipitated element in C(N)ASH sample was Na, followed by Al, and finally Si. In
view of leaching behaviour, lower concentration of Na was leached out from the
NASH sample under sulphuric acid attack. Instead, more Al was leached out from the
NASH sample when exposure to acid solution. Hence, Al-O from the framework of
N-A-S-H gel was suspensible to hydrogen ions attack. It means the destroy of N-A-S-
H gel under acid conditions is due to dealumination from the gel framework, while the
destroy of C-(N)-A-S-H gel under acid conditions is due to the continuous leaching of

Na, together with the continuous loss of Al (dealumination). This is different from the
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previous mechanism that for the C-S-H gels that formed in OPC system, which the

sulphuric acid leads to the decalcification and finally destroy of matrix.
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Figure 5-6. The ratios of (a) Si/Al and (b) Na/Al in the unexposed NASH sample and C(N)ASH

sample and their acid leachates.
5.3.3 X-ray diffraction (XRD) analysis

Figure 5-7 shows the XRD results for the NASH sample and C(N)ASH sample before
and after 28 days of sulphuric acid exposure. As shown in Figure 5-7 (a), a broad
featureless hump was visible between 20° and 35° 26 for the NASH sample, confirmed
the formation of amorphous reaction products (i.e. N-A-S-H gel) as discussed above

(Wang et al., 2021a). The minor crystalline peaks observed in the NASH sample were
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attributed to the phases like paragonite (NaAl2(AlSi3)O10(OH)2, PDF # 24-1047) and
albite (NaAlSisOg, PDF # 80-1094). After sulphuric acid exposure, the broad peak at
the NASH sample shifted to around 22° 20, suggesting the breakage of the N-A-S-H
gel (Longhi et al., 2019). This result suggested that the N-A-S-H gel was vulnerable
to sulphuric acid attack. Paragonite and albite were on longer present in the exposed
NASH sample. This was different to the crystalline phases found in alkali-activated
fly ash which was invulnerable to sulphuric acid attack (Aiken et al., 2018). The peaks
attributed to tamarugite (NaAl(SO4)2-6H20, PDF # 71-2385) was identified in the
exposed NASH sample. This suggests that the decomposition of N-A-S-H gel leads to
the precipitation of Na and Al in the leachates.

As shown in Figure 5-7 (b), the XRD pattern of the C(N)ASH sample exhibits a broad
feature centered at approximately 29° 20, characteristic of a disordered reaction
product consistent with that formed in AAMs derived from slag (Walkley, 2016). This
phase was assigned to a poorly crystalline C-(A)-S-H phase displaying some structural
similarity with calcium aluminium silicate (CAS, PDF # 23-0105). Calcite (CaCOs,
PDF # 72-1937 and PDF # 41-1475) was formed at the similar reflection angel with
CAS which was formed during preparation process. Pectolite (NaCazHSi3Og, PDF #
33-1223), wollastonite (CaSiO3, PDF # 84-0654) and calcium aluminite silicate
(CazAleSizO16, PDF # 47-0162) were also identified in the unexposed C(N)ASH
sample. After exposure to sulphuric acid for 28 days, the exposed C(N)ASH sample
demonstrated the presence of gypsum (CaSQOs-2H,0, PDF#33-0311). The trace of
amorphous hump shifted to around 22° 26 and decreased in the intensity, which was
considered as the distinguishing feature of residual C-(A)-S-H gel. The crystalline
phases identified in unexposed C(N)ASH sample was no longer present. There was no
ettringite identified in the XRD pattern of the exposed C(N)ASH sample. This is due
to the formation of gypsum is favored than ettringite when calcium availability was
enough (Ye and Huang, 2020). The findings explain the different appearance changes
of the NASH sample and C(N)ASH sample when exposed to acid, as discussed above.
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Figure 5-7. X-ray diffractions of the (a) NASH sample and (b) C(N)ASH sample before and after 28

days sulphuric acid attack.

5.3.4 Thermogravimetric-differential thermogravimetric (TG-DTG) analysis

Figure 5-8 displays the mass change at high temperatures of the NASH sample and
C(N)ASH sample before and after exposure to sulphuric acid attack. The unexposed
and exposed NASH samples showed final mass loss of 27.8% and 29.7%, respectively.
For the unexposed NASH sample, the mass loss peak in the DTG curves centred at 71
°C, which was due to the removal of free water (Walkley, 2016). The larger shoulder

at around 105 °C for the unexposed NASH sample was attributed to the dehydration
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of gel product (i.e. N-A-S-H gel), which continued to around 300 °C (Bernal et al.,
2011c). A small mass loss peak was observed at 255 °C which was associated with the
loss of tightly physically bound water in albite and paragonite, identified in the XRD
patterns (Feng et al., 2012, Walkley, 2016). After exposed to acid attack, the mass loss
peak due to the removal of free water shifted to a higher temperature at around 78 °C.
The reduced intensity of dehydration peak at around 105 °C suggested that reduced
amount of bound water of N-A-S-H gel when exposed to sulphuric acid. Another mass
loss happened in the range of 416-617 °C, which was due to the dehydration of
reaction product (tamarugite) (Ariffin et al., 2013, Yang et al., 2016, Lothenbach et
al., 2016).

The C(N)ASH sample before and after exposure to sulphuric acid attack showed the
final mass loss of 12.5% and 17.9%, respectively. The mass loss of the unexposed
C(N)ASH sample continued to around 650 °C, while the mass loss of the exposed
C(N)ASH sample happened predominately before 300 °C. The mass loss happened in
the range of 30 °C to 680 °C in the DTG curve of the unexposed C(N)ASH sample
which was related to the removal of free water and the dehydration of C-(N)-A-S-H
gel (Lothenbach et al., 2016). The small peak at 676 and 680 °C suggested the
decomposition of calcite (Felicetti, 2004, Hager, 2014). The mass loss peak of the
exposed C(N)ASH sample before 100 °C was the removal of free water and/or loosely
bound moisture which was not removed during preparation of the powdered sample
(Aiken et al., 2018). The mass loss peak at the range of approximately 90 and 150 °C
were believed to be due to the dehydration of gypsum, as shown in Figure 5-8 (Singh
and Garg, 2000, Strydom et al., 1995, Alarcon-Ruiz et al., 2005, Svinning et al., 2008).

The weight loss due to the decomposition of gypsum can be used to calculate the
amount of gypsum present in the exposed samples, using the molecular mass of
gypsum and water as shown in Figure 5-8 (Lothenbach et al., 2016). Considering the
contribution of water loss from the C-(N)-A-S-H gel (it can be obtained from the
deconvoluted peaks of the DTG curves of the exposed C(N)ASH sample), the amount
of calculated CaSO4-2H,0 accounted for around 60 wt.% of the exposed sample

according to the Equation 5-2 and Equation 5-3.
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Figure 5-8. Mass change and differential mass change (DTG) of the NASH sample and C(N)ASH

sample before and after 28 days of sulphuric acid attack.

90-170 °C . )
CaS0O,-2H,0 —— CaS0,-0.5H,0+1.5H,0 Equation 5-2

172 g/mol 145 g/mol 27 g/mol
115-150 °C . )
CaS0,;-0.5H,0 ——— CaSO,+0.5H,0 Equation 5-3

145 g/mol 136 g/mol 9 g/mol
5.3.5 Fourier transform infrared spectroscopy (FTIR) analysis

Figure 5-9 presents the FTIR spectra for the precursors and the NASH sample and
C(N)ASH sample before and after exposure to sulphuric acid attack. In the spectrum
of the precursor for the NASH sample, an intense peak was observed at approximately
1072 cmt, which was assigned to asymmetric stretching vibrations of Si-O-T bonds,
where T = Si or Al in tetrahedral coordination (Rees et al., 2007). The band at
approximately 781 cm™ that was assigned to bending vibrations of Al-O bonds in AlOg
octahedra (Zhang et al., 2012). In the spectrum of the precursor for the C(N)ASH
sample, a broad band was observed at 910 cm™, and a shoulder could also be observed
at 993 cm™. These bands were attributed to the stretching vibrations of Si-O-T bonds
due to a highly depolymerized silica network and consistent with that observed in slag
(Bernal et al., 2011a, Walkley, 2016). A sharp shoulder at 841 cm™ was likely due to
the presence of HCO3 formed during sample preparation (Walkley, 2016). The small
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featural bands centered at 696 and 460 cm™ were attributed to symmetrical stretching
and bending of Si-O-T bonds, respectively (Walkley, 2016).

The alkali activation process in the NASH sample is observed by the shifting of the
main peak from 1072 cm™ to 972 cm™. This change was due to the decrease of
tetrahedral Si sites, replaced by the tetrahedral Al during the formation of N-A-S-H
gel (Longhi et al., 2019). The small band observed at approximately 1647 cm™ for
each sample was assigned to H-O-H bending mode (Aiken et al., 2018). The broad
band at the range of about 3700-2700 cm™ was attributed to the presence of free and
chemically bound water due to the activation process. For C(N)ASH sample, alkali-
activation produced a broad intense band at approximately 955 cm, attributed to
asymmetric stretching vibrations of Si-O-T bonds in the chain structure of C-(N)-A-
S-H gel (Walkley et al., 2016c). The broad band at 1417 cm™ was attributed to the
asymmetric stretching of O-C-O bonds in CO3z?".

FTIR data for the NASH sample after exposure to acid attack exhibited a movement
of the main peak to a higher wavenumber from 972 cm™ to 1060 cm™. This change
was related to the decomposition of N-A-S-H gel under acid attack. Two more
intensive peaks at 945 cm™ and 797 cm™ in the corroded NASH sample were
recognized as the residual N-A-S-H gel. Sulphuric acid attack caused a significant
change on the FTIR spectrum of the exposed C(N)ASH sample. The main band was
centered at approximately 1100 cmt, and two intensive peaks formed at 667 cm™ and
600 cm™. These changes indicated the decomposition of C-(N)-A-S-H gel and the

formation of corrosion products, mainly gypsum.

The overlapping bonds are identified in the FTIR spectra by deconvolution of the main
band, which are summarized in Table 5-2. For NASH sample, the bands at 1050 cm™
and 987 cm™ were assigned to the asymmetric stretching vibration (cas) of Si-O-T
bond, and 947 cm™ to asymmetric stretching vibration of non-bridging oxygen sites
(i.e., Si-O-Na). The bands at 853 cm™ and 712 cm™ were assigned to the bending
vibration (6) of Si-OH bond and Si-O-Al'Y bond, respectively. After exposed to
sulphuric acid attack, new bands appeared at 1214 cm™ and 1118 cm™ were assigned
to the asymmetric stretching vibration of S-O bond in SO4%, accounting for around 36
% (Lane, 2007). High polymerized Si-O bonds at 1071 cm™ and 1034 cm™ were

accounted for 51% since the dealumination of the N-A-S-H gel leaving a silica-rich
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gel. There was no Si-O-Al"Y identified in the exposed NASH sample. The results
confirmed that acid attack resulted in the dealumination of N-A-S-H gel and
breakdown of Si-O-Na bond. Al was easier leaching out from N-A-S-H gel than Na

and the delamination resulted the destroy of N-A-S-H gel under acid attack.

Compared to the NASH sample, the Al-substitution in the C-(N)-A-S-H gel of the
C(N)ASH sample could be deconvoluted out as Si-O-Al bond at 1023 cm™. The Si-
O-Na bond in the C-(N)-A-S-H gel accounted for around 2%, much less than 19% in
the N-A-S-H gel. This was likely related to the different action mechanism of alkali in
the N-A-S-H gel and C-(N)-A-S-H gel, while Na incorporated into silicate chains in
the N-A-S-H gel but acted as charge balance in the C-(N)-A-S-H gel at Al-substitution
site. After exposed to sulphuric acid attack, the Si-O-Na bond in the exposed C-(N)-
A-S-H gel could still be identified. The results suggested that acid attack caused the
dealumination of the C-(N)-A-S-H gel along with leaching of alkali but had minor
effect on the Si-O-Na bond in the C-(N)-A-S-H gel.
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Figure 5-9. FTIR spectra (absorbance) and deconvoluted spectra of the NASH and C(N)ASH samples before and after exposure to sulphuric acid.
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Table 5-2 Summary of bands in the deconvoluted FTIR spectrum of Si-O-T bands for the NASH and
C(N)ASH samples before and after exposed to acid attack in the range of 1300 cm™ ~ 600 cm™.

Asymmetric stretching vibration (oas), Symmetric stretching vibration (os) and bending vibration (o). *

means bands with trace occupation.

Position  Assignment Account Ref.
(cm™) (Relative
area %)
NASH 1050 oas Si-0, Q*+ Q* 33 (Garcia-Lodeiro et al., 2008,
Rees et al., 2007)
987 oas Si-0, Q? 37 (Garcia-Lodeiro et al., 2008)
947 oas Si-0O-Na 19 (Zhang et al., 2012)
853 0 Si-0 1 (Zhang et al., 2012)
712 o Si-0-Al'Y 10 (Zhang et al., 2012)
Exposed 1214 as SO4* 8 (Lane, 2007)
NASH
1118 0as SO4> 28 (Lane, 2007)
1071 oas Si-0, Q% silica 39 (Lane, 2007)
gel
1034 oas SI-0, Q3 silica 12 (Garcia-Lodeiro et al., 2008)
gel
952 oas Si-O-Na 3 (Garcia-Lodeiro et al., 2008)
918 oas Si-O 6 (Zhang et al., 2012)
797 0 Si-O 6 (Zhang et al., 2012)
C(N)ASH 1059 0as Si-0, Q*+ Q* 8 (Garcia-Lodeiro et al., 2008)
1023* a5 Si-O-Al 0.5 (Garcia-Lodeiro et al., 2008)
965 oas Si-0, Q? 46 (Garcia-Lodeiro et al., 2008)
951* oas Si-O-Na 2 (Garcia-Lodeiro et al., 2008)
889 0 Si-O 21 (Zhang et al., 2012)
873* oas C-0O 1 (Zhang et al., 2012)
831 os Si-0, C-S-H 7 (Krdl et al., 2018)
741 0 Si-O-T, precursor 3 (Zhang et al., 2012)
695 0 Si-O-T, precursor 9 (Zhang et al., 2012)
645 0 Si-O-T, precursor 3 (Zhang et al., 2012)
Exposed 1146 oas SO4%, gypsum 18 (Lane, 2007)
C(N)ASH
1115 oas SO4%, gypsum 12 (Lane, 2007)
1084 oas SIi-O, Q° silica 44 (Garcia-Lodeiro et al., 2008)
gel
1037 oas Si-0, Q3 silica 12 (Garcia-Lodeiro et al., 2008)
gel
954 oas Si-O-Na 2 (Garcia-Lodeiro et al., 2008)
923 Oas Si-O 2 (Garcia-Lodeiro et al., 2008)
799 0 Si-O 2 (Zhang et al., 2012)
668 0as SO4~, gypsum 8 (Lane, 2007)

5.3.6 Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX)

analysis
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Figure 5-10 shows the SEM images of NASH sample and C(N)ASH sample before
and after exposure to sulphuric acid attack. The fracture section of the unexposed
NASH sample showed a homogeneous but granular surface. After acid attack, the
microcracks generated inside the paste matrix. This was due to the leaching of
aluminium and sodium from the paste of NASH sample. The unexposed C(N)ASH
sample showed a denser microstructure than the NASH sample. After exposed to acid
attack, it was clear to see the formation of column-like gypsum grains in the exposed
C(N)ASH sample. The coarse gypsum grains forming in a dense matrix can result in
high stress and lead to loosening of the C(N)ASH matrix, and further cracking of the

samples (as shown in Figure 5-2).

(a) NASH (b) NASH

Figure 5-10. SEM images of the NASH and C(N)ASH samples before and after exposure to sulphuric
acid.

Figure 5-11 shows the summary of atomic ratios of Na/Al versus Si/Al for the NASH
sample before and after unexposed to acid attack. The elemental composition of
unexposed NASH sample displayed a broad range of values within the region 1.0 <
Si/Al <4.5 and 0.5 <Na/Al < 2.0, which was comparable with that of alkali-activated
fly ash (Fernandez-Jiménez and Palomo, 2005). After exposed to acid for 28 days, the
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exposed NASH sample exhibited a range of values clustered around two distinct
regions: one with the cation ratios of 3.5 <Si/Al < 5.2 and 3.5 <Na/Al <6, and another
with the cation ratios of 4 < Si/Al < 5.2 with free Na. This suggested that sulphuric
acid attack resulted in the residual N-A-S-H gel exhibiting a high Si/Al ratio due to
the dealumination. Meanwhile, sodium leaching out from the N-A-S-H gel resulting
in Na/Al ratio near 0.
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Figure 5-11. Atomic ratios Na/Al versus Si/Al for the unexposed and exposed regions of the NASH
sample as marked, determined by EDX analysis. A random selection of points evenly distributed across
a representative 1000 um x 1000 um section of the sample were used for analysis. The approximate
region defined for N-A-S-H refers to (Walkley, 2016).

Figure 5-12 shows the summary of atomic ratios Ca/Si versus Al/Si for projection of
material chemistry of the unexposed and exposed C(N)ASH samples. The chemistry
of the unexposed C(N)ASH sample lied within the region commonly associated with
a C-(N)-A-S-H gel of 0.79 < Ca/Si < 1.86 and 0.11 < Al/Si < 0.28. After exposed to
sulphuric acid attack for 28 days, the chemistry of the exposed C(N)ASH sample
showed two regions: one with the cation ratios of 0 < AI/Si < 0.1 and 0 < Ca/Si <2,
and another which exhibited cation ratios of Al/Si =0 and 0 < Ca/Si < 15. The very
high Ca/Si is due to the formation of gypsum as EDS analysis may bring in a region
of elements into counting. It means the destroy of C-(N)-A-S-H gel under acid

conditions related to both dealumination and decalcification.
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Figure 5-12. Atomic ratios Ca/Si versus Al/Si for the unexposed and exposed regions of the C(N)ASH
sample as marked, determined by EDX analysis. A random selection of points evenly distributed across
a representative 1000 pm x 1000 pm section of the sample were used for analysis. Approximate regions
of C-(N)-A-S-H are determined from (Walkley, 2016).

5.3.7 Solid-state MAS NMR spectroscopy analysis

2T Al MAS NMR spectroscopy

Figure 5-13 shows the 2’Al MAS NMR spectra of the NASH sample and C(N)ASH
sample before and after exposure to acid attack. From Figure 5-13 (a), the unexposed
NASH sample consisted of one main resonance centered at 55 ppm, which was
assigned to aluminium in tetrahedral (Al'Y) coordination (Walkley, 2016). The AI'Y
was assigned in a g* (i.e., g* = Si is in tetrahedral coordination and bonded to 4 other
tetrahedral atoms) environment within a highly polymerized N-A-S-H gel framework
(Duxson et al., 2005a, Longhi et al., 2019). A low-intensity resonance at dobs = 4 ppm
was attributed to octahedral (AIV") coordination in the unreacted precursor (Walkley,
2016). The spectra of precursor powder was typical of those commonly observed for
aluminosilicate glasses, displaying three broad peaks which are assigned to tetrahedral
(AI'Y), pentahedral (AlY), and octahedral (AIV'") aluminium (Walkley, 2016). During
the alkali-activation process, AlV and AIY' within precursor powder dissolved and
reacted to form Al'Y species (Duxson et al., 2005a). After exposure to acid attack for
28 days, the exposed NASH sample showed two narrow resonances centered at -1
ppm and -4.6 ppm, respectively, which were both assigned to AIV' in a well-defined

octahedral coordination (Walkley, 2016). This was consistent with greater stability of
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AlV! species under acidic conditions when compared to Al'Y and AlIY species (Longhi
etal., 2019). In view of the above results, the dealumination and sodium removal from
the N-A-S-H gel resulted in the decomposition of the solid phase in the NASH sample.

The spectra of the unexposed C(N)ASH sample displayed a broad resonance spanning
from 20 ppm to 80 ppm and centered at approximately 58 ppm, which was assigned
to tetrahedral (AI'Y) coordination in geopolymer binder (Walkley, 2016). The broad
contribution of g*(4Si) species indicated a significant crosslinking of C-(N)-A-S-H gel
(Walkley, 2016). The spectra of the exposed C(N)ASH sample showed a narrow
resonance at approximately 0 ppm which was assigned to AIV' in well-defined
octahedral coordination, as well remained a low-intensity broad resonance spanning
from 40 ppm to 60 ppm as shown in Figure 5-13 (b). The formation of aluminium
sulphate was contributed to the resonance at around O ppm. The resonance at 50 ppm
was assigned to the tetrahedral (Al'Y) coordination in the residual C-(N)-A-S-H gel.

The broad resonance of 2’ Al MAS NMR spectra of the NASH sample and C(N)ASH
sample before exposure to acid attack suggested that Al predominantly existed in a
distorted tetrahedral environment g*(4Si) in both N-A-S-H gel and C-(N)-A-S-H gel.
However, the resonance of Al in the C-(N)-A-S-H gel showed slightly wider than that
in the N-A-S-H gel. It means more complicated Al environment in the C-(N)-A-S-H
gel. After exposure to sulphuric acid, the Al environment in the N-A-S-H gel was
easily attacked and combined Al was converted into movable ions. There was no
remaining undamaged Al environment and the Al in the residual sample was in an
active state. It could be seen that a part of original Al environment in the C-(N)-A-S-
H gel was undamaged by acid attack, and less active Al was identified than N-A-S-H
gel. When combined with the appearance change, it was found that, whereas the
appearance of the NASH sample had not altered significantly, the N-A-S-H gel had
been completely destroyed. Even though the C(N)ASH sample had cracks, a portion
of the C-(N)-A-S-H gel persisted.
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Figure 5-13. 2?Al MAS NMR data of the NASH sample and C(N)ASH sample before and after

exposure to sulphuric acid attack.
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29Si MAS NMR spectroscopy

The #Si MAS NMR spectra and deconvoluted peaks for the NASH sample and
C(N)ASH sample before and after exposed to sulphuric acid are presented in Figure
5-14 and Figure 5-15. According to (Walkley and Provis, 2019), Si sites were
generally identified using the notation of the type Q"(mAl) with 0 <m <n <4, where
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Si in tetrahedral coordination (represented by Q) was bonded to n other tetrahedral
units (m is the number of Al) via oxygen bridges. The summary of the deconvolution
peaks is shown in Table 5-3.

As shown in Figure 5-14 (a), the 2°Si MAS NMR spectra of the unexposed NASH
sample was deconvoluted into eight peaks which indicating Si environments attributed
to Q*(0AI), Q*(1AI), Q*(2Al), Q*(3AI), Q3 Q% Q*(1Al) and Q°, in agreement with
other studies (Walkley, 2016, Myers et al., 2013, Cao et al., 2021a). The Q° resonance
might be attributed to dissolved precursors or monomer silicate structures from
remnant soluble silicate that has not react (Longhi et al., 2019). The Q® and Q? sites
resonate exists in this study. This is contradictory with the results of N-A-S-H gel
derived from metakaolin (Longhi et al., 2019). There is no Q! site in the spectra of the
unexposed NASH sample. The results indicate that the framework of N-A-S-H is
highly polymerised (Myers et al., 2013). After exposure to acid attack, the
deconvoluted peaks of the exposed NASH sample are contributed to Q3(1Al), Q*(3Al),
Q*(2AlI), Q*(1Al) and Q*(0AI) sites. There is no Q?, Q*, and Q° sites remained in the
residual gel. It should be noted that there is no Al in tetrahedral coordination from 2’Al
MAS NMR data (presented above) in the exposed NASH sample. This is because that
part of the [AlO4] tetrahedrons detach from Si-O-Al bond under acid attack and leach
out from the framework of N-A-S-H gel. And part of the [AlO.] tetrahedrons transfer
to octahedrons that Al in six coordination and incorporate into the Si-O-Al bond in the

residual gels. This increases the polymerization of residual gels.

Engelhardt’s formula (Equation 5-4) was used to calculate the molar Si/Al ratio of the
N-A-S-H gel before and after exposure to sulphuric acid in the NASH sample (Longhi
et al., 2019). The Si/Al ratio of the unexposed NASH sample is 1.9 while increased to
2.3 after exposure to sulphuric acid. The results show that the dealumination of N-A-

S-H gel is along with a higher Si/Al ratio in residual gel and higher polymerization.

4
Si ZmzllAQA;(mAl) Equation 5-4

Al 2;110.25me1AQ4(n1Al)

Where, I, , is the normalized relative integral areas of each deconvoluted Q*(mAl) peaks as
Q*ma

shown in Table 5-3.
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The 2°Si MAS NMR spectra and deconvoluted peaks of the unexposed C(N)ASH
sample and exposed C(N)ASH sample are presented in Figure 5-15. The Si MAS
NMR spectra of the unexposed C(N)ASH sample displays a relative narrowing
resonance spanning from -70 to -100 ppm, which were deconvoluted into peaks at -
98, -95, -92, -87, -84, -80, and -76 ppm, attributed to Q*(3Al), Q*(4Al), Q3, Q3(1Al),
Q?%, Q?(1Al), Q% and Q° respectively. The reduced width of resonance and the
increased intensity of Q2, Q*, and Q° sites suggested that the C-(N)-A-S-H gel showed
higher order than the N-A-S-H gel (in agreement with XRD analysis). The chemical
shifting to lower field indicates the change of Si environments due to Q*(mAl) loss in
the exposed C(N)ASH sample. This also confirms the dealumination mechanism of
C-(N)-A-S-H gel as discussed above.

According to (Myers et al., 2013), the MCL and molar Si/Al ratio of the non-
crosslinked and crosslinked C-(N)-A-S-H gel can be determined based on the
following equations (Equation 5-5 to Equation 5-8):

MCL[NC]=21A [Q1+Q2+%1Q2(1AD] Equation 5-5
L,(Q")
Sio 2y [Q'+Q*+Q*(1AD)] Equation 5-6
Alpney L [Q°(1AD)]
McL -2l [Q1+Q2+Q2(1A13+Q3+2Q3(1AD] Equation 5-7
(@Y
Si 1,[Q° (1AD)] Equation 5-8

Al ,[Q"+Q™+Q (1A)+Q*+Q* (1AD)]
where [C] denotes crosslinked C-(N)-A-S-H structures and [NC] denotes non-
crosslinked C-(N)-A-S-H structures.

In the unexposed C(N)ASH sample, the MCL and Si/Al ratio of non-crosslinked C-
(N)-A-S-H gel are 9.0 and 5.7, respectively. The synthetic C-(N)-A-S-H gel displays
a similar MCL and Si/Al ratios as the alkali-activated fly ash/slag pastes, which
showed a range of 6.43-9.76 for MCL and corresponding Si/Al ratio of 6.35-4.74 (Gao
et al., 2017). After exposed to sulphuric acid, the MCL reduces to 6.7 and the Si/Al
reduces to 3.3. The reduced MCL indicates the shorten of the framework in the non-
crosslinked C-(N)-A-S-H gel after acid attack which is due to dealumination. The

declined Si/Al ratio is due to the change of the coordination of Al from four to six,
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which is consistent with the 2’ Al MAS NMR results. The MCL and Si/Al ratio of the
crosslinked C-(N)-A-S-H gel increase from 22 to 26 and from 0.13 to 0.45,
respectively, after exposed to sulphuric acid solution. The acid attack caused
increment of crosslinked C-(N)-A-S-H gel with minor changes in the chain length.
However, the exposed C-(N)-A-S-H gel shows a similar framework like N-A-S-H gel,
which could be seen from the high intensity of Q*(mAl) resonance, as shown in Figure
5-15 (b). Thus, the Si/Al ratio calculated based on Engelhardt’s formula (Equation
5-4) is 3.8, which is higher than that of the exposed N-A-S-H gel. The results confirm
that the decalcification in C-(N)-A-S-H gel leads to a destruction of the orderly layered
structure. Further exploration on the acid corrosion mechanism of the C-(N)-A-S-H
gel could focus on the effect of Ca/Si ratio in this type of gel.

The N-A-S-H gel shows higher polymerization (higher MCL) and lower Si/Al than
the C-(N)-A-S-H gel. After exposure to sulphuric acid, the exposed N-A-S-H gel
showed increased polymerization and increased Si/Al ratio due to the dealumination,
while the C-(N)-A-S-H gel increased crosslinking with reduced Si/Al ratio due to
decalcification. The change of Si/Al ratio of the C-(N)-A-S-H gel is inconsistent with
that from SEM-EDX results. This suggests that an elemental mapping characterization
analysis on the bulk area of alkali-activated materials is hard to explain the intrinsic
change of their reaction products. Overall, it is confirmed that the silicon chains in N-
A-S-H gel and C-(N)-A-S-H gel tend to form highly crosslinked silica framework after

sulphuric acid.
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Figure 5-14. 2°Si MAS NMR data (black lines) of (a) the unexposed NASH sample and (b) the
exposed NASH sample after 28 days of sulphuric acid attack. The fitting line (red) of the spectra for

the samples and associated spectral deconvolutions are also shown.
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Figure 5-15. 2°Si MAS NMR data (black lines) of (a) the unexposed C(N)ASH sample and (b) the
exposed C(N)ASH sample after 28 days of sulphuric acid attack. The fitting line (red) of the spectra

for the samples and associated spectral deconvolutions are also shown.
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Table 5-3 Deconvolution results of 29Si NMR spectra for the NASH sample and C(N)ASH sample before and after exposed to sulphuric acid. The 1A (%) is the normalized

relative integral area of each deconvoluted resonance in the spectra.

Sample Coordination Q° Q' Q%AIN Q* Q1A Q° Q%4AD) Q*BAD Q'2AI) Q*(1AD Q*0Al
NASH Pos. (ppm)  -75 - -83 87 - 92 - -97 -102 -107 -113 - -125
1A(%) 31 - 10.6 195 - 155 - 12.8 11.7 9.8 17
Exposed NASH Pos. (ppm) - - - - -89 - - -96 -103 -107 -110--118
la (%) - - - - 3.5 - - 6.4 29.6 21.1 39.5
C(N)ASH Pos. (ppm) -76 -80 -84 -87  -90 -92  -95 -98 - - -
Ia (%) 55 178 24.0 26.3 115 69 4.8 3.2 - - -
Exposed C(N)ASH Pos. (ppm) -76 -80 -85 - -90 - -94 -100 -103 -108 -112 - -123
Ia (%) 0.7 22 34 - 4.6 - 7.0 10.3 24.1 13.4 34.3
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5.4 Concluding remarks

In this study, stoichiometrically controlled N-A-S-H and C-(N)-A-S-H gels were used
to investigate the durability properties of two typical types of AAMs under sulphuric
acid attack, i.e., calcium free/low calcium AAMs (alkali-activated fly ash) and calcium
bearing AAMs (alkali-activated slag). It was discovered that dealumination dominated
the microstructural change of N-A-S-H gel under the sulphuric acid attack. This
dealumination had minor effect on the bulk structure integrity (but not sure about the
impact on micromechanical properties). The C-(N)-A-S-H gel showed both
dealumination and decalcification, together with significant and rapid loss of sodium
and slow loss of silicon. In addition to the normal mechanism that gypsum forms and
leads to cracking at sulphuric and sulphate conditions, an important finding is that
dealumination and the loss of sodium continues after decalcification and the loss of a
small amount of silicon. The non-crosslinked C-(N)-A-S-H gel reduced with decrease
of Si/Al ratio after exposure to sulphuric acid, while the Si/Al ratio of N-A-S-H gel
increased. One common feature for the two types of AAM gels is that after acid attack,
silicate polymerization degree (Q* concentration) increases, especially for C-(N)-A-
S-H gel. Further exploration on the acid corrosion mechanism of the C-(N)-A-S-H gel
could focus on the effect of Ca/Si ratio. However, the formation of coarse crystalline
gypsum grains is still the controlling factor to structural destroy and needs to be

controlled.
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CHAPTER 6. PHASE EVOLUTION OF C-(N)-A-S-H/N-A-S-H
GELS BY SULPHURIC ACID ATTACK

6.1 Introduction

The degradation mechanism of conventional Portland cement (PC) in the aggressive
environment is the main aspect of durability research driven by the expanding market
need for constructions with long service life and minimal maintenance (Beushausen
et al., 2019). The deterioration of PC concrete sewer pipes in acidic environments is
one of the primary factors of poor durability (Taheri et al., 2020). For example, the
microbially induced sulphuric acid corrosion of concrete pipes in the sewer systems
can cause the degradation of microstructure and performance failure, reducing the
service life (Sterling et al., 2010). Acid corrosion also occurs in other scenarios where
concretes contact with aggressive acidic media, such as in fertiliser production and

metal finishing process (Lloyd et al., 2010).

Sulphuric acid corrosion of PC concrete has been illustrated by the reaction between
H* and SO.? from acid solution and calcium hydroxide (CH) in concrete, resulting in
a decline of pH value of concrete at the beginning, then decomposition of calcium
silicate hydrate (C-S-H) gel (Ahmad Muhd Izzat, 2013). The gypsum and ettringite
are deposited at the surface and inside the pores of concrete due to the reaction between
diffusing SO4* anions from sulphuric acid and Ca®* cations. The formation of
expansive products is the direct inducement of peeling off and strength reduction of

concrete.

In addition to the permeability of concrete, the CH of hydrated cement paste could be
the main factor that determines the degradation in the acid environment (Cao et al.,
2021a). Reducing CH content in PC concrete is thus considered to be an effective way
to improve acid resistance (Yuan et al., 2013, Cao et al., 2021a). There are two
approaches to reduce the calcium hydroxide content in concrete, including (1) partial
replacement of PC by supplementary cementitious materials, like fly ash and blast
furnace slag, and (2) entire replacement by alternative binders, such as alkali-activated
materials (AAMS) (Aiken et al., 2017, Aydin and Baradan, 2014, Cao et al., 2020, Li
et al., 2019). The partial replacement of PC by SCMs results in the consumption of
CH and the incorporation of additional Al in C-S-H, forming C-A-S-H gel (Skibsted

80



and Andersen, 2013). There is no CH forming for AAMs derived from low calcium
or free calcium precursors. When high calcium bearing precursors are used, sodium-
containing C-(N)-A-S-H is formed in AAMs (Cao et al., 2020).

AAMs with relatively less calcium content (Ca/Si = 1.0) than PC (1.5 < Ca/Si <2)
attract more and more interest because of their lower environmental footprint and
comparable or even better acid resistance (Zhang et al., 2017, Provis et al., 2015,
Davidovits, 2008, Ahmad Muhd Izzat, 2013). The alkalinity of AAMs is higher than
PC which could help to mitigate the pH drop of the pore solution (Bernal and Provis,
2014). However, many different raw materials which contain varying concentrations
of SiO2, CaO and Al>O3z are used as precursors. The reaction products in AAMs are
well known for their large variation. It is an advantage because various industrial
materials locally available can be used, but it is also a problem as the challenges sit in
standardization and performance prediction. Hence, understanding the mechanism of
sulphuric acid attack on AAMs with different cations ratios (e.g. Ca/Si and Si/Al
ratios) is important to optimize mix design, thereby promoting its wide application and

achieving the environmental benefit by reducing the CO2 emissions (Shi et al., 2019).

Many variables including precursors, activators, acid type, and acid severity have been
involved to investigate the acid resistance of AAMs (Provis and VVan Deventer, 2014).
The performance (i.e., residual compressive strength and structural integrity) of
AAMs derived from fly ashes were superior to OPC when exposed to 2% sulphuric
acid. The more stable cross-linked N-A-S-H gel had higher resistance to acid attack
than C-S-H gel. The increased slag content in alkali-activated fly ash and slag binders
was found to result in high losses of weight and compressive strength under a sulphuric
acid environment (Aiken et al., 2018). This means that increasing C-(N)-A-S-H gel
content with the increased incorporation ratio of slag has a detrimental effect on the
sulphuric acid resistance of AAMs (Aiken et al., 2018). However, the increased
calcium content as slag content increases leads to an increased porosity when samples
are exposed to sulphuric acid (Provis et al., 2012). The increased porosity of samples
is harmful to the strength (Ourgessa et al., 2019). Whether N-A-S-H gel or C-(N)-A-
S-H gel is more resistant to dissolution in acidic conditions, it is still ambiguous. The
influence of interaction between N-A-S-H and C-(N)-A-S-H gels in AAMs on acid

resistance is barely reported before.
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The attack of sulphuric acid on AAMs was demonstrated in (Aiken et al., 2018): a)
ions from acid solution penetrate into the sample, while moveable sodium cations
leach from the sample into the solution; b) the Si-O-Al bonds are attacked by hydrogen
protons (H*, H3O"), causing Al to break away from the bonds, leaving a siliceous
framework; c) gypsum are formed in the penetrated layer due to the reaction between
diffusing SO+* anions and Ca?*. However, there is very limited direct evidence
regarding the decomposition and acid resistance of C-(N)-A-S-H and N-A-S-H gels in
acidic environments. The literature reviews are frequently contradictory, and the

majority of the experimental study contains many unknown factors.

To promote the application of AAMs in harsh acidic environments, it is critical to
study the molecular structure evolution of these controlled alkali-activated gels during
exposure to the acid solution, particularly on the coordination involving network and
modifying cations. The objective of this study is therefore to investigate the
decomposition mechanism of C-(N)-A-S-H/N-A-S-H gels in AAMs. To achieve this
goal, the method of synthesising AAMs gels that allows strict stoichiometric control
and retains actually alkali activation process is accepted (Walkley, 2016). This method
has been shown feasible which needs to synthesise high-purity precursors first and
then synthesise binder phases in the laboratory (Walkley et al., 2016a). The designed
AAMs with strict Ca/Si and Si/Al ratios can be further used to investigate the
decomposition mechanism of C-(N)-A-S-H/N-A-S-H gels (Walkley et al., 2016b).

6.2 Materials and methods

6.2.1 Raw materials and alkali-activated gels manufacture

‘Pure’ precursor powder used in this study was synthesised via a verified sol-gel
process (Walkley et al., 2016b). As shown in Table 6-1, the designed Al/Si ratios and
Ca/(Al + Si) ratios in the low calcium samples aims to span the range of bulk ratios
observed in many sodium silicate solutions activated slag systems (Al/Si < 0.25 and
0.67 < Cal/(Al + Si) <1.2) (Bernal et al., 2011a). High calcium samples were designed
with a higher Ca/(Al + Si) ratio which was close to the ratio observed in conventional
PC (Taylor, 1997).

The sodium silicate solution collected from PQ Australian with 14.7% of Na2O (in

mass) and 29.4% of SiO. was first mixed with distilled water, and then the sodium
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hydroxide pellets (99 wt.%, Sigma-Aldrich) was dissolved in the above solution. The
modulus (SiO2/Naz0) of the activator was fixed at 1.0, and the alkali content (Na20)
was 4 wt.% of the precursor powders. Table 6-1 presents the mixture proportions of
the investigated binders. The activating solution was prepared 24 hours before mixing
with precursors to avoid the influence of dissolution heat. The activating solution was
added into and mixed with the precursor powder for 3 minutes and then the
homogeneous paste was cast into cylinders (r x h = 10 mm x 20mm). All samples

were cured in the sealed cylinders until further testing.

According to the Ca/Si and Al/Si ratios as shown in Table 6-1, the four synthesised
pastes were categorized as low-Ca high-Al (LCHA), high-Ca high-Al (HCHA), low-
Ca low-Al (LCLA), and high-Ca-low Al (HCLA). The LCHA and LCLA are expected
to form N-A-S-H gels in addition to non-crosslinked C-(N)-A-S-H gel, while sample
HCHA is expected to form crosslinked C-(N)-A-S-H gel and sample HCLA is
expected to form C-A-S-H gel in addition to C-(N)-A-S-H/N-A-S-H gels (Myers et
al., 2015a, Walkley et al., 2016¢). At nanoscale or below, the sodium-containing C-
(N)-A-S-H gel shows a similar structure like C-S-H and C-A-S-H gel in PC, which
are usually described as Tobermorite structure that contains Ca-O octahedron chain
and. There are more Al tetrahedrons that are substituted into the paired sites of Si-O
tetrahedron chains (Schilling et al., 1994). N-A-S-H gel generated from Ca-free or
low-Ca calcium systems shows a similar structure to nanocrystalline zeolite, in which
Si or Al tetrahedrons are connected to form a frame structure by sharing one oxygen
atom (Provis et al., 2005b). Both C-(N)-A-S-H and N-A-S-H are X-ray diffraction
amorphous and their exact contents in AAMs depend on the calcium and aluminium
contents of precursors (Duxson et al., 2007a). N-A-S-H gel displays high crosslinking
in the Al-rich Ca-less systems, while the crosslinking of C-(N)-A-S-H gel reduces as
increasing the Al content (Walkley et al., 2016c). These four pastes in this study are
representative of the products in alkali-activated slag blending with various amounts

of metakaolin or fly ash that are common practices in the industry.

Table 6-1 Measured formula (mol %) by XRF of the precursor powders and each binder.
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Composition ratio of binders

wis cwggu N&/Al AlSi  Ca/Si

LCHA 0.998Ca0-Si0,-0.147Al,0;3 0.75 0.85 051 0.16 0.99
HCHA 1.731Ca0-Si0,-0.148Al.0;3 0.75 1.44 069 0.16 1.67
LCLA 0.958Ca0-Si0,-0.046Al1,03 0.75 0.91 153 0.05 0.95
HCLA 1.264Ca0-Si0,-0.041AI1:03 0.75 1.19 196 004 124

Sample ID Precursor powders

6.2.2 Acid corrosion test

Immersion test in sulphuric acid solution is adapted as acid corrosion method that
following the basic guidelines in ASTM C267 (Aiken et al., 2018). Samples were
cured for 120 days to be fully hydrated and then were submerged in 3% sulphuric acid
solutions individually with an acid solution to sample mass ratio of 20. Samples
submerged in distilled water were references. The pH value and cumulative leaching
cations (i.e., Na, Si, Al, and Ca) of each solution were tested and recorded at
predetermined intervals of 1, 3, 7, 28, and 56 days. The corroded sample from the acid
solution was dried at 60 °C vacuum oven for around 6 hours. The weight of the dried
samples before and after being immersed into sulphuric acid solution was recorded.
The dried samples were hand-grinded with a pestle and mortar for characterisation

analysis.

6.2.3 Characterisation analysis

The details about characterisation techniques such as X-ray diffraction,
thermogravimetric analysis, Fourier transform infrared spectroscopy, and magic angle
spinning (MAS) NMR spectra used in this study refer to the previous publication in
(Wang et al., 2021b). The peak deconvolution of the MAS NMR spectrum was carried
by Origin software in Gaussian mode and the assignments of deconvoluted peaks are
based on (Gao et al., 2017).

6.3 Results

6.3.1 Leaching behavior

The pH values evolution of the distilled water with immersing samples is shown in
Figure 6-1. The start pH value of the distilled water before immersing samples is 6.0
and the pH values of all samples increase immediately over 11 after the first 24-hour
immersion and show minor change thereafter. It is clear that the ions (Na* and OH")

transfer from samples into the distilled water causing the increment of pH values as
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alkaline activating solutions are used. The pH values of distilled water for soaking
high calcium samples (HCHA and HCLA\) are slightly higher than that of low calcium
samples (LCHA and LCLA). This trend is hard to identify for AAMs derived from
raw materials like fly ash or slag due to the influence of impurities. The higher pH
values for high calcium samples suggest the higher availability and mobility of alkalis
in the samples.
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Figure 6-1. The pH value of distilled water with immersed samples during 56 days exposure.

The evolution of pH value of the 3% sulphuric acid solutions with immersing samples
is shown in Figure 6-2, while the initial pH is 0.6. The pH values for each mix increase
slowly to approximately 1.5 after 7 days of exposure. After 56 days of exposure, the
pH value of the acid solution which soaking sample LCHA increases to around 2,
while that of the other three samples reaches around 3. The lowest pH value of the
acid solutions for immersing sample LCHA suggests that it has the lowest neutralizing
capacity in sulphuric acid solution. This is due to that the sample LCHA consumes a
large amount of alkali to participate in the hydration reaction, which is consistent with

the previous finding (Provis and Van Deventer, 2007).
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Figure 6-2. The pH value of 3% sulphuric acid solutions with immersed samples during 56 days
exposure.

The cumulative concentration of each cation (aluminium, calcium, sodium, and
silicon) in distilled water with immersing samples is shown in Figure 6-3. The
cumulative concentration of aluminium and calcium cations in the distilled water is
less than 75 and 236 ppm, respectively, which are negligible compared to sodium and
silicon. This suggests that the aluminium and calcium are hard to dissolve from
samples when exposed to water. On the other hand, sodium and silicon are the main
leached elements in the water leachates. This is due to the high availability of sodium
and silicon from activating solutions which are prepared by sodium silicate solution

and sodium hydroxide and sodium have higher mobility compared to the other cations.

In Figure 6-3 c, Al-rich samples LCHA and HCHA exhibit lower concentrations of
sodium than samples LCLA and HCLA. As known, free Na cations present in the
macroscopic pores or gel pores are easily diffused out from samples when immersed
into solutions (Huang et al., 2018). The substitution of [SiO4]* tetrahedrons by
[AlO4]*> tetrahedrons combined the Na cations in the gel framework to balance the
negative (Walkley, 2016). The combined Na cations which are incorporated into the
C-(N)-A-S-H/N-A-S-H gels in the AAMs are relatively difficult to diffuse. The
decreased sodium concentrations for the Al-rich samples indicate that less leachable
Na* cations are available in the pastes. It is confirmed that the higher aluminium

contents in the samples LCHA and HCHA could help to impede Na* leaching, which
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is due to the formation of a great quantity of Al-substituted C-(N)-A-S-H/N-A-S-H
gels in the samples.

Figure 6-3 d displays the detected silicon in the water leachates. Silicon acts as the
main ‘former’ element of the three-dimensional aluminosilicate framework of the C-
(N)-A-S-H/N-A-S-H gels (Walkley, 2016). The sample LCLA displays the highest
leaching concentration of silicon (i.e., 3973 ppm), while insignificant silicon leaching
was identified in the other three samples (< 182, 680, and 133 ppm, respectively). It
seems that inadequate calcium and aluminium in sample LCLA formed fewer reaction
products (or they may have higher solubility, which is unlikely if silicon polymerized)

along with deficient consumption of activators.
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Figure 6-3. Cumulative concentrations of cations (aluminium, calcium, sodium, and silicon) in the
distilled water with immersing samples.

Figure 6-4 displays the leaching amounts of aluminium, calcium, sodium, and silicon
in the acid solutions. Significant higher concentrations of each cation are observed for
samples exposed to the sulphuric acid compared to the distilled water. This is due to
the acid attack that caused the reaction products to decompose and the sample to be

damaged.

For aluminium, the sample LCHA exhibits the highest final concentration of 10078
ppm, followed by samples HCHA, LCLA, and HCLA of 6955, 4769, and 3665 ppm,
respectively. The different concentrations of aluminium leaching out from the four

samples during exposure to acid solutions is caused by the diversity of original
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aluminium content in binders and the formed reaction products. Samples derived from
Al-rich precursors leach a higher amount of Al. The samples with greater calcium
content but the same aluminium content have less aluminium leaching (HCHA vs.
LCHA, and HCLA vs. LCLA). A similar phenomenon is found by (Aiken et al., 2018)
that the aluminium concentrations decrease as the slag contents increase. The reason
has not been clearly stated in previous studies as the influence of the raw materials is
unknown. The results in this study indicate that the reaction products in the high-
calcium binders had better resistance to dealumination than that in low-calcium
binders. Calcium has a positive effect against dealumination when alkali-activated
materials are exposed to sulphuric acid.

For silicon, it increases at a relatively moderate rate in the exposure period in
comparison to other elements. In other words, the silicon is constantly leaching from
the sample during exposure to sulphuric acid. Sample LCHA reaches the highest
cumulative concentration of silicon of 12417 ppm after 56 days of acid attack,
followed by samples LCLA, HCLA, and HCHA of 10128, 6040, and 4997 ppm,
respectively. In conclusion, samples derived from lower calcium precursors leach
higher amount of silicon. This suggests that silicon in low calcium AAMs is more

susceptible to acid attack.

For calcium, the concentrations reach approximately 7500 ppm for all the samples
after the first day of exposure, regardless of their initial content and it maintains at this
value thereafter. This is due to that the saturation point of calcium in sulphuric acid

solution reached, which is consistent with (Aiken et al., 2018).

For sodium, sample HCLA reaches the highest concentration of 22328 ppm after 56
days of acid attack. The final sodium concentrations of the samples LCLA, HCHA,
and LCHA are similar to that of distilled water (as shown in Figure 6-4 c). The
leaching of sodium from the samples is driven by the concentration diffusion effect,
whether in acid solution or water. The ions transfer of H* or H;O" from sulphuric acid
accelerates the diffusion process of sodium, but it has minor effect on the equilibrium
concentration. Further research is necessary to confirm what the concentration of

sample HCLA when exposed to sulphuric acid is higher than that exposed to water.

89



) £

Cumulative conc. (x10° ppm

b)

Cumulative conc. (x10° ppm)

Cumulative conc. (x10° ppm) S

25
—— LCHA Aluminium
—O— HCHA

204 —4—LCLA

HCLA

154

10 A -]

5. o) —0
£ A —A

0 10 20 30 40 50 6(
Exposure time (days)

25 .
—1—LCHA Calcium
—O— HCHA

204 —£—LCLA

HCLA
154
10 A
AAA
ﬂ:\
AA v, :11

5 4

O:LA T T T T T T T T T T T

0 10 20 30 40 50 60
Exposure time (days)

25 —
——LCHA Silicon
—O— HCHA

204 —£4—LCLA

HCLA

154

Exposure time (days)

90



25
c ,
) Sodium
B

204
a 0 —/\— £
‘© Y O
CRLE! —U -
O ]
c
o
O 10+
(&)
2
© ——LCHA
S 91 —O— HCHA
= —A—LCLA
o | HCLA

OLA T T T T T T T T T T T

0 10 20 30 40 50 6(

Exposure time (days)

Figure 6-4. Cumulative concentrations of cations (aluminium, calcium, sodium, and silicon) in the 3%
sulphuric acid with immersing samples.

The cation ratios of each mix exposed to the sulphuric acid solutions and the distilled
water are summarized in Figure 6-5 and Figure 6-6. The Ca/Al cation ratios of each
sample leached into water leachates are shown a magnitude higher than that in acid
solution (see Figure 6-5). This is due to that the Al from each sample is relatively
lower than Ca, although the contents of Ca and Al in water are both negligible. When
exposed to sulphuric acid, the leaching amount of Al from each sample increases
significantly. It can be observed that the Ca/Al ratios decrease as the exposure time
increases. The Ca/Al ratios of samples HCHA and HCLA are higher than that of
samples LCHA and LCLA, which confirms the positive effect of Ca against

dealumination.
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Figure 6-5. Ca/Al ratios of each sample leaching into the acid and water leachates.

Figure 6-6 shows the Ca/Si ratios of each sample leaching into the acid and water
leachates. When the samples are exposed to distilled water, there is minor detected Ca
and Si. When the samples are exposed to sulphuric acid, sample LCHA shows the
lowest Ca/Si ratios while sample HCHA shows the highest ratios. The Ca/Si ratios are
higher than the designed ratios for both samples, suggesting that the Ca is easier

leaching out from samples than Si.
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Figure 6-6. Ca/Si ratios of each sample leaching into the acid and water leachates.
6.3.2 X-ray diffraction (XRD)

Figure 6-7 shows the XRD patterns of the samples before and after exposure to
sulphuric acid, while the unexposed samples displaying a broad featured diffraction
hump centered at approximately 29° 26 (Figure 6-7 a), suggesting the presence of
amorphous aluminosilicate phases (i.e. C-(N)-A-S-H/N-A-S-H gels) in the reaction
products (Walkley et al., 2016b, Walkley et al., 2016c). In addition to the major
amorphous phase, other crystalline phases were found. Calcite (CaCOs, PDF # 81-
2027), wollastonite phase (CaSiOs, PDF # 84-0655), and pectolite phase
(NaCa2HSi30g, PDF # 33-1223) were identified in all the samples. For high calcium
binders HCHA and HCLA, the broad humps centered at approximately 7° 26 indicated
the presence of vertumnite-like phase [CasAlx(Si2.g9Al2.2305 18(OH)21.88(H20)4.33, PDF
# 83-1522] and calcium alumina carbonate hydrate phase (CasAl206CO3-11H,0, PDF
# 41-0219). The high Ca/Al ratio of the sample HCLA promoted the formation of

vertumnite. The intensive peak at 18° 20 in sample HCHA was recognized as
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portlandite (Ca(OH), PDF # 78-0315). The high intensity of the peak at 11.8° 20 in
sample HCHA suggested the high crystallization degree of the calcium silicate phase.
For low calcium samples LCHA and LCLA, the peak at around 18° 20 was identified
as a zeolite-like phase (Nai2Al12Si12048-27H20, PDF # 47-0716). Especially for
sample LCLA, pseudowollastonite [Cas(SizOs), PDF # 74-0874] was detectable.
There was a minor difference in the main reaction product (i.e., C-(N)-A-S-H/N-A-S-
H gels) among the four samples. The formed crystalline phases mainly belonged to
the aluminosilicate-like structure. The calcium content promoted the formation of the
calcium-containing aluminosilicate phase, otherwise, the sodium-containing zeolite

phase formed.

Figure 6-7 b displays the XRD patterns of the samples after exposure to sulphuric acid
attack, demonstrating the presence of gypsum (CaSOs, PDF# 33-0311) at 11.7, 20.7,
23.4, 29.1, 31.1, 33.4, 40.7, 43.3, and 56.8° 20. The broad amorphous hump still
presented but shifted central position from 29° 20 to approximately 22° 20 (Walkley
et al., 2016b). The decomposition of the amorphous C-(N)-A-S-H/N-A-S-H gels in
reaction products caused the shifting when exposed to sulphuric acid. For high calcium
HCLA and HCHA, the amorphous hump was almost invisible, indicating less
amorphous gels left in the high calcium system. The decalcification is the main reason
for the decomposition of the C-(N)-A-S-H gel in AAMs. The peaks that attributed to
calcium aluminate hydrate and CH in samples HCHA and HCLA no longer existed

after exposure to sulphuric acid.

The crystalline phases formed in the samples were vulnerable to the sulphuric acid
attack in addition to the dissolution of C-(N)-A-S-H/N-A-S-H gels. Due to the strong
diffraction patterns of gypsum, it is difficult to distinguish very specific changes of

other minor crystalline products and the difference in acid resistance of each mix.
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Figure 6-7. XRD patterns of the samples (a) before and (b) after exposure to 3% sulphuric acid for 28
days of acid corrosion (C-calcite, Z-zeolite, W-wollastonite, Pe-pectolite, Ve-vertumnite, Pw-
pseudowollastonite, CAc-calcium aluminium carbonate hydrate, G-gypsum, CSH - amorphous calcium

silicate hydrate).

6.3.3 Thermogravimetric analysis (TGA)
Figure 6-8 displays the mass change from TGA analysis of each binder before and
after exposure to sulphuric acid. The mass loss of unexposed binders occurred from

ambient temperature to approximately 700 °C, showing the total mass losses between

12% and 19%. The evaporation of free water from samples contributes to the mass
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loss below 100 °C, and the mass loss with the N-A-S-H gel occurs at around 100 °C.
The decomposition of C-(N)-A-S-H gels and crystalline phases are contributed to the

mass loss that happened after 200 °C. The mass losses of exposed samples are higher

than unexposed samp

les and mainly happen at around 150 °C.
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Figure 6-8. Thermogravimetric data of the samples before and after exposure to 3% sulphuric acid for
1d,3d,7d,and 28 d as marked.

Figure 6-9 shows the differential thermogravimetric (DTG) curves of each sample
before and after exposure to sulphuric acid. There is a broader mass loss area between
30 °C and 400 °C for high-Al samples LCHA and HCHA, while the range locates at
around 30 °C and 300 °C for samples LCLA and HCLA. This might be due to the
highly crosslinking in the C-(N)-A-S-H/N-A-S-H gel derived from high-Al
precursors. And the first mass loss peak is located at 100-110 °C for samples LCHA
and HCHA and 63-85 °C for samples LCLA and HCLA suggested that the evaporation
of free water from N-A-S-H gel dominant samples is hard than that dominated by C-
(N)-A-S-H gels. The DTG curves of each sample show the occurrence of three
dominant mass loss peaks at 63-119, 548-575, and 670-686 °C, respectively. The mass

loss peaks located below 200 °C are mainly due to the evaporation of free water and
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dehydration of interlayer water from C-(N)-A-S-H/N-A-S-H gels (Walkley et al.,
2016a, Bernal et al., 2011c). The mass loss peaks that appeared at 548-575 °C and
670-686 °C are due to the decomposition of calcium carbonates (Collier, 2016). The
mass loss peak identified at around 464 °C for sample HCHA is due to the
dehydroxylation of CH (Vedalakshmi et al., 2003, Phung et al., 2019). The small mass
loss peak at around 248 °C is likely due to the release of bond water from the calcium
aluminium carbonate hydrate phase (Walkley et al., 2016a). This suggested that the

C-(N)-A-S-H gel starts to have a certain degree of carbonation in sample HCHA.

The main mass loss for all exposed samples occurs between 50 and 200 °C and
increases with exposure time. The final mass loss of samples LCHA, HCHA, LCLA,
and HCLA which were exposed to sulphuric acid for 28 days is 19.88%, 22.14%,
21.11%, and 21.61%, respectively. The high calcium samples show higher mass loss
than the low calcium samples. The DTG curves of exposed samples have peaked at
approximately 55 °C which was likely due to the removal of absorbed or loosely bound
water (Aiken et al., 2018).

The TGA results confirm the formation of gypsum in each exposed binder, suggesting
that C-(N)-A-S-H/N-A-S-H gels of all binders are vulnerable to sulphuric acid attack.
The synthesised AAMs decompose quickly once exposed to 3% of sulphuric acid with
the formation of gypsum, which is consistent with the leaching behaviour and XRD
analysis. It suggests that the pure C-(N)-A-S-H/N-A-S-H gels in AAMs have very low

acid resistance to acidic attack.
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Figure 6-9. Differential thermogravimetric curves for the samples before and after exposure to 3%
sulphuric acid for 1 d, 3d, 7 d, and 28 d as marked.

6.3.4 Fourier transform infrared spectroscopy (FTIR)

Figure 6-10 shows the FTIR spectra of the unexposed and exposed binders. FTIR band
assignments of unexposed and exposed samples are summarized in Table 6-2 and
Table 6-3, respectively. For all samples, the asymmetric and symmetric stretching
vibrations of Si-O-T (T=Si or Al) bonds in the chain structure of C-(N)-A-S-H/N-A-
S-H gels contribute to the bands in the range of 900 - 1100 cm™ (Bernal et al., 2011b).
The C-(N)-A-S-H gel is likely to be present at low wavenumbers (around 970 cm™)
and N-A-S-H gel presents at approximately 1100 cm™, which is due to the different
Si/Al ratios and crosslinking of gels (Garcia-Lodeiro et al., 2008). The bands of C-
(N)-A-S-H gels are sharpened by increasing the structure order of the gel (Walkley et
al., 2016c¢). The deformation of SiO4 tetrahedra contributes to the bands in the range
of 400 - 500 cm™® (Yu et al., 1999). The symmetrical stretching vibration of the C-O-
C bond in carbonates bands is assigned to the bands in the range of 1400 - 1500 cm™
of samples HCHA, LCLA, and HCLA (Huang and Kerr, 1960). The different
hydrogen bond strengths in H2>O or hydrates account for the broadband at 3000-3800

cm* which is assigned as stretching vibrations of O-H groups (Yu et al., 1999).

The main bands of samples LCHA, HCHA, LCLA and HCLA shift to higher
wavenumber at 1103, 1102, 1095, and 1142 cm™, respectively, after being exposed to
sulphuric acid. The shifting of this band indicates the increase of Si/Al ratios of Si-O-
T bonds which is due to higher amount of aluminium leach out from the samples than
silicon (Aiken et al., 2018, Bascarevi¢ et al., 2013). The frequency of this band
increases along exposure days. The double peaks bands at 1620 - 1681 cm™ and 3402
- 3518 cm™ are assigned to the bending of H-OH bands of gypsum crystal appearing
after acid corrosion (Borhan et al., 2010). The band at 447 cm™ due to the deformation
of [SiO4] tetrahedra is not altered by acid exposure (Yu et al., 1999). The gypsum
contributes to the presence of the peaks at 594 and 671 cm™ (Borhan et al., 2010).
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Figure 6-10. FTIR spectra of alkali-activated binders before and after exposure to 3% sulphuric acid.

The baseline is enclosed in the dashed square.

Table 6-2 FTIR band assignments of unexposed samples (Garcia Lodeiro et al., 2009).

Band LCHA HCHA LCLA HCLA  Assigned to
(cm™) (cm™) (cm™) (cm™)

1 - 1650 1650 1650 v -OH (Ca(OH),)

2 - 1420 1489 1412 v C-O (carbonates)

3 1065 - 1057 - v Si-O

4 1010 - 1018 - v Si-O

5 - - 957 - v Si-O (SiO4, Q?)

6 934 948 926 948 v Si-O (SiO4, Q?)

7 895 872 856 872 v C-O (carbonates)

8 - 818 - 818 v Si-O (SiO4, Q1)

9 710 741 741 741 v S-O-S (deformation)
10 679 694 694 694 d Si-O-S (deformation)

Table 6-3 FTIR band assignments of exposed samples (Lee and Lee, 2016, Aiken et al., 2018).

Band LCHA HCHA LCLA HCLA Assignedto
(cm™) (cm™) (cm™) (cm™)

1 - - - 3610 v -OH

2 3518 3518 3518 3525 v -OH (gypsum)

3 3402 3402 3402 3402 v -OH (gypsum)

4 1681 1680 1681 1680 d -OH (gypsum)

5 1620 1620 1620 1620 & -OH (gypsum)

6 - - - 1142 v Si-0 (silica gel)

7 1103 1102 1103 1072 v Si-0 (silica gel)

8 964 964 964 957 v Si-O (SiO4, Q?)

9 794 794 794 794 v Si-O (SiO4, QY

10 671 671 664 671 8 Si-O-S (SiO4 deformation)
11 594 594 594 594 8 Si-O-S (SiO4 deformation)
12 447 447 447 447 3 Si-O-S (SiO4 deformation)

To analyse the dominant group of bands, the magnified FTIR spectra in the range of
600-1150 cm™ and 550-1300 cm™ of unattacked and attacked samples are displayed
in Figure 6-11. As shown in Figure 6-11 a, the group of bands at 934, 948, 957, 1010,
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1018, 1057, and 1065 cm™ can attribute to Si-O stretching vibrations. The bands at
1010, 1018, 1057, and 1065 cm™ in samples LCHA and LCLA can attribute to Si-O-
T bonds distinguished in the N-A-S-H gel, while those at 934, 948, and 957 cm™ could
be assigned to the bonds in the C-(N)-A-S-H gel. This confirms that low-Ca precursors
promote the formation of N-A-S-H gel while high calcium precursor promotes the
formation of C-(N)-A-S-H gel. C-(N)-A-S-H gel with a certain degree of crystallinity
contributes the well-shaped band at approximately 948 cm™ in the samples HCHA and
HCLA.

The band at approximately 664 cm™ and the group between 694 and 741 cm™ are due
to the bending vibrations of the Si-O-Si bonds, which are features of silicate chains
identified in Jennite (Walkley et al., 2016b). The main bands and shoulders at 895 cm-
1 871 cm™ and 856 cm™ in the spectra of samples (as shown in Fig. 11 a) are associated
with the asymmetric stretching of Si-O-Al bonds in the C-(N)-A-S-H/N-A-S-H gels
with the presence of AlOs> groups (Bernal et al., 2011b). The frequency and intensity
of the main band are influenced by the Si-O-Al angle and occupancy of neighboring
sites. For sample LCHA, greater Al and insufficient Ca in precursor promoted the Al
inclusion within the N-A-S-H/C-A-S-H gels, i.e., the substitution of aluminium in
silicon chains. The effect of aluminium content on this band was minor in high calcium
samples HCHA and HCLA.

As shown in Figure 6-11 b, a sharp peak is identified at approximately 1100 cm™ for
four attacked samples. This band could be attributed to the characteristic of the Si-O
stretching bond in silica gels, which are the remnant of C-(N)-A-S-H/N-A-S-H gels
after dealumination during acid attack (Garcia-Lodeiro et al., 2008). The small
shoulders at around 956 and 794 cm™ could be assigned to the Si-O bond in the
unbroken gels. The sharp peaks at approximately 671 and 594 cm™ are the typical
characteristic bands of gypsum (Aleksandra et al., 2005). Given the above results, the
FTIR spectra of four samples highly show similarity after the acid attack. This
suggests a similar Si-O-T environment in the residues of each sample after the acid
attack.
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Figure 6-11. Magnified FTIR spectra of (a) unexposed samples between 650-1150 cm* and (b)
attacked gels between 550-1300 cm™.

6.3.5 Solid-state nuclear magnetic resonance spectroscopy
6.3.5.1 Al NMR

Figure 6-12 displays the 2’Al MAS NMR spectrum of the unexposed and exposed
binders. The spectra of four samples in Figure 6-12 a shows signals that could be
assigned to AI'Y, AIY, and AI'Y, with peak maxima near, respectively, 55 to 75 ppm,
35 to 40 ppm, and 5 to -5 ppm (Walkley et al., 2016c, Bernal et al., 2013b, Walkley
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and Provis, 2019, Sun et al., 2006, Duxson et al., 2005a). The distribution of AI'Y
coordination at crystalline C-(N)-A-S-H gel shows higher chemical shifting than that
at amorphous N-A-S-H gel and poorly crystalline C-(N)-A-S-H gel (Walkley et al.,
2016c¢). For sample LCHA, the main resonance locates at approximately 56.9 ppm
which is assigned to [AlO4]* tetrahedra which presences at bridge sites in Si-O chains
in amorphous N-A-S-H and or poorly crystalline C-(N)-A-S-H gel. Similarly, the
resonance located at 53.5 ppm for sample LCLA is assigned to Al'Y coordination at
amorphous N-A-S-H gel. The resonances for samples HAHA and HCLA are located
at approximately 70 ppm, which is higher than sample LCLA and LCHA. This proves
that N-A-S-H gel is the dominant reaction gels in the low-Ca system, regardless of the
aluminium content. It should be noted that AlV is detected higher significance for
sample LCLA. Al is highly reactive in nature which concerts to Al'Y during the alkali-
activation process (Duxson et al., 2005a). A high amount of AlV in sample LCLA
indicates its low degree of reaction.

The resonance identified as Al'Y environments in samples HCHA and HCLA is
located at 62.5 ppm and 62.8 ppm, respectively. The C-(N)-A-S-H gel formed in
HCLA may cause higher chemical shifting due to the lower Al-substitution in the
bridge sites (Sun et al., 2006). Another wideband ranging from -5 ppm to 5 ppm is
assigned to partly overlapping the spinning sideband of the octahedral AIY' peak,
identified as additional reaction products (i.e., AFm phase and CxAHy phase) for high
calcium samples HCHA and HCLA. These aluminate phases precipitate at the surface
of C-(N)-A-S-H/N-A-S-H gels or precipitate as a separate phase located in the
interlayer region of the gel (Schilling et al., 1994, Andersen et al., 2006). The AIY!
peak in AFm phases locates at higher chemical shifting than that in CxAHy phases
(Walkley and Provis, 2019). The low intensity of Al'Y resonance for sample HCHA
indicates less formation of Al-substituted C-(N)-A-S-H gel. Excess Al incorporates in

the formation of Al-containing AFm phases and CxAHy phases.

Figure 6-12 b displays the spectrum of each alkali-activated gel after exposed to the
acid attack. The main resonance which detected as Al'Y coordination in the samples
LCHA and LCLA shifts slightly to lower chemical shifting (relocating at
approximately 50 ppm) with decreased intensity, indicating the increased amorphous
property (Brus et al., 2016). The dealumination of C-(N)-A-S-H/N-A-S-H gels under
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acid attack results in the increase of active AIY. An accumulation of octahedral
aluminium AIV! happens in the intraframework space, resulting in the appearance of
the sharp octahedral Al resonance at around -1 ppm which could be assigned to
aluminium sulphate (Al2(SO4)3) (Berger et al., 2018).

Especially for sample HCHA, the main resonance shifts slightly to 50.5 ppm but
remains a relatively high intensity, which could be due to the overlapping of the
tetrahedral Al'Y and AIY. The intensity of the resonance attributed to the accumulation
of octahedral AIV' in other Al-containing phases decreases. This suggests that the high
Al leaching of sample HCHA exposure to acid attack is due to the decomposition of
Al-containing AFm phases and CyAHy phases. For sample HCLA, only octahedral
aluminium can be detected in the corroded sample. This indicates the total dissolution
of the high calcium low Al-substitution C-(N)-A-S-H gel and additional aluminate
phases. This indicates that the AI-O bonds in C-(N)-A-S-H/N-A-S-H gels for high
calcium samples are higher vulnerable to acid attack compared to amorphous N-A-S-
H gel in low calcium samples. But the additional aluminate phases in sample HCHA

protect the dealumination of C-(N)-A-S-H gel from acid corrosion to a certain extent.

The changes in the coordination of aluminium detected by the experiment have a great
relationship with the initial calcium and aluminium content of the samples. High
calcium and aluminium content in sample HCHA promote the formation of another
aluminate phase which contains octahedral six-coordination Al in addition to C-(N)-
A-S-H/N-A-S-H gels. Once the sample is contacted with an acid environment, this
second aluminate phase is corroded by sulphuric acid prior to C-(N)-A-S-H/N-A-S-H
gels. According to the dealumination from reaction products, C-(N)-A-S-H/N-A-S-H
gels in sample HCHA show the highest resistance to acid attack, followed by
amorphous N-A-S-H gel, while the C-(N)-A-S-H gel with low Al-substitution shows

the lowest acid-resistance.
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Figure 6-12. 2’ Al MAS NMR spectrum of samples before and after acid exposure.

6.3.5.2 Si NMR

Figure 6-13 displays the 2°Si MAS NMR spectrum and the summary of Si coordination
environments based on the deconvolution peaks of the unexposed binders. The
resonance of C-(N)-A-S-H gel at 2°Si MAS NMR spectrum of AAM s is reported that
centered at around -85 ppm, and the resonance of N-A-S-H gel is centered at around -
110 ppm (Bernal et al., 2013b). The spanning of the Si resonance confirms the
coexistence of C-(N)-A-S-H gel and N-A-S-H gel in the binders, showing that N-A-
S-H gel is the dominant gel for the samples LCHA and LCLA while C-(N)-A-S-H gel
dominates the resonances for samples HCHA and HCLA (Walkley and Provis, 2019,
Bernal et al., 2013b).

The increased content of Q3, Q*(3Al), Q*(2Al), and Q*(LAl) in the reaction products
of LCHA indicates the high Al-substitution rate in the amorphous N-A-S-H gel
(Walkley et al., 2016c, Wang and Scrivener, 2003). The development of Q2 and
Q3(1Al) resonances in sample HCHA is promoted by the high Ca content, indicating
the presence of a crosslinked C-(N)-A-S-H gel (Myers, 2015). The presence of a non-
crosslinked C-(N)-A-S-H gel in sample LCLA is suggested by the larger amounts of

QP and Q. The presence of significant Q! and Q? sites in a depolymerised Al-
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insufficient aluminosilicate phase in sample HCLA indicates that C-A-S-H is
structurally comparable to a distorted tobermorite structure (Walkley et al., 2015). The
silicon environment of the reaction products has a high similarity in samples HCHA

and HCLA.
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Figure 6-13. 2°Si MAS NMR spectrum and deconvolution spectrum of samples after exposure to
distilled water. The tetrahedral coordination of Si is presented by Q. Q"(mAI) represents that the
calculated Si site is connected by n another Si site via oxygen bond and m of them are Al.

Figure 6-14 displays the 2°Si MAS NMR spectrum and the summary of Si coordination
environments based on the deconvolution of the overlapped peaks of binders after
being exposed to the acid attack. A comparison of the 2°Si MAS NMR spectra of the
exposed and unexposed samples clearly shows that the process of acidic
decomposition of C-(N)-A-S-H/N-A-S-H gels is an aluminium removal and siliceous
gel formation process with the presenting of increased amounts of Q*(2Al), Q*1Al),
and Q*(0AI) structural units.
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As seen in low calcium samples LCHA and LCLA, still a small amount of residual
Q3(1Al) could be detected. The deconvoluted resonance peaks at -121.9 and -124.9
ppm for samples HCHA and HCLA are attributed to Q*(0Al), which is different from
Q*(0AI) which typically resonates in the region higher than -120 ppm (Walkley and
Provis, 2019). This is due to the strong shielding effect for the central silicon atom,
which might be caused by reducing the Si-O-Si bond angle or replacing the
coordination environment with calcium (Walkley and Provis, 2019).
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Figure 6-14. 2°Si MAS NMR spectrum and deconvolution spectrum of samples after being exposed to
3% sulphuric acid. The tetrahedral coordination of Si is presented by Q. Q"(mAl) represents that the
calculated Si site is connected by n another Si site via oxygen bond and m of them are Al.

Figure 6-15 shows the change of Si coordination characterized in 2°Si MAS NMR
spectra of the unexposed and exposed binders. Q*, Q2 and Q3 are the main resonances
for the four unexposed samples. Especially for sample HCHA, the presence of a
significant quantity of Q! sites demonstrates the presence of more short chains in the
produced C-(N)-A-S-H/N-A-S-H gel (Myers et al., 2015b).

The Q° and Q! sites in the residual binders almost disappear after being exposed to
sulphuric acid attack. There are two possible explanations for the greater intensity of
Q*(3Al), Q*2Al), Q*(1Al), and Q*(0AI) sites: the dissolution of C-(N)-A-S-H is prior
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to N-A-S-H gels, and reaggregation of monomers to form a siliceous gel in samples,
consistent with FTIR observations.
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Figure 6-15. The Si coordination characterized in 2°Si MAS NMR spectra of the samples (a) before

and (b) after being exposed to sulphuric acid. There is around +1% of uncertainty for each calculated
percentage.

The mean chain length (MCL) and the Si/Al ratios of the C-(N)-A-S-H and N-A-S-H
gels in the unexposed and exposed binders are summarized in Table 6-4. For low-Al
systems, such as the alkali-activated slag system, the non-crosslinked (NC) C-(N)-A-
S-H gel are the dominant gels, while the crosslinked (C) C-(N)-A-S-H gel and N-A-
S-H gel present at high-Al systems like alkali-activated fly ash. MCL and Si/Al ratio
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of the non-crosslinked C-(N)-A-S-H and N-A-S-H gels are based on Equation 6-1,
Equation 6-2, and Equation 6-3, while MCL and Si/Al ratio of the crosslinked C-(N)-
A-S-H/N-A-S-H gels are based on Equation 6-4 and Equation 6-5.

2[Q1+3Q2(1AD+Q2] Equation 6-1 (Gao et al., 2017)
MCLyc= ol
Si/AL 2[Q1+Q2+Q2(1A1)] Equation 6-2
L CASH™ QZ(IAI)
4 Q4(nAl Equation 6-3
Si/Aly = g ) !
Yo7 Q4(nAl)
MCL _4[Q1+Q2(1AN+Q2+Q3+2Q3(1Al)] Equation 6-4 (Myers et al., 2013)
o=
Q1
. QI1+Q2+Q2(1AD+Q3+Q3(1Al) Equation 6-5

In comparison to the sample LCLA and LCHA, the C-A-S-H gels, both crosslinked
and non-crosslinked, display shorter MCL and greater Si/Al ratio in the unexposed
samples HCLA and HCHA the results demonstrate that high calcium content in
samples, which is consistent with (Myers et al., 2015b). The shorter MCL is due to
the higher content of Q! sites in the gel framework derived from high-Ca precursors.
Increased Al content also promotes a shorter MCL and higher Si/Al ratio in the C-A-
S-H gel. This is due to the incorporation of Al from high-Al precursors contributing

to the formation of Q2 and Q3 type sites.

There is no Q?(1Al) presenting in the exposed samples. The MCL of non-crosslinked
C-A-S-H gel decreases and the Si/Al ratio of the four samples could not be calculated.
The reduced chain length and Si/Al ratio of C-A-S-H gel are inseparable from the
decalcification and dealumination of the samples under acid attack. The Si/Al ratios
in the N-A-S-H gels slightly increased. The MCL of crosslinking C-(N)-A-S-H gels
increases, especially for sample HCHA from 8.6 to 34.7, with reduced Si/Al ratio. The
increased MCL means the formation of a reunited silica gel, while the reduced Si/Al
ratio means the higher amount of Al in the formed silica gel. The [SiO4] monomers
from the decomposed gels could reaggregate together to form a siliceous gel, which

could increase the Al involvement throughout enveloping effect.
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Table 6-4 Summary of the deconvolution results of 2°Si MAS NMR spectra for the unexposed and exposed samples. The mean chain length (MCL) and Si/Al ratios are

calculated for non-crosslinked C-A-S-H gel, N-A-S-H gel, and crosslinked C-(N)-A-S-H gels, respectively.

Q° Q! Q? Q? Qs Qs Q* Q* Q* Q* MCL Si/Al  Si/Al MCL Si/Al
(1A (1A (3Ah)  (2AD)  (1AD) (0AD) ¢ CASH NASH _C C(N)ASH

LCHA Pos. (ppm) -75.6 -80.3 -84.0 -87 -90.3 -945 -98.7 -103.2 -107.9 -115.3

Content (%) 7.4 135 193 168 161 7.4 5.0 3.2 6.1 5.2 8.8 5.1 2.8 265 45
HCHA Pos. (ppm) -76.0 -80.6 -840 -86.6 -89.9 - -97.1 -102.8 -109.4 -114.6

Content (%) 9.0 416 146 9.4 120 - 3.2 3.1 3.2 4.0 35 9.0 2.8 8.6 6.5
LCLA Pos. (ppm) -75.7 -80.1 -83.7 -86.8 -90.5 -93.1 -98.4 -1045 -109.7 -112.3

Content (%) 13.7 143 144 272 138 46 7.1 1.6 2.1 1.2 8.8 7.8 1.8 24.7 5.1
HCLA Pos. (ppm) -75.4 -80.3 -835 -865 -90.2 -928 -96.9 -105.0 -108.2 -112.8

Content (%) 111 375 148 200 9.1 2.3 1.8 1.3 0.9 1.2 4.3 9.8 2.3 9.9 9.0
Exposed samples

Unexposed samples

LCHA Pos. (ppm) - 799 - -86.6 - 927 -983 -1027 -107.0 -1115

Content (%) - 27 - 42 - 84 85 241 144 378 51 - 39 225 -
HCHA Pos. (ppm) -73.3 -795 - - -90.7 -947 -100.6 -104.6 -109.4 -1135

Content (%) 3.2 21 - - 46 71 190 188 202 250 20 - 29 347 30
LCLA Pos. (ppm) - 79.9 - -87.0 - 934 -99.1 -103.4 -108.2 -112.4

Content (%) - 135 - 225 - 66 81 251 146 421 53 - 40 302 -
HCLA Pos. (ppm) - - - - -89.74 -942 -101.1 -1050 -109.9 -113.7

Content (%) - - - - 265 36 137 188 201 412 - - 38 - 2.4
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6.4 Discussions

6.4.1 The effect of chemical composition on leaching performance

There is a higher leaching amount of free Na* from samples HCLA and HCHA in
water leachates compared to samples LCLA and LCHA. This confirmed the negative
effect of incorporation of calcium on the movement of free sodium ions, further anti-
efflorescence performance, which is consistent with (Longhi et al., 2021). The
leaching of free SiO4* ions from sample LCLA to water is due to the insufficient
consumption of activators due to relatively less amount of reactive Ca?* and AP*. The
high amount of leaching sodium is due to fewer Na* are present in the interlayer of the
gels by charge-balancing mechanism as deficient Al was incorporated in the formed
gels of low aluminium sample HCLA in comparison with sample HCHA. This
suggests that the formation of additional C-S-H gel in sample HCLA. The higher
calcium content in the mixture can reduce the leaching amount of free AI** ions in
comparison of samples LCHA to HCHA, and LCLA to HCLA when they are exposed
to the acid solution. This suggests that the Si-O-Al bonds in C-(N)-A-S-H gel are more
resistant to acid attack than those in N-A-S-H gel. There is a higher amount of leaching
SiO4** ions for the low calcium samples LCHA and LCLA compared to the samples
HCLA and HCHA when they are exposed to acid attack. This suggests that higher
SiO4** leaching out from N-A-S-H gel than C-(N)-A-S-H gel. The dealumination from
the Si-O-Al bond resulted in silicon monomers and dimers from polymerized silicate
chains. The surrounded calcium sheets might reduce the transfer of silicon monomers

and dimers to free SiOs** ions further reducing their leaching.

In view of the leaching phenomenon, the concentration of aluminium and silicon
leached out from sample LCHA are the highest among four samples, indicating that
its reaction product (i.e., mainly N-A-S-H gel) is more sensitive to acid attack.
Compared with the incompletely reacted samples LCLA, HCLA with additional C-S-
H gel show better acid resistance in regarding the leaching amount of free Si ions. This
is because that the additional C-S-H gel has a buffering capability which improves the
leaching behavior in the sample HCHA (Liu et al., 2020).

6.4.2 Corrosion mechanisms of C-(N)-A-S-H and N-A-S-H gels
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The schematic presentation of acid attack on C-(N)-A-S-H and N-A-S-H gels are
shown in Figure 6-16. The C-(N)-A-S-H gel shows a layered sandwich structure with
two Ca-O octahedrons and crosslinked silicate chains and the N-A-S-H gel shows a
highly crosslinked network, while Al-O tetrahedron could only present in the bridge
sites. Once exposed to sulphuric acid attack, the H* attack causes the breakdown of
the Ca-O sheets with the leaching of Ca?*, along with the leaching of Na* and AIP*.
The increased MCL of crosslinking chains indicated that the fractured silicate chains
reunited together due to the vacancies precipitated by Al-O being occupied by Si-O.
After being exposed to acid, the MCL of N-A-S-H gel shows a slight increase, along
with the leaching of Na*, AI** and Si**. The acid attack has minor effect on the silicon
network in the N-A-S-H gel. It means the three-dimensional N-A-S-H gel shows high

resistance to depolymerization under H* attack.
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Figure 6-16. Schematic presentation (two-dimensional) of acid attack on (a) C-(N)-A-S-H and (b) N-
A-S-H gels: Ca-O octahedron indicated in green circle, Si-O tetrahedron and Al-O tetrahedron
indicated in orange and dark blue triangles, Na cation indicated in pink circle, water indicated in light

blue circle.

6.5 Concluding remarks

Four AAMs derived from pure precursor powders with different molecular
composition ratios are exposed to the sulphuric acid solution. The following

conclusions can be drawn:
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e Low calcium samples LCHA and LCLA show a higher leaching amount of Al
than high calcium samples HCHA and HCLA. This indicates that the calcium
content in the mixture promotes the resistance of samples to dealumination
when exposed to sulphuric acid.

e The formation of additional reaction products (i.e., CxAHy and CH) in sample
HCHA is likely decomposed prior to C-(N)-A-S-H/N-A-S-H gels which
suggest that it could help to retard the attack of sulphuric acid on the C-(N)-A-
S-H/N-A-S-H gels. The negative effect of CH with the formation of expansive
products is not negligible, while an optimal calcium content in the AAMs
should be considered.

e More silicon leaches out from sample LCHA, suggesting that the strength of
the Si-O bond in N-A-S-H gel appears weaker than the C-(N)-A-S-H gel,
which the calcium prevents the leaching of silicon from samples.

e When exposed to sulphuric acid, the silicon chains length of the C-(N)-A-S-H
gel increases with increased Si/Al ratio. However, the chain length of the N-
A-S-H gel increases with reduced Si/Al ratio.

The AAMs derived from pure precursors with designed mixture composition show

comparable macroscopic destruction to that derived from industrial materials

under sulphuric acid attack. From the gel destruction mechanism, the findings
presented in this study show that the re-polymerisation of silicon chains happening
in both C-(N)-A-S-H gel and N-A-S-H gel due to the dealumination under acid
attack. This work highlights the need to design an optimal Ca/Al ratio in the AAMs

for required behavior in the acid environment.
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CHAPTER 7. EFFECT OF RAW MATERIALS ON THE ACID
RESISTANCE OF ALKALI-ACTIVATED SLAG/FLY ASH
BINDERS BY SULPHURIC ACID ATTACK

7.1 Introduction

Cementitious materials are absolutely central to buildings and infrastructures in recent
decades around the world. Researchers have shown a continuous interest in the
durability of cementitious materials as growing demand for structures to have a long
service life with minimal maintenance (Glasser et al., 2008). Especially, the
wastewater infrastructure elements are expected to have service lives of 50 to 100
years, or even longer. It is found that the service life of wastewater infrastructure
reduces to around 30 years due to biogenic sulphuric acid corrosion occurring in sewer
environment with high hydrogen sulfide concentration (Song et al.,, 2019).
Investigation of the degradation mechanisms of different cementitious materials to
sulphuric acid is thus an increasingly important area in the durability research (Grengg
et al., 2020). To date there has been little agreement on which influencing factors

dominate the acid resistance of cementitious binders.

Except to the ordinary Portland cement (OPC), alkali-activated materials (AAMS)
have been one of the most intense research hotspots due to its friendly environment
impact and comparable durability performance (Provis, 2018). The reason for the
popularity of the AAMs is the application of high level of industrial wastes like fly
ash and ground furnace-blast slag, further reducing the emission of green gas
generated from the production process of Portland cement. Thus, a considerable
amount of literature has been published on the comparation of the acid corrosion
resistance of OPC and AAMs. The acid corrosion resistance of OPC is evaluated by
the change of surface, mass and strength, and the evaluation indexes has also been
extended to evaluate the acid corrosion resistance of AAMSs. Previous research has
concluded a convergence that alkali-activated fly ash (AAFA) shows the highest
residual strength ratio and the least mass change after sulphuric acid corrosion,
following by alkali-activated slag (AAS) and OPC, but AAFA had the lowest initial
strength which is unfavorable for practical applications (Zhang et al., 2018c, Aiken et
al., 2018).
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Shi and Stegemann (2000a) investigated the acid corrosion mechanism of AAS paste
and highlighted that the protective layer or the hydration products were more
important than the permeability porosity of hardened cement pastes. This view is
supported by Sata et al. (2012) who illustrated the better acid resistance of AAMs due
to the more stable cross-linked aluminosilicate polymer structure than the OPC
hydration structure. Zhang et al. (2018c) demonstrated that the denser matrix of AAS
is advantage to impede the aluminium loss form sample. As known the leaching of
free aluminium from raw materials related to the pore structure of the sample and the
ejection of aluminium from gel structure was due to the protons attack on the Si-O-Al
bonds. The lost aluminium whether from unreacted raw materials or reaction products

need to be explored in the following study.

The reaction product of AAFA is mainly sodium alumina silicate hydrate (N-A-S-H)
which is generally described as a nanocrystalline zeolite-phase, which Si or Al
tetrahedron connected to form a net structure by sharing one oxygen atom (Palomo et
al., 2015). N-A-S-H gel had a high leaching of aluminium and sodium expect for
silicon when immersed into hydrochloric acid solution (Temuujin et al., 2011). It is
assumed that a silicon-rich porous structure was left after acid corrosion in N-A-S-H
gel. However, elements leaching in acid solution caused minor change of compressive
strength, which proved that the silicon-chain framework contributed most source of
the compressive strength in N-A-S-H system (Temuujin et al., 2011, Fernandez-
Jiménez et al., 2007, Allahverdi and Skvara, 2001). Higher residual compressive
strength of AAS after acid corrosion was found by previous research (Shi, 2003,
Bakharev et al., 2003). The reaction product of AAS is a coexistence of different gel
products including calcium silicate hydrate (C-S-H), aluminium-substituted calcium
silicate hydrate (C-A-S-H) and N-A-S-H (Palomo et al., 2015). Decalcification of the
C-S-H and C-A-S-H gels under acid attack provides diffusing Ca?* cations which

could form expansive ettringite and gypsum when countering the diffusing SO42".

So far, the influencing of decalcification and dealumination on the microstructure and
microhardness of the exposed samples is still not clear. This paper attempts to examine
the degradation resistance of OPC and alkali-activated materials (AAMS) exposed to
sulphuric acid corrosion. The common assessment methods like the change of sample

appearance, mass, and compressive strength are used to provide supplementary
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information. The effect of decalcification and dealumination on the microstructure of
the samples after exposed to sulphuric acid is investigated to explore the sulphuric
acid corrosion mechanism on cementitious matrix. At last, combined with previous

results in Chapter 5 and Chapter 6, a mathematical model is built in this chapter.
7.2 Materials and methods

7.2.1 Materials

The fly ash from Cement Australian and the ground granulated blast furnace slag
(GGBFS) from Neilsen’s Concrete Pty Ltd, Australian were used as precursors for
AAMs. The fly ash conformed to the requirement as a cementitious material in
concrete and mortar according to Australian Standard AS3582.2 and was classified as
a class F fly ash according to ASTM C618 with a calcium amount of about 2.7% and
LOI of 1.1%. The general-purpose Portland cement (clinker over 92%) was supplied
by Bunnings Warehouse, Australian. The chemical composition of raw materials was

analysed by X-ray fluorescence (XRF) as shown in Table 7-1.

Table 7-1. Chemical compositions and physical properties of raw materials.

Chemical compositions, %  OPC Flyash GGBFS

SiO; 20.24  56.36 28.98
Al,03 5.15 33.85 12.87
Ca0 65.13 271 34.68
Fe.0s 3.17 2.88 0.43
MgO 1.33 0.66 6.06
SO 3.41 0.14 2.17
Na2O 0.44 0.42 0.24
K20 0.52 0.76 0.25
TiO; 0.28 1.91 -
Others 0.33 0.31 14.32

The X-ray diffraction patterns of fly ash, GGBFS and OPC were shown in Figure 7-1.
Fly ash showed a broad hump in the range between 16 to 35° 20 with the crystalline
phases of mullite and quartz. The GGBFS showed a dominant hump between 25 and
32° 26 indicating its amorphous character. The crystalline phases in OPC were mainly
alite (3Ca0-Si03) and belite (2Ca0-SiO>) with a trace of quartz and gypsum.

119



A-Alite  B-Belite  G-Gypsum
M-Mullite Q-Quartz

G

10 20 30

26 (degree)

Figure 7-1. XRD patterns of fly ash, GGBFS and OPC.

The alkaline activating solution for AAMs was formulated by dissolution sodium
hydroxide pellets (Sigma-Aldrich, 98 wt.% purity) into commercial sodium silicate
solution (Na20 = 14.7% (mass), SiO; = 29.4%, D- Grade™, PQ Australia) with water.
The modulus (SiO2/Na;0) of activator was fixed at 1.0. The alkali content (Na20) in
the activators were 4 wt.% and 6 wt.%. of the precursor powders, respectively. The
activators are prepared at least 24 hours before sample casting. The fine aggregate

used was siliceous sand sourced in Australia and was dried in 80 °C oven for 48 hours.
7.2.2 Sample preparation

The mix proportions of this study including one OPC sample and four AAMs samples
were shown in Table 7-2 based on the mix design optimisation carried out by Wang
et al. (2021a) and Li et al. (2018). The AAM_1 and AAM-2 were synthesised by fly
ash with different Ca/Si and Si/Al ratios representing low-calcium AAMSs, while
AAM_3 and AAM_4 was derived from GGBFS representing high-calcium AAMs.
The mortar mix proportions used were designed with cement to sand ratio of 2.5 for
all mortars to reach a fair comparison. The OPC mortar adopted a water to cement
ratio of 0.45. For AAMs, the water to solid ratio is designed as 0.45 which was
calculated from the ratio of water to binder content including the solid and water

proportions of the activating solutions.
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The dry binder components were mixed with sand using a 10 L capacity planetary
mixer for 3 minutes. For paste samples, this step was not necessary. The activator was
then added to the mixing bowl and mixed with the dry components for another 4
minutes. The fresh mortar was casted into 40 mm triplex plastic molds in two layers.
The fresh pastes were casted into cylinders of 15 mm diameter and 30 mm high. All
samples were sealed before curing. The AAM_1 and AAM_2 samples were cured at
50 °C for 24 hours before demolding. The demolded and sealed samples were
continually cured at 50 °C oven for another 6 days. Then the samples were taking out
from oven and further cured at ambient environment for another 21 days. The AAM_3,
AAM_4 and OPC samples were cured at room temperature and demold after 24 hours
curing. Then the demolded samples were sealed and cured at ambient until test. The
designed curing condition was depended on the setting properties of different samples
as AAMs derived from fly ash showing a slow setting at room temperature.

Table 7-2. Mix proportions of the binder mixes (kg/m®). The mix proportions of the paste samples

were identical to the mortars except they contained no sand.

Sample OPC Flyash GGBFS Sand Activator Bulk Bulk

Ca/Si Si/Al
Na, 0% Ms
OPC 100 - - 250 - - 3.451 6.687
AAM 1 - 100 - 250 4.0 1.0 0.048 6.039
AAM 2 - 100 - 250 6.0 1.0 0.047 6.233
AAM 3 - - 100 250 4.0 1.0 1.131 8.664
AAM 4 - - 100 250 6.0 1.0 1.068 9.175

7.2.3 Testing procedure

7.2.3.1 Water absorption test

The modified water absorption test was based on the ASTM C642. After cured for 28
days, three mortar samples (40-cm cube) from each mix were dried with a laboratory
oven at 40°C. The modified temperature was considering the influence of thermal
treatment on alkali-activated binders (Ismail et al., 2013a).The dried samples were
immersed into water until the samples are fully saturated. The boiling process is not
conducted in this study considering the influence of temperature on AAMs. The water
absorption rate and volume of open pores (VOP) are calculated based on the following

Equation 7-1 and Equation 7-2.
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Water absorption rate (%) = [(ms - mo)/mo] % 100 Equation 7-1

VOP= [(ms - mo)/(V x p)] Equation 7-2

where, ms () is the mass of surface-dry sample in air after water immersion; mo (@) is
the mass of oven-dried sample in air; V (cm®) is the total volume of specimen; p (1

g/cm?) is the density of water.
7.2.3.2 Sulphuric acid immersion

Acid attack procedure was designed based on the general principles provided in
ASTM C267 and the previous work (Aiken et al., 2018, Zhang et al., 2018c, Zivica,
2004). After cured for 28 days, the initial compressive strength of each mix is tested
using an MTS universal mechanical testing machine with a loading speed of 1
mm/min. The mortar samples were immersed into water for 4 days to allow the
samples to be fully saturated. This step could help to reduce the impact of initial
penetration on the test results. The initial mass and volume of the saturated mortars
were recorded before transfer samples from water to acid solutions. Then the mortars
were transferred into 3% and 5% sulphuric acid solutions, respectively, with an acid
solution to sample volume ratio of 1.0. But a group of samples that continued to
immerse in water was set as the control group. The mass, volume and compressive
strength of each mix exposed to water, 3% and 5% of sulphuric acid solutions were
recorded after 7-, 14-, and 28-days of exposure, respectively. The water and acid

solutions were replenished every week.
7.2.4 Characterization

The paste samples were used for mineralogical degradation and microstructural
analysis of each cementitious materials when exposed to sulphuric acid. After 28 days
curing the dried paste samples were submerged in 3% sulphuric acid solution. Another
batch of samples were submerged into water as control group. The samples were taken
out from solutions after 28 days and dried at 60 °C oven overnight. The dried sample
was cut in two from the middle. Part of samples was reserved for optical microscope
observation. The inner part and outer part (as shown in Figure 7-2) of the sample were

collected separately and ground into powder for characterization test.
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Figure 7-2. The cross-section photographs of the paste exposed to 3% sulphuric acid solution with
clearly outer and inner parts.

The obtained powders were dried at 35 °C oven for 24 h before following
characterisation test. X-ray diffraction (Bruker D8 Advance powder XRD) patterns
were collected between 5 and 60° 20 with a step size of 0.02° 260, using Cu Ka radiation
with wavelength 1.54 A, at voltage 40 kV and current 40 mA. Jade 6 software with
the powder diffraction file (PDF) database was used to analyse the diffraction patterns.
Combined thermogravimetric analysis - differential thermogravimetric (TG-DTG)
was conducted on TA Instruments Discovery SDT 650. The temperature was
increased from room temperature up to 1000 °C at a rate of 10 °C/min in a nitrogen
environment. The weight loss information obtained from the TG curve and first
derivative (DTG) was used to confirm the type of hydrates and reaction products.
Fourier transform infrared spectroscopy (FTIR) using Perkin Elmer FTIR-ATR
spectrometer in absorbance mode from 4000 to 400 cm™. Using absorbance values,
the spectra were fitted using a baseline correction and deconvoluted in the range of
600 -1300 cm® by Origin 9.1 (OriginLab Corporation, USA) with a Gaussian multi-
peak fit module. Scanning electron microscopy with energy dispersive X-ray (SEM-
EDX) was performed using a Hitachi SU3500 instrument equipped with a 50 mm?
Oxford Instruments silicon drift detector. Analyses were made at 1000 - 10000
magnification at 5 - 15 kV with lower accelerator energies for imaging with secondary
electron returns only and higher accelerator energies for imaging in backscatter mode

and the EDX map analyses.
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7.3 Results and discussion

7.3.1 Physical degradation

7.3.1.1 Porosity

Figure 7-3 shows the volume of open pores at OPC and AAMs mortars. Three samples
are used for each mix. OPC sample shows the lowest volume of open pores with VOP
of 7.88%, while AAM_1 sample shows the highest volume of open pores with VOP
of 12.78%, following by AAM_2, AAM_3, and AAM_4. The highest porosity of fly
ash based AAM_1 and AAM_2 is likely related to the porous nature of the structure
of the formed hydration products, i.e., N-A-S-H gel (Aiken et al., 2018).

il

AAM_1 AAM_2 AAM_3 AAM_4

Volume of open pores (%)

Figure 7-3. The volume of open pores of each sample.

7.3.1.2 Visual appearance

Figure 7-4 displays the appearance of the OPC and AAMs mortars after exposed to
water and sulphuric acid solutions for 28 days. The edges of AAM_1 mortar slightly
peeled off after 49 days of exposure to water. The other mortars exposed to water have
no significant surface deterioration. The OPC mortars suffer visible damage after
exposure to 3% sulphuric acid solution with peeling off the surface (sand particles
have been exposed). As the acid concentration increased to 5%, the deterioration on
the surface increases with the formation of white products. The AAM_2 mortars have
no damage after exposed to 3% sulphuric acid solution but have observed visible

damage on the edges of the sample when exposed to 5% sulphuric acid. The AAM_3
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and AAM_4 mortars form white products on the surface when exposed to 3%
sulphuric acid. The damage on the edges of AAM_3 and AAM_4 mortars become
visible when exposed to 5% sulphuric acid.

Water 3% H2S04 5% H2S04
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Figure 7-4. Photographs of cementing mortars after 28 days exposure to water, 3 and 5% solutions of

sulphuric acid.

Figure 7-5 shows the truncated cross-section of the paste exposed to water and 3%
sulphuric acid solution. For OPC and AAMs pastes exposed to water, there is limited
change observed on the cross-section, while the slag-based AAM_3 and AAM_4
pastes generate slightly whitish products on the surface. After exposed to 3% sulphuric
acid solution, the OPC and slag-based AAMs pastes could be clearly distinguished
between the inner and outer parts. The outer part of exposed OPC sample shows
yellow-white layer (131 um) and brow layer (44 um). The fly ash based AAM_1 and
AAM _2 pastes exposed to sulphuric acid are divided into two parts with one yellow
layer. There is one whitish layer formed for slag-based AAM_3 and AAM_4 pastes.

The analysis on the different parts of each sample is shown in the following section.

126



Sample |OPC |AAFA1|AAFA2|AAS1 |AAS2

Length |130.66{411.74{298.92|280.93]316.04]

o(um) |577 |1
Length |44.20 |8

w
w

7.51 |6.64 |11.45

a
i

6 |67.39 |100.2537.05

o(um) |4-61 |6.24 |7.47 |11.10 |8.72

Length |- 228.09|212.99|- -
3 (um)
o(um) | 17.63 |6.46

Figure 7-5. The truncated cross-section of the OPC and AAMs pastes exposed to water and 3%

sulphuric acid solution.

7.3.1.3 Mass change

Figure 7-6 displays the mass change of OPC and AAMs mortars during 28 days of
exposure to water, 3% and 5% of sulphuric acid solutions. The positive values
represent a mass gain, and the negative values represent a mass loss. As shown in
Figure 7-6 (a), except for AAM_1 which show continuous mass loss, the mass of other
samples increased slightly. This is consistent with the observation of appearance of
the samples. The mass of OPC mortars exposed to water increases slightly by 2.5%,
followed by AAM_2 by 1.6%, AAM_3 and AAM_4 by 0.6%. The increased mass for
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each mortar exposed to water is due to the continued hydration of raw materials as the
samples was pre-saturated with water before test.

After exposed to 3% sulphuric acid as shown in Figure 7-6 (b), the mass loss of OPC
and AAM_1 mortars is pronounced as the increases of exposure time. There is a mass
gain for AAM_2, AAM_3 and AAM_4 mortars whether exposed to water or sulphuric
acid. The mass losses of OPC and AAM_1 reach 20% and 30% respectively at 28
days. Compared to that exposed to water, the mass increment of AAM_2 is unchanged
while the mass of slag-based AAM_3 and AAM_4 increases by 2.8%. The significant
mass increment of later is due to the formation of white products on the surface of the

sample.

After exposed to 5% sulphuric acid as shown in Figure 7-6 (c), the mass loss of OPC
mortars reaches 42%, while the mass loss of AAM_1 is 26%. The mass of the other
three mortars continually increases with the exposure time and the acid concentration.
The AAM_2 shows a finally mass increase of 3%. The increasing mass of AAMs is
related to the formation of reaction products between samples and sulphuric acid. The
final mass of the AAM_3 and AAM_4 samples also show an increasing trend despite

the peeling of the surface layer as shown in the Figure 7-4.

10
1 @
O ¥
SN i
S
Q
(o)) 4
3
C 20 - oo
o
[7)] 4
s
e U e
—=—OPC
—e— AAM_1
401 —A—AAM_ 2 -~ oo
| —v—AAM_3
—— AAM_4
-50 — T T T T
0 5 10 15 20 25 30

Time (day)

128



| (b)

Mass change (%)

Time (day)

Mass change (%)
[N -
o o

w
o
1

A
o
1

o
o

o
(&)
[EY
o
=
(¢}
N
o
N
()]

30
Time (day)

Figure 7-6. Mass change of different cementing mortars for 28 days of exposure to (a) water, (b) 3%
sulphuric acid and (c) 5% sulphuric acid.

7.3.1.4 Volume change

Figure 7-7 displays the volume change of each mix for 28 days exposure to water, 3%
and 5% of sulphuric acid solutions. The positive values represent a volume gain, and
the negative values represent a volume loss. The samples exposed to water has minor
change on volume. Except for AAM_2, the other mixes exposed to 3% sulphuric acid
solution show an increased volume with the exposure time. The increased volume is
consistent with the formation of expansive products on the surface of samples. The
decreased volume of AAM 2 is due to the surface exfoliation. After exposed to 5% of
sulphuric acid solution, the volume of exposed AAM_3 and AAM_4 mortars are

larger than that exposed to water and 3% of sulphuric solution, which means continued
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increasing volume with the damage on the edges of the sample. The flaking of OPC
and fly ash-based AAM mortars causes decreased volume.
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Figure 7-7. VVolume change of different cementing mortars for 28 days of exposure to (a) water, (b)
3% sulphuric acid and (c) 5% sulphuric acid.

7.3.1.5 Compressive strength

Figure 7-8 shows the compressive strength change of each mortar during 28 days of
exposure to water, 3% and 5% sulphuric acid solutions. The unexposed AAM_4
mortar shows the highest initial compressive strength (65 MPa), following by AAM_3
and OPC mortars (38 MPa and 28 MPa, respectively), and the fly ash based AAM_1
mortar shows the lowest compressive strength (2 MPa). The compressive strength of
the OPC mortars increased to 32 MPa after exposed to water for 7 days, while reduced
to around 20 MPa later as extension of exposure time. The compressive strength of
OPC mortars reduces to 18 MPa after 7 days exposure to 3% sulphuric acid. The
strength loss is similar when acid concentration increases to 5%. There is a minor
change among compressive strength of fly-ash based mortars exposed to either water
or acid solution. For slag based AAM_3 and AAM_4 mortars, there is a big drop to
around 23 MPa after exposed to water for 7 days. The strength latterly (14-day and
28-day) increases slightly to 25 MPa with the extension of exposure time to water.
The compressive strength of the slag-based mortars exposed to sulphuric acid shows

a tinny decrease trend with the increase of acid concentration.
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Figure 7-8. Compressive strength of PC, AAFA and AAS mortars during 28 days of exposure to (a)
water, (b) 3% sulphuric acid and (c) 5% sulphuric acid.
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7.3.2 Mineralogical degradation

7.3.2.1 Fourier transform infrared spectroscopy (FTIR)

Figure 7-9 exhibits the FTIR spectra for the OPC and AAMs pastes after exposure to
water and sulphuric acid. As shown in Figure 7-4, the exposed sample was divided
into the inner and outer parts. Each part was collected and analysed separately.

For OPC paste exposed to water, a main broad resonance locates at around 954 cm™
is attributed to the asymmetric stretching vibration of Si-O-T bonds, where T = Si or
Al. The band at around 1400 cm™ is attributed to the vibration of C-O-C bonds from
calcite generated in the sample. The bands at around 1621 cm™ and 1680 cm™ are
attributed to the vibrations of -OH groups while the broad band at around 3400 cm™
is attributed to the vibrations of H-O-H group. The former indicates the presences of
water molecules due to the crystallisation of reaction products and the later indicates
the presence of free water absorbed by reaction products. The should at around 1100
cm® which is attributed to the formation of gypsum becomes the strongest vibration
of OPC paste after exposed to sulphuric acid solution. The peaks at 422, 599 and 669
cm* are due to the formation of gypsum. The H-O-H vibration become intensive at

around 3396 and 3541 cm™* which is due to the crystallization of water molecules in

gypsum.

For AAM _1 paste exposed to water, the main resonance is centred at around 988 cm-
Land is assigned to the asymmetrical T-O stretch vibrations. Compared to OPC pastes,
the main peak is located at a higher wavenumber indicating a lower Si/Al ratio in the
reaction products. This is consistent with the T-O bonds centring at around 1000 cm™
on N-A-S-H gel, and possibly around 970 cm™ when presented at C-S-H gel. The
reason for this phenomenon is likely the corporation of Al in the gel network. The
inner part of AAM_1 paste exposed to 3% sulphuric acid shows a similar spectrum to
the sample exposed to water, indicating limited damage to the reaction products.
However, the main peak of AAM_1 paste exposed to 3% sulphuric acid shifts to a
higher wavenumber at 992 cm™. Then, the main peak of the outer part continually
shifts to higher wavenumber at around 1046 cm™. The shift of this peak from lower to
higher wavenumber indicates an increase in the Si/Al ratio. This is due to the acid
corrosion of the reaction products resulting in aluminium ejection from the N-A-S-H
gel. The small peaks located at around 3541, 3336, 1680, 1621, 956, 864, 669, and
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599 cm™ could be assigned to the characteristic peaks of gypsum. The AAM_2 paste
presents similar FTIR results as AAM_1 except that the main peak of former is located
at a slightly higher wavenumber.

There are two parts for slag based AAM_3 and AAM_4 pastes when they are exposed
to water. For the inner parts exposed to water, the main peak is located at around 945
or 939 cm™* which indicates the formation of T-O bonds. Two small peaks between
1416 and 1409 cm™ are typical of stretching vibration of C-O bonds. The bands at
around 3400 and 1658 cm™ are assigned to the water modular presenting at reaction
products. The outer parts exposed to water shows an intensive peak at around 877 cm
1and a broad brand at around 1500 cm™ which are contributed to the vibration of C-
O bonds in carbonates. Exposure to water results in the diffusion of cations (like Ca?*
and Na*) and the formation of carbonates. There is minor difference between the inner
parts exposed to sulphuric acid and water. This indicates that the acid corrosion on the
inner part of AAM_3 and AAM_4 pastes is minor. The outer parts of slag based AAMs
paste which exposed to sulphuric acid solution show a similar spectrum to the outer

part of OPC, indicating the formation of gypsum.

The outer parts of OPC and slag based AAMs exposed to sulphuric solution are
similar. But it should be noted that no surface exfoliation on the pastes despite the
formation of expansive gypsum. The fly ash based AAMs pastes exhibit
decomposition of the reaction products from outside to inside under acid etching. This

is different from the behaviour of mortars when exposed to sulphuric acid.
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Figure 7-9. FTIR spectra of (a) OPC, (b) AAM_1, (c) AAM 2, (d) AAM_3and (e) AAM_4 pastes

exposure to water and sulphuric acid. The inner and outer part are tested separately.

7.3.2.2 Thermogravimetric analysis (TGA)

Figure 7-10 displays the TGA-DTG data for each mix when exposed to water and 3%
sulphuric acid solution. As known the inner parts of OPC and slag based AAM pastes
exposed to sulphuric acid have minor change compared to that exposed to water, so
just the inner part of sample exposed to water is tested. The OPC and slag based AAM
pastes show eventual mass losses between 20% and 25% in the testing period, while
the fly ash based AAM pastes shows a mass loss of 10%. From the DTG data, the
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lower mass loss for AAM_1 and AAM_2 pastes might be due to the lower water loss
at around 127 °C.

The mass loss of OPC paste exposed to water continues up to around 700 °C, while
showing main peaks centred at 105 °C, 463 °C and 677 °C, respectively. The small
shoulder at 61 °C is contributed to the loss of free water while another small shoulder
at 155 °C is contributed to decomposition of AFm phases such as semi-carbonate. The
main peak at 105 °C is contributed to the decomposition of the reaction products (C-
S-H gel). The peak at 463°C is contributed to the decomposition of calcium hydroxide,
while the small peak at 677 °C is contributed to the decomposition of carbonates. For
the outer part of OPC paste exposed to sulphuric acid, the mass loss mainly happens
between 100 and 170 °C and the mass loss peak centers at around 134 °C. This is

consistent with the decomposition character of gypsum exposed high temperature.

For AAM_1 and AAM_2 pastes exposed to water, there is a broad mass loss peak
happened in the range between 50 and 300 °C which is contributed to the dehydration
of reaction production (N-A-S-H). The small shoulder at around 61 °C is due to the
loss of free water. The inner parts of AAM_1 and AAM_2 pastes show similar
thermogravimetric data no matter exposed to water or sulphuric acid. The outer part
of AAM_1 and AAM _2 pastes exposed to sulphuric acid shows a dominant mass loss

peak centered at around 128 °C which is assigned to the decomposition of sulphates.

The AAM_3 and AAM_4 pastes exposed to water shows a continued mass loss to
around 600 °C with the main loss peak is centered at around 94 °C. The mass loss
before 100 °C is due to the removal of free water from the sample, while the
dehydration of C-A-S-H gels contributes to the later mass loss. The outer parts of
AAM 3 and AAM_4 pastes exposed to sulphuric acid show similar
thermogravimetric data like the outer part of OPC paste, which is consistent with that

similar gypsum formed in the OPC and slag based AAM pastes.
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Figure 7-10. The TGA-DTG data of (a) OPC, (b) AAM_1, (c) AAM_2, (d) AAM_3 and (e) AAM_4
pastes exposure to water and sulphuric acid solution.

7.3.3 Microstructural change

7.3.3.1 Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX)

analysis

Figure 7-11 shows the SEM images of each paste exposed to sulphuric acid for 28
days. The unreacted fly ash and slag particles could be clearly distinguished from the
SEM images of sample AAM_1 and AAM_3. The increased SiO, content in the

activator promotes the reaction of the raw materials (as shown in AAM_2) and further

increases the compressive strength.

Figure 7-12 shows the BSE images and elemental maps of the outer parts of OPC,
AAM 2 and AAM_4 after exposure to 3% sulphuric acid for 28 days. The calcium
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(Ca), silicon (Si), aluminium (Al) and sulphur (S) show almost indistinguishable
distribution in samples OPC. It means the corrosive ionic sulphur has entered the
interior of the sample. However, for sample AAM_2, it is interesting to find that the
immigration of sulphur is less and exists in the interior of the sample. At the edge of
the AAM_2 sample, the calcium is partially precipitated from the sample, while there
is little change in the sodium and aluminium. For sample AAM_3, the sulphur mainly
accumulates on the surface of the sample and the content gradually decreases with
erosion depth. It is interesting to find that the sodium also accumulates on the surface
of the samples. However, the reason of aggregation for sodium and sulphur is
different. Sodium diffuses gradually from the inside of the sample to the surface, while
sulphur is the opposite. Figure 7-13 shows the chemical analysis of different elements
relative content measured by EDX line scan after 28 days of immersion in the
sulphuric acid. We could find there is a cross between Si and Al at around 400 pum,
which might be due to the presence of crystalline at this position. Minor chemical

change was found among Na, Al, Si and Ca.

Figure 7-14 shows the BSE and elemental maps of the high magnification AAM_2
and AAM_3 pastes after exposed to sulphuric acid for 28 days. sulphur is hardly
collected from the sample AAM_2. For AAM _3, the sulphur is found to accumulate
around the partially reacted slag particles. The reason for this phenomenon might be
that the existence of the weak interfacial zone leads to more pore retention of sulphur,
on the other hand, the calcium content is higher around the slag particles, where the

sulphur element accumulates.

From the results, we could find that the low calcium content in fly ash based AAMs is
insufficient to form observable swelling calcium sulphate. And the calcium in fly ash
based AAMs easily diffuse out of the sample. When the calcium content is not enough
to form calcium sulphate, there is not enough ionic force inside the sample to maintain
a high sulphur content. For OPC and slag-based AAMs, the high calcium content
inside samples promotes the adsorption of sulphide ions once exposed to sulphuric
acid. And the formation of calcium sulphate slowly invades from the outside of the

sample to the inside
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Figure 7-11. SEM images of the OPC, AAM_1, AAM_2, and AAM_3 pastes after exposed to
sulphuric acid for 28 days.
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Figure 7-12. BSE images and elemental maps of the (a) OPC, (b) AAM_2 and (c) AAM_3 after exposed to sulphuric acid for 28 days. The elemental analysis shows the

distribution of calcium (Ca), sulphur (S), silicon (Si), aluminium (Al) and sodium (Na). The red arrow represents the direction of sulphuric acid attack.
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Figure 7-13. Chemical analysis of different elements relative content measured by EDX line scan
after 28 days of immersion in the sulphuric acid.

(b) AAM_3

Figure 7-14. BSE images and elemental maps of the high magnification (a) AAM_2 and (b) AAM_3
after exposed to sulphuric acid for 28 days. The elemental analysis shows the distribution of calcium
(Ca), sulphur (S), silicon (Si), aluminium (Al) and sodium (Na). The red arrow represents the
direction of sulphuric acid attack.
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7.4 Concluding remarks

In this chapter, the degradation process of the AAMs derived from different precursors

was analysed. It was found that not only the raw materials have a greater impact on

the acid corrosion mechanism of different AAMs, but also the failure principles of

mortar and paste are different.

The AAMs derived from fly ash shows more obvious mass loss and volume
loss than that derived from slag under sulphuric acid attack, and the lower
initial compressive strength is difficult to meet the practical engineering needs.
For slag-based AAMs, the increased SiO. content could greatly improve the
initial compressive strength but have less effect on the residual strength under
sulphuric acid attack.

From the results, it could be found that the failure of OPC and AAMs mortars
exposed to sulphuric acid is mainly due to the peeling of the surface. The
hydration products from the paste reacts with sulphuric acid to form expansive
calcium sulphates. The calcium sulphates mainly exist in the weak area
between the slurry and the fine aggregate, and the expansion stress causes the
peeling. For pastes, the paste gradually reacts with sulphuric acid to form
calcium sulphate, but the expansion stress will not cause spalling.

For low-Ca AAMs derived from fly ash, minor sulphur intrudes into the
sample, while the high-Ca AAMs derived from slag attracts more sulphur. The
higher calcium content in AAMs attracts more sulphur into the sample due to

the high ionic force between Ca?* and SO4%".
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CHAPTER 8. CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

The aim of this thesis was to explore the intrinsic degradation mechanism of alkali-
activated materials (AAMs) exposed to sulphuric acid environment and provide
fundamental knowledge for the application of the AAMs as high acid-resistance
materials in practise. The research work included the synthesis of pure AAMs (i.e., N-
A-S-H gel and C-(N)-A-S-H gel), the investigation on the degradation of the pure
AAMs, the effect of the chemical composition of C-(N)-A-S-H/N-A-S-H gels on the
acid resistance and the relationship between the industrial AAMs and synthesized
AAMs when exposed to sulphuric acid.

The literature review in Chapter 2 declared the vacation of a clear degradation
mechanism of AAMs when exposed to acid, understanding of the role of the Ca-Al-Si
ratios in degradation and decomposition of the C-(N)-A-S-H/N-A-S-H gels, and the
suggestion on the practice application of AAMs in acidic environment as the existence
of contradictory conclusions. The criteria for judging acid resistance of AAMs are
indicant as the complexity of the AAMs which is due to its wide sources of precursors
and alkali-activation conditions. Understanding the decomposition of pure AAMs
under acidic conditions without any contamination is a straightforward method.
Building the relationship between pure materials and industrial materials, and to
provide valuable references for the practical application of AAM are important and

urgent.

To ensure the consistency of the physical and chemical properties of the synthesized
precursors and industrial materials, except for the impurities, Chapter 4 compared the
pure and industrial materials by application of characteristic methods, i.e., X-ray
diffraction, Fourier transform infrared spectroscopy, and X-ray fluorescence etc. The
synthesized calcium-free precursors are compared to the low-calcium fly ash and
metakaolin. The calcium-free precursors are mainly amorphous with a higher surface
area and higher amount of absorbed water during sample preparation. The synthesized
precursors used stoichiometrically controlled routine at the laboratory showed
indistinguishable characteristics with fly ash and metakaolin. Different chemical

compositions of the synthesized precursors have minor effect on the characterization
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results. The calcium content in the calcium aluminosilicate powders promotes the
formation of crystalline phases, but with minor effect on the reactivity (Chapter 5 and
6). This chapter proved that the synthesized routines could be an effective method for

the intrinsic investigation of alkali-activated materials in acidic environment.

To compare the different degradation of N-A-S-H and C-(N)-A-S-H gels exposed to
sulphuric acid, Chapter 5 discovered that dealumination dominated the microstructural
change of N-A-S-H gel under the sulphuric acid attack. This dealumination had minor
effect on the bulk structure integrity (but not sure about the impact on
micromechanical properties). The C-(N)-A-S-H gel showed both dealumination and
decalcification, together with significant and rapid loss of sodium and slow loss of
silicon. In addition to the normal mechanism that gypsum forms and leads to cracking
at sulphuric and sulphate conditions, an important finding is that dealumination and
the loss of sodium continues after decalcification and the loss of a small amount of
silicon. The non-crosslinked C-(N)-A-S-H gel reduced with decrease of Si/Al ratio
after exposure to sulphuric acid, while the Si/Al ratio of N-A-S-H gel increased. One
common feature for the two types of AAM gels is that after acid attack, silicate
polymerization degree (Q* concentration) increases, especially for C-(N)-A-S-H gel.
Further exploration on the acid corrosion mechanism of the C-(N)-A-S-H gel could
focus on the effect of Ca/Si ratio. However, the formation of coarse crystalline gypsum

grains is still the controlling factor to structural destroy and needs to be controlled.

The effect of Ca/Si ratio and Al/Si ratio on the degradation of the C-(N)-A-S-H/N-A-
S-H gel was investigated in Chapter 6. The calcium content in C-(N)-A-S-H/N-A-S-
H gel had influence on the leaching of aluminium, while higher concentration of
aluminium was leached out from low-calcium samples. This indicates that the calcium
content in the mixture promoted the resistance of samples to dealumination when
exposed to sulphuric acid. This chapter confirmed the reactivity of the calcium-
containing precursors. And the formation of additional reaction products (i.e., calcium
aluminosilicate hydrate and calcium hydroxide) in high aluminium high calcium
samples is likely decomposed prior to C-(N)-A-S-H/N-A-S-H gels which suggest that
it could help to retard the attack of sulphuric acid on the C-(N)-A-S-H/N-A-S-H gels.
The negative effect of calcium hydroxide with the formation of expansive products is

not negligible, while an optimal calcium content in the AAMs should be considered.
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The calcium prevented the leaching of silicon from high-calcium samples, suggesting
that the strength of the Si-O bond in N-A-S-H gel appeared weaker than the C-(N)-A-
S-H gel. When exposed to sulphuric acid, the silicon chains length of the C-(N)-A-S-
H gel increases with increased Si/Al ratio. However, the chain length of the N-A-S-H
gel increases with reduced Si/Al ratio. The AAMs derived from pure precursors with
designed mixture composition show comparable macroscopic destruction to that
derived from industrial materials under sulphuric acid attack. From the gel destruction
mechanism, the findings presented in this chapter show that the re-polymerisation of
silicon chains happening in both C-(N)-A-S-H gel and N-A-S-H gel due to the
dealumination under acid attack. This work highlighted the need to design an optimal
Ca/Al ratio in the AAMs for required behavior in the acid environment.

Chapter 7 investigated the acid degradation of alkali-activated fly ash and alkali-
activated slag. This chapter found that the AAMs derided from fly ash showing more
serious physical degradation compared to that derived from slag and Portland cement
samples. The main reason for the less sulphur content inside samples was due to the
less calcium content. It was found that not only the raw materials have a greater impact
on the acid corrosion mechanism of different AAMs, but also the failure principles of
mortar and paste are different. Compared to Portland cement samples, samples derived
from slag showed higher initial compressive strength but more significant deduction

after exposed to sulphuric acid.

8.2 Recommendations

This work provides fundamental knowledge regarding to the acid degradation of the
alkali-activated materials (AAMsS), i.e., C-(N)-A-S-H and N-A-S-H gels. Based on the
conclusions from the work, the following recommendations are need further
investigated, before AAMs could be fully controlled and applied in the real acidic

environment.

= The effect of acid anions on the synthesized C-(N)-A-S-H and N-A-S-H gels
should be explored in the following research. The SO4* has a significant
influence on the reaction products of synthesized calcium-containing gels in

sulphuric acid solution. Efforts are still needed in order to understand the
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degradation mechanism of synthesized gels without the influence of reaction
products.

The simpler and stronger relationship between synthesized and industry
precursors should be built to guide practical applications using synthesized
precursors. This requires the synthesis of more proportioned raw materials to
obtain clear relationships between elemental compositions and acid
degradation.

The influence elementals in raw materials such as magnesium and iron need to
be explored. As known, the magnesium is an important ingredient in the
formation of alkali-activated materials. There are few studies investigating the
role of magnesium in the acid degradation of alkali-activated materials.
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APPENDIX

Al. The FTIR spectrum of synthesized precursors exposed to thermal treatment at
400, 600, 800, and 1000 °C
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A2. The XRD spectrum of synthesized precursors exposed to thermal treatment at

400, 600, 800, and 1000 °C
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