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Abstract:

Geopolymer (GP) binders are an appealing alternative to Portland cement (PC) binders as they have
the potential to reduce the CO, emissions associated with the cement and concrete industry. However,
their durability in aggressive environments needs thorough examination if they are to become a viable
alternative to traditional Portland cement (PC) materials. This study investigated the effect of
increasing slag content and activator dosage on the sulfuric acid resistance of fly ash GP binders. Their
performance was also compared with that of neat PC mixes using various physical and microstructural
techniques. The results show that increasing the slag content of fly ash GPs decreases porosity, but
makes the reaction products more susceptible to sulfuric acid attack. It was also found that increasing
the alkaline activator dosage of fly ash GPs has little impact on sulfuric acid resistance. Finally, GP

binders displayed superior sulfuric acid resistance than their PC counterparts.

Keywords: Microstructure (B), Degradation (C), Durability (D), Alkali activated cement (D), Acid
attack

1. Introduction

The durability of concrete is an increasingly important property for concrete structures due to the
growing demand for structures to have a long service life with minimal maintenance [1]. It is well
known that traditional Portland cement (PC) concrete structures deteriorate when exposed to acidic
environments [2]. Such conditions reduce the service life and increase the cost for maintenance or
renewal, which is also harmful for the environment in terms of CO, emissions and natural resource
conservation [3]. There are many ways in which concrete can come into contact with aggressive acidic
media and there are numerous types of acid which are harmful to cementitious materials including
mineral and organic acids. This study focuses on sulfuric acid which poses a considerable threat to the
durability of concrete in multiple scenarios which are discussed below. Many industrial manufacturing
processes such as fertiliser production and metal finishing use mineral acids such as sulfuric acid [4].
Acid precipitation is another common source of acid attack which occurs due to the incomplete
combustion of fuels and industrial pollutants producing sulphur gases which form sulfuric acid when

reacted with water [5], [6]. Additionally, sewer networks and wastewater systems suffer significant



corrosion and deterioration due to sulfuric acid worldwide, resulting in large economic losses annually
[7], [8]. Sulfuric acid, generated by sulphur/sulphide-oxidising bacteria has been identified as the
corroding acid in sewer systems [9]-[11]. Unfortunately, the relative inaccessibility of sewer networks
poses considerable challenges for maintenance and repair [12]. Sulfuric acid can also be present in
groundwater or produced from the oxidation of sulphur bearing compounds in backfill, such as pyrite,
causing degradation to concrete substructures [13]. The dissolution of hydrogen sulphide can also
form sulfuric acid with a low pH on the concrete walls of geothermal wells [14]. Therefore, sulfuric

acid is a major cause of degradation of concrete structures.

In order to reduce the CO, emissions related to the production of PC, the use of geopolymer (GP)
materials has become an increasingly active area of research. GPs are alternative binding materials
which are produced using materials such as ground granulated blast furnace slag (slag) and fly ash
(also known as pulverised fuel ash). These materials are activated or hardened using solutions of alkali
silicates and/or hydroxides [15]. Natural clays such as kaolinite in the form of metakaolin are also
used to produce GP materials [16], [17] but are not the focus of the present study. Fly ash and slag are
considered promising binder materials due to environmental benefits as they are by-products from
other industries and can help reduce the demand for PC, and in turn, reduce CO; emissions. The
production of 1 tonne of PC clinker emits ca. 0.9 tonnes of CO,. Approximately 8% of global CO,
emissions are attributed to PC production [18]-[20]. However, geopolymer concrete produced with fly
ash and slag has been shown to have between 50 and 90% less embodied CO, than PC concrete [21]—
[23]. It is worth noting that the environmental benefit will vary depending on the source materials,
transportation requirements and activator type [24]. Fly ash is a by-product from coal combustion,
however the demand for fly ash as a construction material is increasing. Nonetheless, there are still
many countries where efficient utilisation of fly ash is a major problem with as little as 7% being used
effectively [25]. Slag is a by-product of steel manufacture and is produced when blast furnace slag is
cooled rapidly in water resulting in glassy granules, these are then ground to form a fine powder [26].
It is important to determine the resistance of GP materials to acid attack in comparison with traditional
PC materials before their use can become widespread. Potentially, GPs may be able to solve two of the
main problems for traditional PC materials, namely, the large volume of CO, emissions and low

resistance to aggressive acidic media.

The majority of studies in the literature on the acid resistance of GP materials report favourable
performance. Rostami and Brendley [27] studied the sulfuric acid resistance of fly ash concrete and
PC concrete with the addition of silica fume. After 90 days exposure to 20% sulfuric acid the fly ash
concrete had a mass loss in the region of 4% compared with 25% for the PC based concrete. Similarly,
Thokchom et al. [28] reported that fly ash GP mortars had much better performance in terms of mass

loss when exposed to 10% sulfuric acid than their heavily corroded PC counterparts. An increase in



mass loss was also reported when the alkali dosage (% of Na,O) was increased. However, in a later
publication it was stated that increasing the alkali dosage results in a higher residual compressive
strength after sulfuric acid attack [29]. Bakharev [30] studied the resistance of fly ash GP pastes and
PC pastes to 5% sulfuric acid. A superior performance was observed for the fly ash GP paste which
was attributed to much lower calcium content. Lee and Lee [31] studied the resistance of fly ash and
slag GP mortars to 10% sulfuric acid. They reported higher resistance of blends with lower slag
content due to the nature of the binding gel produced. On the other hand, Lloyd et al. [32] reported
that increasing the slag content increases the resistance of GP pastes exposed to sulfuric acid with pH
controlled at 1.0. Allahverdi and Skvara [33], [34] studied the mechanism of sulfuric acid attack on fly
ash and slag GP pastes containing 50% of each. They reported an ion exchange between the samples

and attacking acid followed by shrinkage cracks and the formation of gypsum.

Many different variables have been studied including sample type, sample size, acid type and acid
severity [35]. There are also many testing procedures and degradation indicators employed making it
difficult to draw comparisons between studies [35]. Additionally, many studies only consider a single
deterioration mechanism and few studies consider multiple indicators of deterioration which is
necessary when studying different binder types. Acid attack is a complex phenomenon, particularly
when studying different binder types. Therefore many indicators of acid attack were employed in this
investigation including, physical, leaching and microstructural properties. Even when studying the
acid attack of PC materials alone the use of multiple test methods is recommended to ensure a reliable
estimation of acid resistance is achieved [36]. Furthermore, despite resistance to aggressive
environments often being cited as a benefit of GP materials, there remain limitations in the
understanding of the effects of acid attack to GP materials, particularly at microstructural level [37].
Therefore, the overall aim of this work was to study the sulfuric acid resistance of fly ash based GP
mortars and pastes and to understand the mechanism of sulfuric acid attack. The main objectives were

to:

e Investigate influence of slag content on the sulfuric acid resistance of fly ash GP mixes,

e Determine the effect of increased activator dosage on the sulfuric acid resistance of neat i.e
unblended fly ash GP mixes,

e Compare the sulfuric acid resistance of GP mixes with conventional PC mixes.

2. Experimental programme

2.1 Methodology

In order to satisfy the objectives, the following variables were investigated:



o The effect of the slag content on the acid resistance of fly ash GPs has been assessed by
increasing the slag content in both mortar and paste mixes, i.e. 0%, 20%, 40% and 70% for
mixes GP1, GP2, GP3 and GP4, respectively. All four mixes had Na,O content of 7.5% and
Na,O/Si0; ratio of 1.25.

e The effect of increasing the alkaline activator dosage on the acid resistance of 100% fly ash
GPs has been studied on mortar and paste mixes with different Na,O content and Na,O/SiO,
ratio, i.e. 7.5% and 1.25 for mix GP1 and 11.5% and 0.95 for mix GP5.

e PC mortar and paste mixes with two different strength grades were used to allow comparison
of GP and PC mortars with similar compressive strength. Mix PC1 had a comparable
compressive strength to that of GP2 and GPS5, while mix PC2 had a comparable compressive

strength to that of GP3 and GP4.

All the mortar mixes investigated in this study were prepared with a paste content of 50%, so a fair

comparison could be carried out between different binder types.

After 28 days of curing, mortar samples were immersed in 1, 3 and 5% sulfuric acid (w/w) solutions
for a total duration of 56 days, while paste samples were immersed in 5% sulfuric acid solutions for 21
days. For both mortars and pastes the acid solutions were replenished every 7 days. Mortar mixes
were used to study physical properties such as visual appearance, mass change, compressive strength,
alkalinity loss and porosity. Paste mixes were used to study the leaching behaviour by pH and
inductively coupled plasma mass spectrometry (ICP) analysis of the acid solutions. The paste mixes
were also used to study microstructural properties by X-ray diffraction (XRD), thermogravimetric
analysis (TGA), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM)
and energy dispersive X-ray (EDX) analysis. Paste mixes exposed to acid attack were compared with
control paste mixes stored in water. For convenience, the overall outline of the testing programme is
shown in Table 1, while a detailed description of each testing method is provided in section 2.5 on

testing procedures.



Table 1 Outline of testing programme.

Type of tested Tested Testing details
property property Mortar mixes Paste mixes
Tested every 7 days (before
. acid solution replacement)
Visual .
during the 56 days of -
appearance .
samples exposure to acid
solution.
Mass change As above. -
Tested at the end of the 56
Physigal Compressive days Qf samp}es exposure to
properties acid solution. Control -
strength .
samples stored in water were
tested at the same age.
Tested at the end of the 56
Alkalinity loss  days of samples exposure to -
acid solution.
. Control samples were tested
Porosity at the agf of 28 days. i
Acid solution was tested at suitable
pH - intervals between every 7 day acid
solution replacement.
Leaching Acid solution was .tested every 7
behaviour days (before §01d solution
ICP analysis i replacements) during the 21 days of
acid test. For comparison, water
used for storing the control samples
was tested at the same intervals.
Tested on powdered samples at the
XRD ) end of 21 days of acid attack. For
comparison, control samples stored
Mi I in water were tested.
crostructura TGA - As above.
properties FTIR - As above.
Tested on sectioned and polished
SEM/EDX - samples at the end of 21 days of
acid attack and control samples.
2.2 Materials

The fly ash used in this study was obtained from Power Minerals Ltd., Drax Power Station, North

Yorkshire, UK and the slag was supplied by Civil and Marine Ltd-Hanson Company, member of the
Heidelberg Cement Group, Essex, UK. The fly ash and slag conform to the standards of BS EN 450-
1:2012 [38] and BS EN 15167-1:2006, respectively [39]. Portland cement CEM I 42.5N, produced by
Quinn Cement in Northern Ireland, and conforming to the standards of BS EN197-1:2011 [40] was

used as PC. The oxide compositions for fly ash, slag and PC obtained by X-ray florescence (XRF) are

displayed in Table 2. The XRD patterns of fly ash, slag and PC are shown in Fig. 1. The main

crystalline phases present in fly ash are quartz, mullite and hematite. The slag is almost completely

amorphous with a broad peak or hump shown between 25 and 35° 26. The PC has many crystalline

phases including alite, belite, aluminate, brownmillerite and gypsum.



The alkali activated fly ash and slag binders were activated by solutions of sodium silicate and sodium
hydroxide. The sodium silicate solution was supplied by Fisher Scientific and consisted of 12.8%
Na,0, 25.5% SiO; and 61.7% water. The sodium hydroxide solution was prepared at 30% w/w by the
dissolution of solid commercial grade (99% purity) sodium hydroxide and was allowed to cool to

room temperature prior to sample preparation.

The aggregate used was siliceous lough sand abundant in quartz, sourced locally in Northern Ireland.
Silica sand is not susceptible to acid attack allowing comparison to be carried out between the
different pastes without dissolution of aggregate [41]. The sand had an oven-dry particle density of
2695 kg/m® and water absorption of 0.92 and 1% after 1 and 24 hours, respectively. Both density and
water absorption were determined according to BS 812-2:1995 [42]. The sand was oven dried at 105 =
5 °C for at least 48 h to remove all moisture. It was then allowed to cool and stored in dry conditions

before mixing.

Laboratory reagent grade sulfuric acid (95-97% H2SOs) was used to prepare the acid solutions by

mixing with distilled water at 1, 3 and 5% (w/w).

Table 2 Oxide compositions and loss on ignition (LOI) of fly ash, slag and PC.

Material CaO SiOz A|203 Fe203 Na,O K,O 503 MgO Ti02 MnO LOI

Fly ash 2.24 46.78 2252 915 089 409 090 133 105 0.05 3.57
Slag 43.72 2938 1123 036 1.05 0.93 176 694 067 051 240
PC 63.01 20.21 479 278 019 059 260 193 0.27 0.08 3.16
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Fig. 1. XRD patterns of fly ash, slag and PC (M - mullite, Q - quartz, H - hematite, G - gypsum, BR -
brownmillerite, A - alite, BE - belite, AL - aluminate).

2.3 Mix proportions

The mortar mix proportions used are presented in Table 3. The GP mixes are based on mix design
optimisation carried out by Rafeet et al. [43]-[45] and Vinai ef al. [19] and the PC mix proportions
were obtained from work carried out by Kwasny et al. [46]-[48]. The paste content was kept constant
at 50% for all mortars, so that a fair comparison could be carried out between different mixes. The
water/solid ratio is calculated from the ratio of water to binder content including the solid and water
proportions of the activating solutions. Additional water described as absorption water was added to
bring the sand to saturated surface dry condition following oven drying. The alkali dosage (M+) is
defined as the percentage of Na,O in the binder. The mix proportions of the paste samples were

identical to the mortars except they contained no sand.



Table 3 Mix proportions for GP and PC mortars.

Mix composition GP1 GP2 GP3 GP4 GP5 PC1 PC2
Binder Fly ash (%) 100 80 60 30 100 - -
composition Slag (%) 0 20 40 70 0 - -
PC (%) - - - - - 100 100
Paste content (%) 50 50 50 50 50 50 50
Water/solid ratio 0.37 0.38 0.40 0.42 0.37 - -
Water/cement ratio - - - - - 0.60 0.42
Alkali dosage (M+) 7.5 7.5 7.5 7.5 11.5 - -
NaO/Si0, 1.25 1.25 1.25 1.25 0.95 - -
Fly ash (kg/m®) 577 463 344 172 538 - -
Slag (kg/m?) - 116 229 401 - - -
Portland cement (kg/m®) - - - - - 544 676
Sodium silicate (kg/m®) 136 136 135 135 256 - -
Sodium hydroxide (kg/m®) 111 112 111 111 126 - -
Sand (kg/m®) 1348 1348 1348 1348 1348 1348 1348
Absorption water (kg/m®) 12 12 12 12 12 12 12
Total added water (kg/m®) 93 100 112 125 13 339 296

2.4 Procedure for mix preparation, samples manufacturing and curing

Mortar and paste samples were prepared using a 10 L capacity planar-action high-shear mixer. To
begin with, the oven dried sand was placed in the mixing bowl with half of the total added water for
15 mins to allow the sand to absorb moisture (this step was not necessary for paste samples as they
contained no sand). The appropriate dry binder component of each mix was then added to the mixing
bowl and mixed together with the sand. The water and/or activating solutions were then added and

mixing continued for 6 mins before casting.

The samples were cast in two layers into 50 mm three-gang plastic moulds and compacted using a
vibrating plate. Afterwards, they were placed into the appropriate curing conditions, depending on
sample type. The GP mixes containing 100% fly ash (GP1 and GP5) were cured at 70 °C for 7 days
and then placed at 20 = 1 °C and 50% humidity. The fly ash and slag mixes (GP2, GP3 and GP4) and
the PC mixes (PC1 and PC2) were cured at 20 = 1 °C and relative humidity of greater than 90%.
Samples were demoulded 24 hours after casting and immediately returned to the appropriate curing

conditions until they were further processed or tested.

2.5 Testing procedures

Acid resistance was tested based on the general guidelines provided in ASTM C267 [49]. Following
28 days of curing four mortar specimens from each mix were submerged in 1, 3 and 5% solutions of
sulfuric acid with an acid solution to sample volume ratio of 0.9. The mortar samples were exposed to
acid attack for a total of 56 days. Every 7 days visual inspection was carried out, the mass of the

mortars was recorded and the acid solution was replenished. After 56 days of acid attack the



compressive strength was determined for comparison with the compressive strength of control samples
which were tested at the same age as the samples exposed to acid. The average compressive strength
was determined by testing three specimens (a constant load rate of 50 kN/min was applied). To
minimise the effect of the corroded surface protective soft board was used on the loading surfaces of
each sample. The compressive strength was calculated using the samples original cross-sectional area
before any erosion took place as previously done by Bassuoni ef al. [13]. The remaining fourth
specimen was used to determine the alkalinity loss. This was achieved by splitting the cubes and
applying phenolphthalein solution on the split surface which highlights the region (deep pink/purple)
where the pH is greater than approximately 9 [S0]-[53]. The width of this region on each sample was
measured in two directions and subtracted from the original width of each sample (50 mm). This value
was then expressed as a percentage of the original width. This percentage includes the depth of each
sample which has been removed due to deterioration and the depth where the pH was less than 9.0,
hence, alkalinity loss (%). The alkalinity loss values give some indication of how far the acid has
penetrated into each sample or at least to what extent significant ion exchange has taken place between
the sample and acid solution. The pore structure of the mortar mixes was also assessed to obtain their

porosity (%) by mercury intrusion porosimetry (MIP) according to BS ISO 15901-1:2005 [54].

After 28 days of curing the paste mixes were submerged in 5% sulfuric acid solution for 21 days.
Similar to the mortars the acid solution was replenished every 7 days and the pH was recorded at
suitable intervals during each cycle of acid attack. Inductively coupled plasma mass spectrometry
(ICP) was used to analysis the acid solution every 7 days to determine what elements had leached
from the paste samples into the acid solution. The paste samples were used for microstructural analysis
in an attempt to identify and compare the mechanism of attack for each binder type. They were
compared with control paste samples which were submerged in water instead of acid. Powdered
samples were obtained by crushing and grinding in a pestle and mortar the outside layer of both
control samples and samples exposed to acid. The powders were dried in a desiccator at 35 °C for 24

hours prior to analysis. The following analytical techniques were used:

e X-ray diffraction (XRD) with PANalytical X’Pert PRO diffractometer applying CuKa
radiation of wavelength 1.54 A. Diffraction patterns were collected between 5 and 65° 26 with
a step size of 0.017°. PANalytical X Pert Highscore software with the powder diffraction file
(PDF) database was used to analyse the diffraction patterns.

e Thermogravimetric analysis (TGA) using Netzsch’s TG 209. The temperature was increased
from 20 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.



e Fourier transform infrared spectroscopy (FTIR) using Jasco 4100 series FTIR Spectrometer
with attenuated total reflectance attachment. The spectra were gathered between 650 and 4000
cm’ wavenumber at 8 cm™ resolution.

e Scanning electron microscopy (SEM) with energy dispersive X-ray (EDX) analysis. The
equipment used was QUANTA FEG250 with OXFORD X-Act as chemical composition
analyser. EDX was run by Aztec version 2.0 software for chemical composition analysis.
Paste samples were sectioned and polished in preparation for SEM and EDX analysis.

3. Results
This section reports the results obtained, detailed discussion is provided in section 4 where all of the

results obtained are discussed together.

3.1 Porosity

Fig. 2 displays the porosity values at 28 days for the GP and PC mortars, one sample was examined
for each mix. GP1 was found to have the largest porosity of 19% followed by GP5 with a porosity of
17%. These samples consisted of 100% fly ash and the higher alkaline activator dosage used in GP5
resulted in a reduced porosity. As the slag content increased, the porosity was found to decrease to 16,
12 and 5% for GP2, GP3 and GP4, respectively. This is similar to the trend reported by Lee and Lee
[31] for mortars and Provis et al. [55] for pastes. The porosity of PC1 was 12% and PC2 was 10%.
Therefore, GP4 displayed the lowest porosity followed by PC2. Both PC1 and GP3 had porosities of
12% followed by GP2 which had a porosity of 16%. Finally, the highest porosity values were obtained
for the 100% fly ash samples. This is likely related to the binding gel formed in each system, sodium
aluminium silicate hydrate (N-A-S-H) gel which is formed in fly as mixes is less dense and more
porous than the space filling calcium aluminium silicate hydrate (C-A-S-H) or calcium sodium
aluminium silicate hydrate (C-N-A-S-H) gel formed in slag dominant systems [56] or the calcium

silicate hydrate (C-S-H) gel formed in PC binders [57], [58].
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Fig. 2. Porosity of GP and PC mortars.

3.2 Visual appearance

Fig. 3 displays the appearance of the GP and PC mortars after exposure to 1, 3 and 5% solutions of
sulfuric acid. The same mixes unexposed to acid are also shown for comparison. As the acid
concentration increased the visible damage observed also increased. The GP mortars have suffered
limited visible damage in general, with almost no deterioration visible for the 100% fly ash samples
(GP1 and GP5). The GP mortars which consist of both fly ash and slag show some GP paste loss and
the exposure of sand particles which increases as the slag content increases (GP1<GP2<GP3<GP4).
Following exposure to 5% sulfuric acid GP4 has cracks around the edge of the sample which may be
related to expansion caused by the formation of additional products during the acid attack. The PC
mortars have suffered the most visible damage, i.e. sand particles have been exposed due to the loss of

cement paste from the surface and the edges of the samples appear rounded.
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Fig. 3. Photographs of GP and PC mortars after 56 days exposure to 1, 3 and 5% solutions of sulfuric
acid. Unexposed samples are also shown.
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3.3 Mass change

Fig. 4 displays the mass change of each mortar mix during 56 days exposure to 1, 3 and 5% solutions
of sulfuric acid. The positive values represent a mass loss and the negative values represent a mass
gain. Each data point shown in Fig. 4 is the average of measurements from four samples. The
coefficient of variation (COV) was below 10 for 55% of values and below 20 for 75% of values. This
was due to the non-uniform deterioration observed due to the formation of additional compounds
during acid attack. It can be observed from Fig. 4 that the mass losses are more pronounced as the acid
concentration increases, particularly in the case of the PC mixes. After exposure to 1% sulfuric acid
(Fig. 4a) for 56 days, the GP mixes have mass losses below 1.4%, except for GP2 which has a mass
loss of 2.3%. A small mass gain was reported for the PC mixes likely due to the formation of
additional compounds during sulfuric acid exposure. After exposure to 3% sulfuric acid (Fig. 4b) for
56 days, GP1, GP3 and GPS5 displayed mass losses between 2.1 and 2.8%. GP2 had a mass loss of
5.5% whereas the mass of GP4 had very little change throughout. PC1 and PC2 had an increase in
mass initially, but eventually after 56 days lost 4.5 and 16.3%, respectively. Following exposure to 5%
sulfuric acid (Fig. 4c) GP2 had a mass loss of 7.6% while GP1, GP3 and GPS5 all lost approximately
3.4% of their initial mass after 56 days. Similar to 3% sulfuric acid exposure, very little mass change
for GP4 was recorded throughout. The 5% sulfuric acid was very destructive to the PC mixes. Mass
losses of 28.3 and 34.6% were reported for PC1 and PC2, respectively, after 56 days. It is worth
noting that some of the mass change values obtained after attack by sulfuric acid may be affected by

the formation of additional compounds causing a reduction in the total mass loss or a mass increase.

13
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3.4 Compressive strength

Fig. 5 displays the compressive strength of the GP and PC mortars after exposure to 1, 3 and 5%
solutions of sulfuric acid for 56 days. The compressive of the same mixes unexposed to acid are also
shown. The unexposed samples (stored in water) were tested at the same age (84 days) as the samples
which were exposed to acid. The compressive strength of the GP mortars unexposed to acid increased
as the percentage of slag in the binder increases (GP1 to GP4). Compressive strength values between
20 and 94 MPa were observed. The 100% fly ash sample with an increased activator dosage (GP5)
displayed an increased compressive strength from 20 MPa (GP1) to 55 MPa (GP5). The PC mortars
unexposed to acid had compressive strength values of 58 and 82 MPa. PC2 had a higher compressive

strength due to the lower water cement ratio as displayed in Table 3.

As expected, each sample suffered a loss of strength due to acid exposure and the strength loss
increased as the acid concentration increased. Furthermore, higher residual compressive strength was
usually maintained for the mixes with larger initial compressive strength. Fig. 6 displays the
percentage compressive strength loss of each mortar mix after exposure to acid. After exposure to 1%
sulfuric acid the strength losses were between 23 and 52%. After exposure to 3% sulfuric acid the
strength losses were all between 51 and 60%. The strength losses after exposure to 5% solution were

between 61 and 67% with the exception of PC1 which had a compressive strength loss of 74%.
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Fig. 5. Compressive strength of GP and PC mortars after exposure to 1, 3 and 5% solutions of sulfuric
acid for 56 days. Compressive strength of unexposed samples also shown.
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Fig. 6. Percentage compressive strength loss of GP and PC mortars after exposure to 1, 3 and 5%
solutions of sulfuric acid for 56 days.

3.5 Alkalinity loss

The alkalinity loss was determined by investigating the depth of the GP and PC mixes to which the pH
has reduced below 9.0 including the depth of any material removed due to acid attack. This provides
an indication of how far the acid has penetrated or how far into each mix significant ion exchange with
the acid solution has taken place. Fig. 7 displays the photographs of the GP and PC mixes sprayed
with phenolphthalein solution and Fig. 8 displays the alkalinity loss percentage of the GP and PC
mixes after 56 days exposure to 5% sulfuric acid. The photographs of the unexposed samples are also
shown and appear pink/purple throughout which shows that the initial pH of the entire cross section of
each sample is above 9.0. It is worth noting that although this shows the pH is above 9.0 for each mix,
the specific pH for each mix is not known. There may be some differences in the initial pH due to the
different composition of each mix. Fig. 9 displays the evolution of the pH of water solutions during
immersion in water of the equivalent paste mixes to the mortar mixes discussed here. Initially the pH
of the water is 6.8 but increases over time during the samples immersion. Eventually the pH of the
water solutions becomes stable which may provide an indication of the pH of the pore solution of each
mix. There was only a small difference between each mix with values ranging between 11.5 and 12.5
following 21 days immersion. This suggests that the difference in the pH of the pore solution is small.
Considering the low pH of 5% sulfuric acid (0.89), the effect of the small difference in pH of each

samples pore solution should be almost negligible.
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The alkalinity loss was 100% for GP1 because the pH of the entire cross section dropped below 9.0.
The alkalinity loss was recorded as 51, 32, 23 and 82% for GP2, GP3, GP4 and GPS5, respectively.
Therefore, the alkalinity loss decreases as the slag content and alkaline activator dosage increases. The
alkalinity loss was 19% for PC1 and 30% for PC2. The PC samples exhibited similar performance to
GP3 and GP4. However, the majority of the region which was considered to have lost alkalinity was
removed due to the acid attack in the PC mixes. On the other hand, the majority of the region of the
GP mixes which had lost alkalinity (i.e. been penetrated by acid) remained attached to the undamaged

core. This suggests that GP mixes are able to withstand sulfuric acid penetration better than PC mixes.
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Fig. 7. Photographs of the cross sections of the GP and PC mortars sprayed with phenolphthalein
solution including unexposed samples (stored in water) and samples after 56 days of exposure to 5%
sulfuric acid.
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3.6 Leaching behaviour

The leaching behaviour has been monitored by recording the pH of the 5% sulfuric acid solutions
during immersion of pastes and performing elemental analysis on the leachate solution. Fig. 9 displays
the evolution of the pH of the water solutions during 21 days of paste samples immersion. The water
solution was replenished every 7 days to mimic the conditions for acid exposure. The initial pH of the
water was 6.8 and it increased rapidly for all mixes to greater than 10.0 after 1 day of immersion and
remained high until 7 days when the water was replenished. Similar behaviour was observed for each
7 day exposure period that followed. The increasing pH is due to the leaching of ions from the samples
into the acid solution. This takes place because of the differential pH between the acid solution and
samples which are alkaline in nature. These ion transfers were facilitated by the transfer of H', H;O"
and SO4* from the sulfuric acid solution into the samples. The same procedure was performed with

water as the leachate solution to compare the different leaching behaviour in water and sulfuric acid
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Fig. 9. pH of water solutions during 21 days immersion of GP and PC pastes.

Fig. 10 displays the evolution of the pH of the 5% sulfuric acid solutions during 21 days of paste
samples immersion. The initial pH of the 5% sulfuric acid solution was 0.89. The pH of the acid
solutions increases to approximately 3.0 during each exposure period for all GP and PC mixes. In
consecutive exposure periods, the pH values decline gradually which suggests less leaching occurs
over time. It is difficult to identify trends between different mixes because similar behaviour is

observed for all mixes.
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Fig. 10. pH of 5% sulfuric acid solutions during 21 days immersion of GP and PC pastes.

Fig. 11 displays the cumulative concentration of aluminium, calcium, sodium, silicon, potassium,
magnesium and iron in the water solutions during immersion of GP and PC pastes in water for 21
days. There were no significant quantities of aluminium, magnesium or iron present in the water
solutions leached out from any of the GP or PC mixes (Fig. 1la, f and g). The main elements
identified due to leaching from the GP mixes were sodium and silicon. This is not surprising due to the
sodium silicate and sodium hydroxide solutions which were used as activators in the GP mixes.
Furthermore, the mix with the increased activator dosage (GP5) resulted in a larger cumulative
concentration of sodium (4700 ppm) and silicon (4100 ppm) in the water solutions after 21 days when
compared with the other GP mixes. GP1-GP4 resulted in a cumulative sodium concentration of
between 3000 and 3900 ppm in the water solution after 21 days. The cumulative silicon concentration
in the water solution was lower than 1500 ppm after 21 days for GP1-GP4. Negligible concentrations
of sodium and silicon were observed in the water solutions due to immersion of the PC mixes. Small
potassium concentrations between 200 and 1000 ppm were observed for all mixes after 21 days.
Finally, calcium concentrations of approximately 1500 ppm were observed for the PC mixes while

negligible concentrations were observed for the GP mixes.
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Fig. 11. Cumulative concentration of aluminium, calcium, silicon and sodium leached into water
during 21 days exposure of GP and PC pastes to water.

Fig. 12 displays the cumulative concentrations of aluminium, calcium, sodium, silicon, potassium,
magnesium and iron in the sulfuric acid solutions during immersion of the GP and PC pastes in 5%

sulfuric acid for 21 days and is discussed below:
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Aluminium: The concentration of aluminium leached out from the GP mixes increases during
each exposure cycle. The 100% fly ash mixes (GP5 and GP1) result in the highest final
concentrations of 5100 and 4400 ppm, respectively. As the slag content increases, the
aluminium concentrations decrease to 4100, 2800 and 2100 ppm for GP2, GP3 and GP4,
respectively. Smaller concentrations of aluminium were observed after exposure of the PC
mixes to sulfuric acid. The aluminium concentrations observed for each mix are larger
following sulfuric acid exposure compared with exposure to water (Fig. 11).

Calcium: The cumulative concentration of calcium was approximately 1400 ppm for all GP
and PC mixes after 21 days, regardless of their initial calcium content. These values are
similar to those observed for PC1 and PC2 during exposure to water indicating a saturation
point may have been reached where the sulfuric acid solutions are no longer able to dissolve
calcium.

Sodium: The cumulative concentration of sodium due to the GP mixes is gradually
decelerating with time suggesting that less sodium is released during each exposure period.
The 100% fly ash mixes result in the largest sodium concentrations of 13100 and 12000 ppm
after 21 days for GP5 and GPI, respectively. As the slag content increases, the sodium
concentrations decrease to 9900, 7800 and 6500 ppm for GP2, GP3 and GP4, respectively.
Smaller concentrations of sodium (200 ppm) were observed after exposure of the PC mixes to
sulfuric acid. The GP mixes have much larger initial sodium content due to the sodium
hydroxide and sodium silicate solutions used as alkaline activators. The only sodium source in
the PC mixes is the raw PC which contains less than 1% sodium (Table 2).

Silicon: The cumulative concentrations due to the GP mixes after 21 days are all between 500
and 1400 ppm. The PC mixes result in lower concentrations of approximately 300 ppm. These
values are comparable with those observed following exposure to water. This suggests that
sulfuric acid exposure causes preferential leaching of other elements before silicon.

Potassium: The 100% fly ash mixes (GP1 and GP5) resulted in the highest cumulative
potassium concentration of 2700 ppm. This is followed by GP2, GP3 and GP4 which resulted
in cumulative concentrations of 2200, 1700, and 1300 ppm, respectively, after 21 days
exposure to sulfuric acid. The PC mixes had cumulative concentrations of approximately 900
ppm. Overall, the concentrations of potassium leached out from each mix are relatively small
due to the relatively small (<5%) proportion of potassium in the raw materials (Table 2).
Magnesium: The highest magnesium concentrations are observed due to GP4 (4900 ppm)
followed by GP3 and GP2 (4000 and 2700 ppm, respectively). The 100 % fly ash mixes (GP1
and GP5) resulted in cumulative concentrations of 1400 and 1200 ppm, respectively, after 21

days exposure. Therefore, as the slag content increases, the quantity of magnesium released
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into the sulfuric acid solution also increased. PC1 and PC2 resulted in cumulative
concentrations of 1900 and 1700 ppm, respectively.

Iron: The cumulative concentration of iron leached out from each mix increases during each
exposure cycle. GP5 and GP1 result in the highest final concentrations of 2700 and 2200 ppm,
respectively. As the slag content increases the iron concentrations decrease to 1300, 1200 and
900 ppm for GP2, GP3 and GP4, respectively. These values can be related to the initial iron
composition of fly ash (~9%) and slag (<1%) (Table 2). Final cumulative concentrations of

600 and 100 ppm were observed due to PC1 and PC2.
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Fig. 12. Cumulative concentration of aluminium, calcium, silicon and sodium leached into sulfuric
acid solutions during 21 days exposure of GP and PC pastes to 5% sulfuric acid.

3.7 X-ray diffraction (XRD)
Fig. 13a displays the XRD patterns of the GP and PC pastes which were not exposed to acid attack. In
the GP pastes, peaks of quartz (SiO») at 20.8, 26.6, 50.2 and 60.0° 26, mullite (Ale¢Si,O13) at 16.4, 26.0,
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26.3, 33.2, 35.2, 39.3, 40.9, 42.6 and 60.7° 26 and hematite (Fe2O3) at 35.6° 26 have been identified.
The following powder diffraction files (PDF) were identified for quartz, mullite and hematite,
respectively, PDF # 01-085-0504, PDF # 01-083-1881 and PDF # 01-073-0603. These phases are
present due to embedded unreacted fly ash particles [59] and are also identified in raw fly ash (Fig. 1).
The intensity of these peaks is largest for the 100% fly ash samples (GP1 and GP5) and decreases as
the proportion of slag increases. The broad hump in the GP mixes between approximately 20 and 35°
20 indicates the presence of amorphous silicate and aluminosilicate gel phases [60], [61]. In the GP
mixes which contain slag (GP2, GP3 and GP4), a large broad peak is observed at approximately 29°
20. This peak has been reported as poorly crystalline calcium silicate hydrate (C-S-H) type gel and the
intensity increases as the proportion of slag increases [62]-[65]. In this case, the gel is likely to be C-
A-S-H gel or C-N-A-S-H gel [56]. C-N-A-S-H is a hybrid of C-A-S-H gel which is formed in slag
systems [66] and N-A-S-H gel which is formed in fly ash systems [67]. The type of gel in each mix in
this study is discussed in more detail in section 3.10 on SEM. The XRD patterns of the PC mixes
before acid attack (Fig. 13a) highlight the presence of calcium hydroxide (PDF # 01-075-0571), C-S-
H, ettringite (PDF # 00-041-1451) and semicarbonate. Calcium hydroxide is identified by peaks at
18.1, 34.1, 28.7, 47.1, 50.8, 54.4 and 62.6° 26. The main ettringite peaks were located at 9.1, 15.8,
18.9 and 22.9° 26. Semicarbonate is an AFm phase identified by a peak at 10.8° 26 [68], [69]. AFm is
notation for a family of hydrated calcium aluminate phases occurring in hydrated cement paste [68],

[70].

Fig. 13b displays the XRD patterns of the GP and PC pastes after they were exposed to 5% sulfuric
acid for 21 days. The GP samples demonstrated the presence of gypsum (calcium sulphate hydrate,
PDF # 01-074-1905). Increased intensity of the gypsum peaks was observed as the slag content
increased. Mullite, quartz and hematite phases were identified in the 100% fly ash samples (GP1 and
GP5). As reported by Bellmann and Stark [71], the quartz and gypsum peaks at 20.8 and 20.9° 26,
respectively, can be difficult to distinguish. However, on close inspection, a double peak was observed
indicating the presence of both quartz and gypsum. Mullite, quartz and hematite phases were difficult
to identify in the samples containing slag (GP2, GP3, and GP4) with small peaks due to mullite and
quartz visible in GP2. The broad peak at approximately 29° 26 was no longer present in the pastes
containing slag (GP2, GP3 and GP4) after exposure to sulfuric acid. This suggests that the C-A-S-H
and C-N-A-S-H gel is vulnerable to sulfuric acid attack. The PC pastes showed significant changes to
their XRD patterns after exposure to sulfuric acid. The peaks attributed to calcium hydroxide, C-S-H,
ettringite and semicarbonate were no longer present following acid exposure suggesting they are
susceptible to sulfuric acid attack. Gypsum was the only phase identified in the outside layer of the PC
samples attacked by sulfuric acid. The main gypsum peaks were located at 11.7, 20.7, 29.1, 31.1, 33 .4,
40.7, 43.3 and 56.8° 26.
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Fig. 13. XRD patterns of GP and PC pastes, a) control samples not exposed to acid and b) after 21
days of exposure to sulfuric acid (M - mullite, Q - quartz, H - hematite, E - ettringite, SC -
semicarbonate, CH - calcium hydroxide, CSH - calcium silicate hydrate, G - gypsum).
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3.8 Thermogravimetric analysis (TGA)

Fig. 14 displays the TGA data for the GP and PC pastes which were not exposed to acid, showing final
mass losses between 8 and 23% after heating to 1000 °C. The differential thermal analysis (DTG) is
shown in Fig. 15. It is worth noting that the GP pastes have no significant mass losses after
approximately 200 °C which suggests that they mainly consist of amorphous gels with physically and
chemically bound water [72]. The main mass loss for all samples occurs at approximately 100 °C,
partly due to the evaporation of free water below 100 °C [61] which is considered to be completely
removed at 120 °C [73]. The main weight loss due to moisture within C-S-H type gel (GP and PC
mixes) occurs between 50 and 200 °C [74] and the loss of water within N-A-S-H gel (GP mixes) is
reported to occur at around 100 °C [75]. Therefore, mass losses due to moisture within C-S-H type and
N-A-S-H gels may also contribute to the main peaks observed at approximately 100 °C. The smallest
overall mass loss is observed for GP1, with the main peak centred at 129 °C. The main peak for the
other 100% fly ash mix (GP5) is centred at the same temperature. The mass loss observed for these
mixes may be small due to the curing conditions employed; these samples were cured at 70 °C for 7
days which means a large portion of the free evaporable moisture would have been removed during
curing. This explains why GP1 and GP5 display small mass losses (approximately 8 and 13%,
respectively) and why the peak was centred at a higher temperature. Similar behaviour was reported
by Ismail et al. [76] when alkali activated pastes were exposed to drying at 60 °C. The fly ash/slag
mixes (GP2, GP3 and GP4) display increasing mass loss (Fig. 14) as the slag content increases. This
may be due to formation of more C-A-S-H/C-N-A-S-H gel, therefore, more bound water [56]. The
mass losses for the GP pastes begin to plateau after approximately 250°C, whereas the PC pastes have
further mass losses at higher temperatures. Three main peaks are identified for the PC mixes. The first
peak occurs at approximately 100 °C. As previously mentioned this peak can be related to removal of
evaporable moisture and partially to the removal of moisture from C-S-H gel. Ettringite decomposition
can take place between 114 and 116 °C [77], [78], though it is more likely to occur at lower
temperatures depending on the humidity conditions [79]. Therefore, the decomposition of ettringite
may also contribute to the first peak at ca. 100 °C. The second peak occurs at 146 °C for both PC
mixes, which can be related to AFm phases such as semicarbonate [80]-[82]. The third peak is
observed at 449 and 446 °C for PC1 and PC2, respectively. Peaks detected at these temperatures can
be attributed to the presence of calcium hydroxide [83]-[85].

The DTG of the GP and PC pastes after exposure to 5% sulfuric acid is displayed in Fig. 15b. GP1 and
GP5 have a peak at 123 °C which may be related to N-A-S-H gel, but also an additional peak at 63 and
86 °C, respectively. The fly ash and slag blends (GP2, GP3 and GP4) also have an additional peak
which is centred at approximately 70 °C. These peaks located between 63 and 86 °C are likely due to
the removal of loosely bound moisture which was not removed during preparation of the powdered

sample (24 hours at 35 °C in a desiccator). An additional peak is also observed at approximately 136
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°C (GP2, GP3 and GP4) and the PC samples have a single peak at 134 °C. These peaks are believed to
be due to gypsum. The main decomposition of gypsum takes place between approximately 100 and
170 °C [73], [86] or more specifically between 130 and 150 °C [87]. The mass loss due to gypsum
appeared largest for the PC mixes followed by GP4, GP3 and GP2. This suggests that as the slag
content increased, the quantity of gypsum produced also increased. Similar to XRD analysis of the PC
samples, the peaks due to C-S-H, ettringite, semicarbonate and calcium hydroxide are not present after

sulfuric acid exposure (Fig. 15b).
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Fig. 14. Thermogravimetric data of GP and PC pastes not exposed to acid.
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3.9 Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra for the GP and PC pastes not exposed to acid are presented in Fig. 16a. The bands at
approximately 1640 and 3400 cm™ are due to vibrations of OH and H-O-H groups from water
molecules [72], [88]-[91]. These bands indicate the presence of water molecules due to crystallisation
or absorption of reaction products [92]. The strongest vibration occurs between wavenumbers of 953
and 997 cm™ and is assigned to asymmetrical T-O stretch vibrations (T = Si or Al) and can be related
to the type of gel present in the samples [30], [93]. Garcia-Lodeiro et al. [94] suggested that when the
peak is centred at approximately 970 cm™', C-S-H type gel is likely to be present and when it is centred
at approximately 1000 cm™, N-A-S-H gel is likely to be present. This suggests that the 100% fly ash
samples (GP1 and GPS5) contain N-A-S-H gel compared with C-S-H type gel in the samples
containing slag (GP2, GP3 and GP4) and the PC samples. However, it is likely that the gel present in
samples GP2, GP3 and GP4 which are blends of fly ash and slag is C-A-S-H or a hybrid form of C-A-
S-H and N-A-S-H, namely C-N-A-S-H [56], [67], [95]. The type of gel present in these mixes is
discussed in more detail in section 3.10 on SEM. A small narrow band at 3635 cm™ is related to
stretching vibrations produced by O-H bonds in calcium hydroxide [66], [96]. This band can be
identified in PC1 and PC2 indicating the presence of calcium hydroxide. Calcium hydroxide was not
identified in the GP samples as also reported by XRD and TGA. A small shoulder at 1105 cm™
corresponding to asymmetric stretching vibrations of sulphate in ettringite [37], [97] was also

identified in PC1 and PC2 which is also in agreement with XRD and TGA.

Fig. 16b displays the FTIR spectra for the GP and PC pastes after exposure to 5% sulfuric acid. The
main difference after sulfuric acid exposure compared with the unexposed samples (Fig. 16a) is the
shifting of the main peak to higher wavenumbers. The main peak for GP1 and GP5 has shifted to 1068
and 1066 cm™, respectively, indicating that the Si/Al ratio is higher in the samples exposed to acid and
can be attributed to dealumination of the binding gel resulting in a highly siliceous gel being left
behind [98]. In GP1 and GP5, the bands at approximately 1640 and 3400 cm™ due to vibrations of OH
and H-O-H groups from water molecules were not altered by acid exposure. However, these bands
were no longer present in GP2, GP3, GP4, PC1 and PC2 after sulfuric acid exposure. The main peak
of the fly ash and slag blends (GP2, GP3 and GP4) shifted to approximately 1110 cm™ which can be
attributed to the presence of gypsum [31], [99]-[102]. Another peak was identified at approximately
670 cm™' which is also attributed to gypsum [99], [102], [103]. Additionally, peaks at approximately
1621 and 1684 cm™ are also associated with the presence of gypsum [31]. Finally, double peaks at
approximately 3410 and 3530 cm™ are also related to the presence of gypsum [99], [102], [104], [105].
These peaks related to gypsum are observed for the PC pastes as well as the fly ash and slag blends
(GP2, GP3 and GP4). The GP pastes also exhibit a peak at approximately 795 cm™ after exposure to
acid. This peak can be assigned to the presence of quartz in unreacted fly ash particles which remain

embedded after activation. It is more readily identifiable after acid exposure due to the intense acid

31



attack which has removed the reaction products of alkali-activation [106], [107]. GP1 and GP5 have
the largest peak in this region which decreases as the proportion of slag increases. In the case of PC1
and PC2 the small peak at 3635 cm™ due to calcium hydroxide was no longer observed suggesting it
has been attacked by sulfuric acid in agreement with the results obtained by XRD and TGA. Similarly,
the shoulder at 1105 cm™ is no longer present suggesting ettringite has also been removed due to

sulfuric acid exposure.
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Fig. 16. FTIR spectra of GP and PC pastes, a) control samples not exposed to acid and b) after 21 days
of exposure to sulfuric acid.
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3.10 Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) analysis

The paste mixes were examined before acid attack using point analysis to obtain the composition of
the main binder gel in each sample. The Ca/Si and Al/Si ratios can indicate the type of gel present and
the average values and standard deviation are presented in Table 4. For each mix, a minimum of 10
points were analysed. The fly ash samples (GP1 and GP5) have a Ca/Si ratio of approximately 0.10
which indicates the presence of N-A-S-H gel. As the slag content increases, the Ca/Si ratio also
increases due to the higher initial calcium content in slag (Table 2). Therefore, as the slag content
increases, C-N-A-S-H and C-A-S-H gels are present instead of N-A-S-H gel [56], [108], [109]. The
high Ca/Si ratio for the PC samples can be explained by the coexistence of C-S-H gel and calcium
hydroxide [110]. The Al/Si ratio is similar for each of the GP mixes (0.28 to 0.37) and smaller for the
PC mixes (0.10 and 0.12).

Table 4 Ca/Si and Al/Si atomic mass ratios of GP and PC pastes obtained from EDX analysis with
standard deviation given in brackets.

Atomic mass ratios

Paste ID

ca/si Al/Si
ep1 0.10 0.33
(0.01) (0.01)
P2 0.59 0.32
(0.03) (0.02)
p3 0.77 0.37
(0.10) (0.04)
cpa 1.08 0.28
(0.03) (0.04)
Ps 0.09 0.37
(0.01) (0.04)
oc1 2.95 0.10
(0.28) (0.02)
. 3.23 0.12

(0.15) (0.02)

Fig. 17 displays the outside layer and elemental analysis of GP1, GP4 and PC2 after exposure to 5%
sulfuric acid for 21 days. GP1, GP4 and PC2 were chosen to have a comparison of one mix from each
of the three binder types used in this study, namely 100% fly ash, fly ash/slag blends and PC mixes.
The SEM images display approximately the outside 2 mm layer of each mix and the elemental

composition in this region is also analysed.
Fig. 17a displays the outside layer of GPI, numerous cracks are visible, most of which are

perpendicular to the exposed face. However, despite the cracks, the edge of the sample appears to

remain relatively undamaged. The calcium within GP1 appears in small clusters and sulphur is also
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observed in these clusters which suggest the presence of small quantities of gypsum. These are often
found inside hollow fly ash particles as shown in Fig. 18. Based on the elemental analysis, it appears
that sulfuric acid has penetrated beyond the outside 2 mm of GP1 shown in Fig. 17a because there is
no variation of the intensity of the analysed elements in this region. This seems reasonable considering

the alkalinity losses reported in section 3.5 for the corresponding mortar mixes.

Fig. 17b displays GP4 after attack by sulfuric acid. There are three clear layers of attack, one
corresponding to each replenishment of the acid solution. The elemental analysis shows that there are
three layers of gypsum crystals highlighted by the concentrated layers of calcium and sulphur. These
layers of gypsum within the sample may act as a barrier to further attack. Following each layer of
gypsum, there is a darker in colour highly siliceous layer of GP paste that has a lack of calcium which
has been consumed to form gypsum. At the top of Fig. 17b, a layer which appears relatively
unaffected by acid attack can be observed. There are reasonable amounts of aluminium and sodium
present in this layer in comparison with the outer layers where the aluminium and sodium have been
depleted and leached into the acid solution as previously identified in Fig. 12. The majority of the
visible cracks in GP4 after sulfuric acid attack are parallel to the exposed face, which is likely due to
the internal stresses caused by the formation of the gypsum layers. It also appears that some material

has been removed from the sample edge, but unclear to what extent.

Fig. 17c¢ displays PC2 after attack by sulfuric acid. There are two main layers, the outside layer which
appears visibly deteriorated and an inner layer which seems relatively unaffected by acid attack. The
outside layer has significant amounts of calcium and sulphur, indicating the presence of gypsum. The
gypsum crystals are not easily identified in Fig. 17¢ but are visible at higher magnification presented
in Fig. 19, which is an SEM image from within the outside layer. The location of the image in Fig. 19
is shown by the box in Fig. 17c. Similar to GP4 after sulfuric acid attack, the majority of visible cracks
are parallel to the outside edge of the sample and are likely due to expansion stresses caused by the
formation of gypsum. The outside edge of PC2 appears more vulnerable to loss of cement paste when
compared with GP1 and GP4 (Fig. 17). Depletion of silicon and aluminium is also observed in the
attacked layer of PC2. The distribution of sodium is not shown in PC2 as the sodium content is very
low in PC (Table 2) and sodium based activators were not used in the PC mixes. Despite the depth of
acid penetration appearing to be smaller for PC2 than GP4 in Fig. 17, it is not clear how much material
has already been removed from PC2 due to the acid attack. The corresponding PC mortar mixes
suffered significant mass losses due to sulfuric acid attack (Fig. 4). The alkalinity losses reported in
section 3.5 for each mortar mix provides more details related to the depth of acid penetration for each

mix.
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Fig. 17. SEM images of the outermost layer of a) GP1, b) GP4 and ¢) PC2 after exposure to sulfuric acid for 21 days (arrow showing direction of acid
penetration). The elemental analysis shows the distribution of calcium (Ca), sulphur (S), silicon (Si), aluminium (Al) and sodium (Na).
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Fig. 18. SEM image of fly ash particle in GP1 after exposure to 5% sulfuric acid for 21 days with
elemental analysis showing calcium (Ca), sulphur (S), silicon (Si) and aluminium (Al).

37



125 um

Fg. 19. SEMimage of the outside layer of PC sowg gysm rystals.

o, % i L R LT <® ot

g

4. Discussion

4.1 Effect of increasing slag content

As indicated by the visual examination (Fig. 3) of the mortars after 56 days exposure to sulfuric acid,
GP1 showed very little visual damage and the amount of visible damage increased as the slag content
increased with GP4 being the most visibly damaged. The damage was evident due to the removal of
GP paste and the exposure of aggregates which was likely due to the dissolution of the GP paste
caused by the acid attack. Cracks around the edge of GP4 were also observed which appear to indicate
expansion and are similar to those observed by Aliques-Granero et al. [111] in alkali activated slag
mortars. These cracks are likely due to the formation of gypsum which was identified by XRD, TGA,
FTIR and EDX analysis. Gypsum is known to cause volumetric expansion by a factor of
approximately 2.2 [13], [112]. The amount of gypsum formed was found to increase as the slag
content increased (Fig. 13b) with the most gypsum forming in GP4, hence cracking occurred. Despite

the visible damage increasing as the slag content increased, this was not reflected by the mass losses
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observed. The mass losses after 56 days exposure to 5% sulfuric acid were 3.5, 7.6, 3.3 and -0.1% for
GP1, GP2, GP3 and GP4 respectively. This suggests that the mass losses observed were offset by the
formation of gypsum which reduced the total mass loss, particularly for GP3 and GP4. Therefore,
mass loss alone is not a suitable indicator of resistance to sulfuric acid attack for different binder

materials. Similar findings have recently been observed by Gu et al. [113].

The alkalinity loss was found to decrease as the slag content increased (Figs. 7 and 8). GP1 had an
alkalinity loss of 100% whereas GP4 had an alkalinity loss of 23% when exposed to 5% sulfuric acid.
This is strongly correlated to the porosity values which were also found to decrease as the slag content
increased (Fig. 2). As determined by SEM and EDX analysis GP1 contains N-A-S-H gel, which is
more porous than space filling C-A-S-H/C-N-A-S-H gel [55], [60] present in GP4.

Corroded depth was reported as the most meaningful indictor of acid resistance by Lloyd et al. [32].
However, it is unclear how corroded the samples are despite evidence of penetration. GP1 has suffered
the largest alkalinity loss, but there is less evidence of significant damage, whereas GP4 has had the
smallest alkalinity loss but appears deteriorated further as demonstrated by visual appearance (Fig. 3),
likely due to gypsum formation. Increasing the slag content also increases the compressive strength as
previously reported by Puertas ef al. [114]. However, the compressive strength does not seem to be the
best indicator of acid resistance in these materials (Figs. 5 and 6) as no distinct trend is apparent in
terms of the effect of slag content on compressive strength loss. Rather the nature of the reaction

products and pore structure seem to be more significant.

Increasing the slag content reduced the resistance of the reaction products to sulfuric acid. The
resulting binder gel has higher calcium content, therefore more gypsum can be formed which results in
internal stresses due to expansion. On the other hand, increasing the slag content improved the pore

structure, resulting in a reduced porosity, which provides more resistance to ingress of acid.

The mechanism of sulfuric acid attack has been illustrated schematically for GP and PC mixes in Fig.
20. In all four mixes (GP1, GP2, GP3 and GP4) the mechanism of attack appears to be similar
whereby:

(1) Ion exchange takes place resulting in the transfer of sodium into the acid solution and the
transfer of H', H30" and SO4* into the samples.

(2) Almost simultaneously the hydrogen protons (H", H;O") attack the Si-O-Al bonds resulting in
the ejection of aluminium into the acid solution leaving behind a highly siliceous framework

[115], [116].
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(3) Along with sodium and aluminium, smaller quantities of calcium, potassium, magnesium and
iron are also transferred into the acid solution.

(4) The diffusing SO4* anions meet with counter diffusing calcium ions causing the deposition of
gypsum crystals inside the penetrated layer. The amount of gypsum formed increases as the
slag content increases. In the case of 100% fly ash (GP1), very little gypsum is formed due to
the low calcium content. The formation of gypsum has a negative impact, it causes cracks and

eventually leads to large fractures (GP4).
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4.2 Effect of increased alkaline activator dosage

The control mortar samples for GP1 had a compressive strength of 20 MPa which increased to 55 MPa
for GP5. These values are similar to those reported by Soutsos ef al. [117] when varying the alkaline
activator dosages for fly ash GP mortars. GP5 had a lower porosity which is likely to be due to more
complete activation of the fly ash taking place resulting in a denser microstructure [118]. Despite the
increased compressive strength and reduced porosity there was no difference visually, by mass loss or
by percentage compressive strength loss after exposure to sulfuric acid for 56 days. The alkalinity loss
was 100% for GP1 but reduced to 82% for GPS5, this can be attributed to the lower porosity (Fig. 2).
The microstructural analysis displayed very little difference between GP1 and GP5 after acid exposure
because the reaction products were similar. Only small amounts of gypsum were observed in GP1 and
GP5 because very little calcium was available as fly ash contains much less calcium than slag (Table

2).

Overall increasing the alkaline activator dosage seems to have very little impact on the acid resistance
of neat fly ash GPs. This is because the reaction products and mechanism of attack is similar for both
as shown in Fig. 20. Therefore, the additional cost and environmental impact of using increased
alkaline activator dosages is not worthwhile for acid resistance as very little increase in sulfuric acid
resistance was observed. The only advantage is the reduced alkalinity loss which may be beneficial in

structural applications when steel reinforcement is required.

4.3 Comparison of GP and PC materials

Visually the PC mortars were significantly more deteriorated than the GP mortars and they also
displayed an increased mass loss, particularly for 5% sulfuric acid. Interestingly, the mass loss for the
PC mixes appears to be accelerating. However, for the GP samples the mass loss appears to be
decelerating. This suggests the long term resistance of the GP mixes to sulfuric acid is much superior
than that of PC mixes. The mass losses identified in the PC mixes are partly due to the dissolution of
calcium hydroxide, which was no longer present after sulfuric acid attack as identified by XRD, TGA
and FTIR. Calcium hydroxide is the first phase in PC to be attacked by acid and can begin to be
removed at pH values below 12.5 [119]-[121]. These mass losses are also due to the dissolution of
ettringite and AFm phases, such as semicarbonate, which was also observed in the PC mixes by XRD,
TGA and FTIR after acid attack. Furthermore, the decalcification of C-S-H was detected which
alongside the dissolution of calcium hydroxide results in a very porous corroded layer and a decrease
in compressive strength [122]-[124]. On the other hand, the decalcification of the C-A-S-H and/or C-
N-A-S-H type gel present in GP2, GP3 and GP4 results in a dense highly siliceous layer which is more
resistant to further acid attack [110], [125], [126]. The calcium, which has been removed from various

phases in the PC mixes reacts with sulfuric acid to form gypsum which causes expansion and

42



softening of the cement paste [127]. Greater amounts of gypsum are formed in the PC mixes due to the

higher initial calcium content when compared with GP mixes.

Fig. 21 displays the relationship between the mass loss and alkalinity loss for each mortar mix
following exposure to 5% sulfuric acid for 56 days. The mixes behaviour can be grouped together into
three main types i.e. 100% fly ash, fly ash/slag blends and PC mixes. In general, the 100% fly ash
mixes have suffered smaller mass losses and larger alkalinity losses compared with the PC mixes for
which the opposite is true. On the other hand, the fly ash/slag blends appear to offer a combination of
good performance for both parameters. However, it is worth pointing out that the mass losses observed

for the fly ash/slag blends have been affected by the formation of gypsum as discussed previously.
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Fig. 21. Relationship between mass loss and alkalinity loss for GP and PC mortar mixes following 56
days exposure to 5% sulfuric acid.

The visual appearance, mass loss, alkalinity loss and SEM images show that the PC mixes deteriorate
in a destructive fashion with the removal of highly corroded layers one after another. On the other
hand, the GP mixes appear to withstand further acid penetration before damage is revealed. This is
likely due to the greater amounts of gypsum formed in the PC mixes in contrast to the dense siliceous
gel formed in the GP samples after sulfuric acid attack. Therefore, the nature of the main binding gel
in GP mixes and the absence of calcium hydroxide, ettringite and AFm phases is a significant

advantage for the sulfuric acid resistance of GP materials.
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5. Conclusions

In response to the outlined objectives the following conclusions have been made:

e Increasing the slag content has a negative impact on the sulfuric acid resistance of fly ash GP
binders. The visual deterioration increases as the slag content increases due to increasing
calcium content resulting in the formation of C-A-S-H gel compared with N-A-S-H gel
formed in the neat fly ash GPs. Gels with higher calcium content are more susceptible to
decalcification and the formation of greater amounts of gypsum which causes expansion. Only
small amounts of gypsum were formed in the fly ash GPs mainly inside hollow fly ash
particles. On the other hand, fly ash GP mixes have a higher porosity which is reduced as the
slag content increases due to the formation of space filling C-A-S-H gel. Therefore, as the slag
content is increased the porosity is decreased and the alkalinity loss becomes smaller which
suggest the penetration depth of acid is smaller. Nonetheless, the larger depth of acid
penetration appears to have little effect on the fly ash GP materials overall as the corroded
zone remained attached to the undamaged core because the reaction products have more

resistance to sulfuric acid attack than those produced as the slag content increases.

e Increasing the alkaline activator dosage has very little impact on the sulfuric acid resistance of
neat fly ash GP materials. The visual appearance, mass loss and compressive strength loss are
all comparable after 56 days of acid attack. The reaction products are similar, hence very little
difference was noted from XRD, TGA and FTIR analysis. The only difference is in terms of
the alkalinity loss because the increased activator dosage results in decreased porosity which
in turn reduces the alkalinity loss. Overall, the increased activator dosage offers very little
increase in sulfuric acid resistance. However, if a highly acid resistant material and also a high
compressive strength were required, increasing the activator dosage of fly ash GP materials

may prove a suitable option.

e Compared with PC materials, fly ash and slag GPs have superior sulfuric acid resistance. The
visual appearance and mass loss show favourable results for the GP mixes. The alkalinity loss
and porosity values for the PC mortars are comparable to those for GP mixes with increased
slag content. However, the PC samples are significantly deteriorated whereas the GP samples
have remained more intact despite the acid ingress. The main disadvantage of the PC materials
is the nature of their reaction products; calcium hydroxide, ettringite, AFm phases and C-S-H
gel with a high Ca/Si ratio. These are susceptible to sulfuric acid attack leaving behind a

porous layer where gypsum is formed causing expansion and breakdown. A significant
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advantage for the sulfuric acid resistance of GP materials is that they do not contain calcium

hydroxide and have a lower Ca/Si ratio than PC materials.

The durability of concrete is an increasingly important property for concrete due to the demand for
structures with a long service life and minimal maintenance costs. One of the major causes of concrete
deterioration worldwide is sulfuric acid attack from acid rain, industrial processes and wastewater
systems. The growing demand for more environmentally friendly construction materials has made
geopolymer binders an alternative option for the cement and concrete industry. This research
highlights that geopolymer binders may also provide improved durability to sulfuric acid attack which
can significantly increase the service life and decrease the maintenance costs associated with concrete

structures.
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