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Abstract

Cementitious materials are frequently applied in environments in which they are exposed to acid attack, e.g., in sewer systems, biogas plants, and
agricultural/food-related industries. Alkali-activated materials (AAMs) have repeatedly been shown to exhibit a remarkably high resistance against attack
by organic and inorganic acids and, thus, are promising candidates for the construction and the repair of acid-exposed structures. However, the reaction
mechanisms and processes affecting the acid resistance of AAMs have just recently begun to be understood in more detail. The present contribution
synthesises these advances and outlines potentially fruitful avenues of research. The interaction between AAMs and acids proceeds in a multistep process
wherein different aspects of deterioration extend to different depths, complicating the overall determination of acid resistance. Partly due to this indistinct
definition of the ‘depth of corrosion’, the effects of the composition of AAMs on their acid resistance cannot be unambiguously identified to date. Important
parallels exist between the deterioration of low-Ca AAMs and the weathering/corrosion of minerals and glasses (dissolution-reprecipitation mechanism).
Additional research requirements relate to the deterioration mechanism of high-Ca AAMs; how the character of the corroded layer influences the rate of
deterioration; the effects of shrinkage and the bond between AAMs and substrates.
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1 Introduction materials with a high resistance against acid attack (‘acid

o ) resistance’) [2].
In several applications and environments, concretes and

other cementitious materials are exposed to aqueous
solutions with low pH, i.e., acid(ic) solutions; examples include
sewer structures, cooling towers, areas of acid mine drainage,
biogas plants, agricultural structures, and dairy plants. The
exposure to acidic aqueous media often causes severe
deterioration (‘acid corrosion’), ie., degradation of the
cementitious materials at a fast rate, which frequently leads
to premature failure of structural elements and associated
high expenses for temporary shutdown, repair, and/or
replacement. For example, the annual rehabilitation
expenses to maintain the wastewater infrastructure have
been estimated to be 450 x 10° € and 85 x 10° £ in Germany
and in the United Kingdom, respectively, and the costs for
that purpose in the United States have been projected to be
390 x 10° $ for a period of 20 years [1]. Moreover, the
structures affected by acid attack often fulfil important
societal tasks, such as energy production, food production, or
as parts of the wastewater treatment and sewerage
infrastructure. Because of this high economic and societal
relevance, there is a continuous search for cementitious

A particularly promising class of materials in this regard are
alkali-activated materials (AAMs), i.e., cementitious materials
produced by the alkaline activation of reactive
(alumino)silicates. The phase assemblages and the properties
of these materials differ widely, depending on the
composition of the employed precursors and activators, and
the curing conditions [3, 4]. An important influence is exerted
by the CaO content of the precursors, with a low CaO content
[Ca/(Si+Al) = 0] leading to a sodium or potassium
aluminosilicate (N-A-S-H or K-A-S-H) gel as the major reaction
product (low-Ca AAMs; often referred to as ‘geopolymers’),
and a high CaO content [Ca/(Si+Al) = 1] leading to a sodium-
or potassium-substituted calcium aluminosilicate hydrate [C-
(N-)A-S-H or C-(K-)A-S-H] gel (high-Ca AAMs); intermediate
CaO contents are thought to lead to a mixture of these gels
[3, 4]. Nevertheless, a high acid resistance has been reported,
already decades ago, for low-Ca AAMs based on metakaolin
or fly ash as well as for high Ca-AAMs based on ground
granulated blast furnace slag (GGBFS) [5-8], and this has been
confirmed in many subsequent studies (Table 1). This raises
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the questions why the acid resistance of well-designed AAMs
is generally very high, compared to materials based on
ordinary Portland cement (OPC), and whether the
mechanisms that determine their acid resistance differ
between individual AAMs.

Early studies of the acid attack of AAMs often used the change
of mechanical strength, the mass loss or the visually
determined deteriorated depth (‘depth of corrosion’) after
acid exposure to evaluate the performance of the
investigated materials, offering only limited insight into the
underlying deterioration mechanisms. In recent vyears,
however, a number of studies have applied more

sophisticated analytical techniques, which led to new insights
into the acid attack on AAMs and their acid resistance. The
present Letter summarises important results from some of
these studies to assess whether common features or
significant differences can be identified, and outlines research
questions and possible approaches to further advance our
understanding of the acid resistance of AAMs. Additional
factors that are relevant for the successful application of
AAMs in acid-exposed structures, e.g., as repair materials, are
briefly discussed.

Table 1. Acid resistance of alkali-activated materials (AAMs) compared to ordinary Portland cement (OPC)-based materials.

Reference AAM precursor(s) Acid pH Acid resistance
relative to OPC®
Blaakmeer 1994 [5] GGBFS/fly ash H2S04 1.0 ++
Shi and Stegemann 2000 [7] GGBFS HNO3 3.0 +
GGBFS acetic acid 5.0 +
GGBFS acetic acid 3.0 ++
Fernandez-Jimenez et al. 2007 [10] Fly ash HCI 1.0 ++
Montes and Allouche 2012 [57] Fly ash (class F) H2S04 0.6 ++
Fly ash (class C) H2S04 0.6 ++
Metakaolin H2S04 0.6 +
Bernal et al. 2012 [58] GGBFS HCl 3.0 =
GGBFS HNO3 3.0 =
GGBFS H2S04 3.0 =
GGBFS acetic acid 4.5 ++
Koenig et al. 2017 [42] GGBFS organic acid mix ~3 +
GGBFS/fly ash organic acid mix ~3 ++
Fly ash organic acid mix ~3 ++
Aliques-Granero et al. 2017 [40] GGBFS H2S04, 1 % 1.0° =¢
GGBFS H2S04, 3 % 0.5% =¢
GGBFS H2504, 5 % 0.3 =¢
Fly ash H2S04, 1 % 1.0° =
Fly ash H2S04, 3 % 0.5° ++
Fly ash H2S04, 5% 0.3° ++
Li and Peethamparan 2018 [59] GGBFS acetic acid 3.2 ++
GGBFS acetic acid 4.0 ++
Fly ash (class C) acetic acid 3.2 ++
Fly ash (class C) acetic acid 4.0 ++
Ukrainczyk et al. 2019 [60] Metakaolin acetic acid 2.0 ++
Khan et al. 2020 [17] Fly ash/GGBFS H,504, 1.5 % 0.8° +
Ren et al. 2022 [35] GGBFS/Fly ash H3PO4 2.0 +

2 pH value calculated from the given concentration of H2SOa.

® Two plus signs (++) indicate that a relevant parameter (thickness of corroded layer, mass loss, or decrease of compressive strength) was >50 %
better than for OPC; one plus sign (+) indicates that a relevant parameter was between approx. 25 % and 50 % better than for OPC; = indicates

that the performance of AAM and OPC was similar.

¢ Dissolution/mass loss for OPC mortar; expansion and cracking for GGBFS-based AAM.
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2 Sequence of acid attack and leached layer
development

Already early studies found that the acid attack on AAMs
involves the formation of a leached layer at the acidic
solution—material interface that is almost completely
depleted in alkali ions (Na or K, depending on the activator),
Ca and Al. For example, Allahverdi and Skvara [9] reported
significant leaching of Ca, Na, and Al from an GGBFS/fly ash-
based AAM exposed to HNOs, while the fraction of Si in the
corroded layer was increased after exposure at all studied pH
values (1, 2, and 3). Based on these results, they concluded
that the mechanism of acid attack is the same at all three pH
values, differing only in severity. Similarly, Fernandez-Jimenez
et al. [10] found that after the exposure of a fly ash-based
AAM to HCl the amorphous binder phase of the corroded
AAM was depleted in Al and its amount apparently increased
(increase of “the area of the amorphous halo” in X-ray
diffraction patterns).

These early observations are in line with what is known about
the dissolution of aluminosilicate minerals and glasses at
acidic and circum-neutral pH in general [11-13]: First,
leaching of non-framework cations, i.e., exchange of alkali
ions (Na* or K*) and Ca®* for Hs0O", occurs. This is followed by
removal of Al from the aluminosilicate framework by
hydrolysis and exchange of AP* for H3O". Finally, if Si-O-Si
bonds are present in the framework (i.e., if the Si/Al ratio of
the framework is >1), hydrolysis of these latter bonds occurs,
and the aluminosilicate is dissolved. This sequence relates to
the subprocesses that occur at the molecular level, while on a
macroscopic level these subprocesses occur simultaneously.
It can thus be concluded that the acid attack on AAMs is not
significantly different from the dissolution of other
aluminosilicates, and related information from disciplines
such as mineralogy and geochemistry can be applied to
understand the acid resistance of AAMs.

The mechanical strengths of the leached layers of various
AAMs exposed to HNO; or H,SO; have been found to be
comparatively low, as these layers could be removed with a
wire brush installed on an electric drill [14]. Based on this
observation, attention was drawn to the fact that mass loss is
not always an appropriate measure of acid resistance, as the
corroded layer may partly or wholly detach from the intact
material in some cases and in others not (depending on the
material and the exposure conditions) [14]. This has been
accounted for in most of the more recent studies by using
other parameters (e.g., corroded layer thickness) in addition
to, or instead of, mass loss as measure of resistance.
However, it is noted that a decreased mechanical strength of
the corroded layer is not necessarily a problem if it is stable
enough to create an effective diffusion barrier and, thus,
protects the subjacent intact material (see below). Moreover,
it was also found that the leached layer of AAMs after acid
attack retains substantial mechanical strength [15, 16],
indicating that it would be stable enough to withstand
abrasion and other mechanical stresses.
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Figure 1. (A) Semi-quantitative concentration profiles [obtained by
integrating energy-dispersive X-ray spectroscopy (EDS) mapping datal]
of K, Al and Si in a metakaolin-based AAM after exposure to acetic
acid; the acid-exposed surface is shown left (depth = 0 mm). The
respective depths to which K and Al are leached differ. (Data from
[18].) (B) Concentration profiles [obtained by integrating wavelength-
dispersive X-ray spectroscopy (WDS) mapping data] of K, Ca, Al and Si
in a metakaolin-based AAM after exposure to biogenic sulfuric acid in
a sewer system. The respective depths to which K and Al are leached
differ. (Data from [21].)

Since the leached layer is depleted in alkali and Ca ions, its pH
is generally lower than the pH of the intact material. The
depth to which this neutralisation proceeds is often
considerable, and samples with dimension of a few
centimetres can be completely neutralised (pH < 10 as
determined by spraying a phenolphthalein solution) within
the period of a typical laboratory experiment (several weeks
to few months) or field exposure (several months to few
years), particularly if the material is a low-Ca AAM [15, 17]. For
the comparatively simple case of deterioration of metakaolin-
based AAMs in acetic acid, the leaching of alkali ions can be
modelled using a single apparent diffusion coefficient for each
combination of a specific material and leaching conditions
[18, 19]. However, the inclusion of even low to moderate
amounts of GGBFS in the precursors can significantly reduce
the depth of the neutralised layer [15]. In addition, low
neutralisation depths were also found in well-designed low-
Ca AAMs [16], indicating the importance of material
parameters such as porosity on alkali leaching. Further, it is
important to note that the depth of the leached layer (as



G.J.G. Gluth et al., RILEM Technical Letters (2022) 7: 58-67

61

determined with phenolphthalein or indicated by alkali ion
concentration) is not necessarily identical to the depth of the
layer in which complete Al removal and transformation of the
materials has occurred [16, 18, 20, 21] (Fig. 1), which is related
to the dependence of the mobility of the involved ions on pH.
Thus, several definitions for the ‘depth of corrosion” may be
employed, and this must be considered when results from
different studies are compared.

3 Dealumination and formation of a silica layer

As mentioned in the previous Section, the corroded layer of
AAMs is generally found to be depleted in Al, usually
determined by spatially resolved chemical analysis [scanning
electron  microscopy with  energy-dispersive  X-ray
spectroscopy (SEM-EDS), electron probe microanalysis
(EPMA) etc.]. In addition, several studies found that the X-ray
diffraction (XRD) patterns of the corroded layer of low-Ca
AAMs exhibits a broad hump centred at d = 4.0 A (29 = 22° for
Cu Ka radiation), while the XRD patterns of the intact
materials generally contain a broad hump centred at d = 3.1
A (29 = 29° for Cu Ka radiation) [16, 18, 22, 23] (Fig. 2).
Comparison with the XRD patterns of silicate glasses with
known chemical composition [24, 25] shows that this shift of
the hump indicates the transformation of the Al-containing
binder phase (N-A-S-H or K-A-S-H) to a virtually Al-free silica
phase.
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Figure 2. XRD patterns of an intact metakaolin-based AAM and the
fully corroded layer of the AAM after exposure to acetic acid. A shift
of the major hump in the pattern from ~29° to ~22°C indicates the
formation of an Al-poor silica phase. Major peaks of crystalline
impurities are labelled: M, muscovite/illite; A, anatase; Qz, quartz.
(Data from [18].)

In line with these observations, Allahverdi and Skvara [26]
demonstrated with 2Si magic-angle spinning nuclear
magnetic resonance (MAS NMR) spectroscopy that a partial
conversion of Q*mAl) species to Q* species occurs during
exposure of a GGBFS/fly ash-based AAM to HNOs. [The ‘Q-
nomenclature’ for SiO, tetrahedra [27] is used throughout
this article. In this nomenclature system, the different SiO,
sites are denoted by Q"(mAl), where n indicates the number
of oxygen-bridges to neighbouring SiO, and AlO, tetrahedra,
and m < n indicates the number of AlO, of these tetrahedra;
for m =0, the expression in parentheses is omitted.] Based on

this and additional spectroscopic data, they proposed a
model of the acid attack with the following steps: (1)
exchange of Ca and Na in the binder phase by H* or H30%, (2)
breaking of Si—-O—Al bonds and release of Al, (3) reoccupation
of the created vacancies in the aluminosilicate network by Si.
The authors admitted that the source of Si for the
reoccupation of vacancies remains obscure in their model.
Moreover, the last step of their model is apparently in
contradiction to the general mechanism, described above,
which involves breaking of Si—-O-Si bonds. However, the idea
of a silica layer that forms solely by Al leaching appears to
have been implicitly retained in some of the subsequent
articles about acid attack on AAMs.

In recent publications, new details of the formation of the
silica layer have been revealed and used to refine the model
of the deterioration of AAMs caused by acid attack. °Si MAS
NMR spectra of silica/sodium aluminate-based AAMs with
and without 25 % GGBFS addition demonstrated the almost
complete transformation of the Q*mAl) species of the binder
phase to Q3 and Q* units, and a comparison of their *H-2Si
cross-polarization (CP) MAS NMR spectra with published
spectra of silica gels indicated that these units had formed
through precipitation of a silica gel [16]. A subsequent study
on the deterioration of metakaolin-based AAMs in sulfuric
acid [22] confirmed these NMR results (Fig. 3) and
demonstrated that (1) the absolute amount of SiO; in the
corroded layer was higher than in the intact material, (2) the
Si/Al ratio of the attacking solution was close to the Si/Al ratio
of the material during the first hours of exposure, but then
decreased to values close to zero, and (3) oxygen isotope
exchange occurred between the corroding AAM and the acid
solution. These data were interpreted as indicating a
mechanism in which the dissolution of the binder phase is
essentially congruent, and the formation of the silica layer
occurs by precipitation of a hydrous silica gel (SiO,:nH,0) [22].
It has been described in the previous section that leaching of
non-framework cations (mainly alkali ions) precedes the
dissolution of the aluminosilicate framework; the term
‘congruent’ is used here to denote a mechanism in which
breaking of Si-O—Al (and potentially Si-O-Si) bonds in the
AAM releases monomeric and oligomeric silica species
together with the Al into solution, as opposed to a mechanism
where leaching of Al leaves behind a coherent silica
framework.
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Figure 3. Si MAS NMR spectra of an intact metakaolin-based AAM
and the corroded layer of the AAM after exposure to sulfuric acid. The
Q*mAl) units with m = 1..4 in the intact material have mostly
transformed to Q° and Q* units in the corroded layer. (Data from [22].)

Such a dissolution-reprecipitation mechanism is not only
indicated by the above analytical results, but would also be
predicted for the following reasons (see also the more
detailed discussions in [16, 22, 28]): (1) The removal of Al from
an aluminosilicate network with Si/Al < 2, which is typical of
the N-A-S-H and K-A-S-H gels of low-Ca AAMs, releases silica
monomers and small silica oligomers, i.e., it leads to the
almost complete destruction of the silicate network [13].
However, larger silica polymers may form as well, particularly
at low pH and in the presence of bivalent cations [29]. (2) At
low pH, the solubility of Al is high, while the solubility of Si is
low, thus triggering the precipitation of silica gel if no
complexing compound is present (Fig. 4).

It is further noted that a dissolution-reprecipitation
mechanism has also been shown to be operative in the
weathering/corrosion of aluminosilicate minerals and glasses
at low and circum-neutral pH [30-32]. However, these studies
found a steep chemical gradient between the corroded and
intact regions of the materials, demonstrating that dissolution
and precipitation occur within few nanometres or
micrometres in the interface between these regions, while
studies at a resolution required to confirm or reject this for
AAMs are scarce (but see [22]). Thus, the spatial relationship
between matrix dissolution and silica precipitation in AAMs
needs to be studied in more detail to assess how similar the
processes in minerals or glasses and AAMs are.
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Figure 4. Solubilities of amorphous silica, amorphous Al(OH)s;, and
gibbsite versus pH at 25°C, 1 bar. (Data computed with GEMS [61, 62],
using the Cemdatal8 database [63]; pH adjusted by addition of
HCI/NaOH.)

Importantly, the study of mineral weathering [30] contended
that the precipitated silica layer does not have a significant
protective effect on the subjacent material, while the studies
of glass corrosion [31, 32] concluded that the transport
properties of the corroded layer (pore size and connectivity)
control the overall deterioration kinetics, at least in the long
term. As for acid attack on cementitious materials, a
protective effect of the corroded layer has often been
assumed. For example, Buvignier et al. [33] speculate that the
formation of a low-diffusivity alumina layer during acid attack
on hydrated calcium aluminate cement protects subjacent
regions of the material. Shi and Stegemann [7] state that for
alkali-activated slag, “inward movement of acid to the
corrosion front [...] becomes controlled by diffusion through
this [calcium- and aluminium-leached] layer”, and “the low
lime content in activated-blast furnace slag [...] pastes results
in a dense silica gel protective layer.” Finally, Lloyd et al. [14]
find that “diffusion through the silica-rich product layer
largely controls the rate of corrosion of an [AAM] binder.” By
analogy, it may be concluded that the corroded, silica-rich
layer of low-Ca AAMs has a protective effect as well.
However, the magnitude of this effect depends on the pore
structure of the layer, and formation of expansive phases and
cracking will exert an influence on it as well (see below).

Pertinent NMR data for high-Ca AAMs is not available, but a
study by Wang et al. [34] employed NMR and other
spectroscopic methods to study the deterioration of a
nominally pure C-(N-)A-S-H gel in a 5 % H,SO, solution
(theoretical pH = 0.3). The ¥ Al MAS NMR spectra showed that
a fraction of the 4-coordinated Al (AlO,) of the C-(N-)A-S-H gel
had transformed to 6-coordinated Al (AlOg) after exposure.
The Si MAS NMR spectrum exhibited prominent resonances
at approx. —103 ppm and -112 ppm, which were not present
in the spectrum of the C-(N-)A-S-H gel before acid attack. For
a pure N-A-S-H gel that was also analysed in the study, %Al
MAS NMR demonstrated a complete transformation of AlO,4
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to AlOs, and in the #Si MAS NMR spectra resonances at very
similar chemical shifts (approx. -104 ppm and -112 ppm),
clearly attributable to Q3 and Q* species (because of the
absence of AlQ,), respectively, were present after acid
exposure. Thus, the results show that the transformation of
C-(N-)A-S-H gel induced by acid attack bears important
similarities with those of N-A-S-H gels, though it is unclear at
present whether congruent dissolution of the C-(N-)A-S-H
occurs.

4 Formation of secondary crystalline phases

Besides leaching and dissolution of the AAM, acid attack can
also induce the formation of secondary phases, depending on
the anion of the acid [2] and the composition of the AAM. The
calcium salts of hydrochloric acid (HCl) and nitric acid (HNO3)
are highly soluble, i.e., the precipitation of salts is usually not
observed in studies using these acids, making the
interpretation of the obtained results comparatively easy. The
attack by sulfuric acid (H,SOs) is often more complex, as the
sulfate ions tend to react with dissolved Ca and Al in the
solution, potentially forming a number of different calcium
sulfates (often gypsum, CaS0O,4-2H,0) and aluminium sulfates
[e.g., alunite, KAI5(SO4)2(OH)s, and alum, KAI(SO4)-12H,0
[22]]. In AAMs exposed to phosphoric acid (HsPO,), brushite
(CaHPO4:2H,0) and other calcium phosphates as well as a
sodium phosphate hydrate (Na,HPO4-12H,0) have been
observed [35], though the latter likely formed only during
drying of the specimens. Several organic acids (e.g., acetic,
lactic, citric, oxalic, and tartaric acid) are relevant in the
context of acid attack on cementitious materials, as these can
be produced by microorganisms in biogas plants as well as
other agricultural and agri-food facilities [2, 36, 37]. Some of
them, including acetic acid, form highly soluble calcium salts
(i.e., precipitation is not expected), while others lead to the
precipitation of slightly soluble or insoluble calcium salts (e.g.,
Ca-oxalate), which in some cases may protect the subjacent
material at least partially against further deterioration [36].

Early work of Allahverdi and Skvéra [38, 39] on the
deterioration of a GGBFS/fly ash-based AAM in H,SO, found
similar leaching profiles as for the corrosion in HNOs;
however, a calcium- and sulfur-rich layer was found to exist
between the leached corroded layer and the intact material.
Calcium for the formation gypsum was provided mainly by
GGBFS in the studied material. The authors contended that
the same corrosion mechanism as described above for HNO;
was operative, but in addition gypsum formed in the pores
and the cracks of the corroded layer, providing densification
and protection for the subjacent material.

However, the precipitation of secondary mineral phases
usually has a deleterious effect, mainly through expansion,
associated crack formation and detachment of material. For
example, Aliques-Granero et al. [40] observed that the
formation of gypsum in a GGBFS-based AAM can lead to
cracking and complete fragmentation of samples with
dimensions of several centimetres when exposed to sulfuric
acid with H,SO4 concentrations 23 %. In the study by Grengg
et al. [22], various K/Al-sulfates and calcium sulfates were
found in the corroded layers of low-Ca AAMs (Fig. 5). The

sulfate phases were mainly located in cracks, indicating that
their precipitation can play an important role by inducing
cracking and the associated ingress of acid even in materials
with a low Ca content.

m K-A-S-H
B K-A-S-H in dissolution

Figure 5. High-resolution phase distribution (obtained through phase
calculations with XMapTool based on quantitative EPMA mappings)
of a region in the transition zone between the corroded layer and the
intact core of a metakaolin-based AAM after exposure to sulfuric acid
(pH = 2) for 35 days at room temperature. The intact core of the
specimen is located towards the top left of the image; the outer,
exposed surfaces of the specimen are located towards the right and
the bottom of the image. Several different sulfate phases are located
in cracks. [Adapted from C. Grengg et al., Cem Concr Res (2021) 142:
106373 [22], published under a Creative Commons license:
https://creativecommons.org/licenses/by/4.0/; the label ‘A’ has been
removed from the top left corner of the original image and the image
cropped.]

W quartz m muscovite/illite M crack/epoxy resin

syngenite alunite K-alum anhydrite

5 Influence of AAM composition on acid
resistance

Because of the wide range of employed precursors and
activators of AAMs as well as the different parameters used
to evaluate their acid resistance (Sections 1 and 2), the
influence of AAM composition on their acid resistance is
difficult to disentangle. The situation is further complicated by
the fact that the relative performance of AAMs differs
depending on the attacking acid (Table 1), at least partly due
to the effect of secondary crystalline phase formation
(Section 4). However, the below examples may serve to
demonstrate some possible effects of the composition of
AAMs on their acid resistance.

Lloyd et al. [14] observed a significant increase of the sulfuric
acid resistance (decrease of the depth of corrosion) of AAMs
with increasing GGBFS fraction, the other precursor being
Class F fly ash. For the AAM produced from 100 % GGBFS, the
formation of gypsum and associated cracks were observed in
the corroded layer, yet its depth of corrosion was the lowest,
i.e., the GGBFS-based AAM possessed the highest acid
resistance, despite the formation of a corroded layer with a
weak protective effect. The authors assigned these
observations to a decreasing permeability of the materials
with increasing GGBFS fraction, caused by the formation of
more binder phase including C-(N-)A-S-H. Confirming this
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assignment, Aiken et al. [15] observed a tendency to form
more C-(N-)A-S-H and a decrease of porosity with increasing
GGBFS fraction for fly ash/GGBFS-based AAMs, which led to a
decreased neutralised (pH < 9) depth after sulfuric acid
exposure. However, GGBFS addition led also to a more
pronounced visible damage (exposure of aggregates), most
likely through formation of gypsum.

In contrast to the above studies, the work of Sturm et al. [16]
on silica/sodium aluminate-based AAMs indicated no positive
effect of GGBFS (25 % addition) on sulfuric acid resistance;
viz., the highest acid resistance was exhibited by the materials
without GGBFS addition, and the depth of neutralisation
(determined with phenolphthalein) was lowest for one of the
materials without GGBFS. This was attributed to the fact that
the formation of expansive gypsum was not observed in
GGBFS-free materials, while gypsum was found in the GGBFS-
containing materials, due to the differences in Ca content.
Moreover, there are cases where formation of gypsum in
GGBFS-based AAMs leads to the complete disintegration of
samples [40], as mentioned earlier.

The addition of microsilica to metakaolin-based AAMs at a
substitution rate of 27.5 % was found to increase their
resistance against sulfuric acid attack, presumably due to an
increased Si/Al ratio of the resulting K-A-S-H gel, and because
the presence of additional SiO, led (by some not yet
understood reaction mechanism) to a densified silica gel in
the corroded layer [23]. Possibly related to this observation is
the finding that silica/sodium aluminate-based AAMs
performed better in sulfuric acid corrosion testing when they
were designed with excess silica (rice husk ash or microsilica)
[16]. Finally, of two metakaolin-based AAMs, the one with a
lower water content and made from the metakaolin with a
higher SiO, content (mainly due to a higher quartz content)
performed better in a sewer environment (sulfuric acid
attack), most likely because of a lower porosity and a finer
pore structure [41].

Less data is available on the influence of AAM composition on
the resistance against organic acids. However, in their study
of the deterioration of AAMs in a mix of acetic, propionic and
lactic acid, Koenig et al. [42] found that the acid resistance of
AAMs, as measured by mass loss, residual compressive
strength as well as depth of degradation, increased with
decreasing GGBFS content, i.e., the best performance was
observed for the low-Ca AAM based on fly ash. Ukrainczyk
[19] studied the complex interactions between metakaolin
composition, the properties of the resulting materials
(geopolymers) after activation with potassium silicate
solution, and alkali leaching in acetic acid. Modelling indicated
that the behaviour of the studied geopolymers depends
mainly on their capacity to bind alkali ions, which in turn is
influenced by the degree of the geopolymerisation reaction;
in addition, crack formation and the porosity of the materials
had an influence on their leaching resistance, as expected.

6 Additional properties

In several environments, e.g., in sewer systems and biogas
plants, the acid that attacks the material is produced by
microorganisms; in these cases, the combined process is
often termed biodeterioration, biogenic acid corrosion (BAC)
or microbially induced corrosion (MIC). Under MIC conditions,
the deterioration rate is determined to a large degree by the
colonisation by microorganisms and their activity [1, 2, 36, 37,
43]. While much research on conventional cement-based
material has been conducted in this regard, only limited data
pertaining to the effects of AAMs on the abundance and
activity of microorganisms is available [41, 44, 45]; thus,
additional studies are required to better understand this
aspect. Further, because of the different processes involved,
there may be differences between the behaviour of an AAM
under MIC conditions and under the conditions of accelerated
acid corrosion testing in the laboratory. For example, Khan et
al. [17] found that a fly ash/GGBFS-based AAM exhibited very
similar mass losses after 24 months of exposure to a sewer
environment (i.e., MIC conditions) and 6 months exposure to
1.5 % sulfuric acid solution (pH = 0.8), but the depth to which
the material was neutralised (pH < 10) was substantially
higher when the samples were exposed to the sewer
environment.

If AAMs are to be applied as repair materials for concrete
structures in acid-exposed environments, they need to exhibit
a sufficiently strong bond to the concrete substrate that is
stable over the intended lifetime of the repair system.
However, because of the significant differences between the
chemical and mineralogical composition of low-Ca AAMs and
conventional concretes, and because of the tendency of
substantial shrinkage and associated cracking/spalling of
high-Ca AAMs (alkali-activated slags) [46, 47], a strong and
durable bond cannot be assumed a priori. Knowledge in this
regard is only beginning to accumulate [48-51]; thus,
additional studies, particularly considering the long-term
behaviour of the bond, are required.

7 Research needs

From the above description of the current knowledge about
the acid attack on AAMs, it follows that several open
questions remain. These pertain to fundamental aspects of
the deterioration process as well as to engineering aspects,
such as optimum mix-design parameters.

Particularly for low-Ca AAMs, an important question is how
the severe alkali leaching and neutralisation of the corroded
layer, reaching to considerable depth, impacts their long-term
chemical and mechanical stability, the protection of
embedded steel reinforcement, and the bond to a substrate.
Related to these questions are the decisions about how to
define ‘depth of corrosion’ and ‘acid resistance’ of AAMs.
Suitable and widely accepted definitions of these parameters
are needed, as these would help to compare the results of
different studies and, thus, to identify the influence of mix-
design parameters on the acid resistance. Further, though it
is obvious that a low permeability of the intact AAM will be
beneficial for acid resistance in most instances, the relative
importance of the transport properties of the intact material
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and the corroded layer is unclear at present. Investigation of
this issue will require dedicated analyses of the corroded layer
itself, including porosity, mechanical and transport
parameters (e.g., [42, 52-54]).

Multiple indications of congruent matrix dissolution and
precipitation of silica gel in low-Ca AAMs have been
presented in the literature. However, most of this evidence is
circumstantial, and it would thus be highly desirable to obtain
a definite proof of the proposed dissolution-reprecipitation
mechanism, because only a reliable understanding of the
deterioration mechanism will enable accurate modelling of
acid attack and a well-informed design of new materials with
high resistance. These investigations will require the
application of appropriate spectroscopic methods to study
the structural transformations of the aluminosilicate
framework of the materials (e.g., [16, 22, 55]), and ideally also
isotope methods that can be used to directly track dissolution
and precipitation of the involved phases (e.g., [22, 31, 32, 56]).
As for high-Ca and intermediate-Ca AAMs, the evidence
regarding the mechanism of deterioration caused by acid
attack is scarcer; thus, it should be investigated whether a
dissolution-reprecipitation mechanism is operational also in
these materials.

A further open question with potentially important
implications is why, or whether, precipitation of gypsum (or
other minerals) can clog cracks and decrease the permeability
of certain AAMs, as has been claimed in an early publication
[38], while it was found to be responsible for cracking,
increased  permeability and sometimes complete
fragmentation in many other AAMs. Additional research
requirements related to the interaction of microorganisms
and AAMs under MIC conditions and regarding the bond
between AAMs and a concrete substrate have been
formulated in Section 6. Finally, a fine pore structure with
predominantly small pores, which is the reason for the low
permeability of alkali-activated slags, generally leads to
substantial shrinkage and associated cracking [46, 47]. It
should thus be investigated how shrinkage affects the acid
resistance of these materials and their bond to concrete
substrates, if used as repair material.
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