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One-part geopolymers

One-part alkali-activated (geopolymer) mortars based on three different silica-rich starting materials and sodium
aluminate, with and without ground granulated blast furnace slag (GGBFS) addition, were tested regarding
sulfuric acid resistance according to DIN 19573:2016-03 (70days at pH = 1). Corresponding pastes were
characterized by XRD, SEM, chemical analysis, 2°Si MAS NMR and 'H-2°Si CPMAS NMR after water storage and
after acid exposure. The mortars exhibited a high resistance against sulfuric acid attack, with the best ones
conforming to the requirements of DIN 19573:2016-03. The analytical results showed that this was due to

precipitation of silica gel at the acid-mortar interface, which formed a mechanically stable layer that protected
the subjacent mortar and thus inhibited further degradation. The addition of GGBFS decreased the acid re-
sistance via formation of expansive calcium sulfate phases.

1. Introduction

The long-term chemical resistance of concrete structures is of major
importance for sustainable economies; one aspect in this context is that
cementitious materials with a high acid resistance are required in many
different important infrastructures, either for construction or for repair.
In particular, concretes and mortars with high sulfuric acid resistance
are needed for the construction and the repair of sewer structures, in
which biogenic sulfuric acid attack is the major degradation mechanism
[1-4]; improved acid resistance is also required in agricultural struc-
tures and biogas plants [2,5,6]. Important progress has been achieved
in this regard with materials based on Portland cement (OPC)/supple-
mentary cementitious materials (SCM) blends or calcium aluminate
cement (CAC) [3,7-11], but ever-increasing demand justifies the search
for alternative, potentially more durable binder systems.

Low-calcium alkali-activated materials (geopolymers and mortars/
concretes produced from these) have been repeatedly observed to ex-
hibit high acid resistance [12-18], making them promising materials
for applications in the aforementioned environments, though excep-
tions from this general trend, i.e. unsatisfactory or ambiguous results of
acid resistance tests, have been reported too [12,19-21]. Different
parameters of the mix-design have been found to influence the acid
resistance of geopolymers. The alkali ion of the activator solution ap-
pears to affect the pore size distribution of the binder matrix, potassium
leading to larger pore sizes and thus lower acid resistance than sodium
[12]. The addition of nano-silica or microsilica modifies the particle
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size distribution of the dry binder, potentially increasing the packing
density of the solid particles in the fresh paste and thus improving its
microstructure after hardening; furthermore, it is a way to modify the
chemical composition (increase the SiO, content) of the system [16,17].
The presence or absence of dissolved silicate in the activator solution
influences the crystallinity of the reaction products, which can impact
the chemical resistance too [12]. Apparently the most important
parameter is the CaO content of the binder: During sulfuric acid or
sulfate attack, calcium may precipitate as gypsum, thereby causing
expansion and damage [14,16,21]; under some circumstances, how-
ever, gypsum appears to block pores, inhibiting further corrosion [22].

All the above-mentioned studies were conducted on conventionally
produced alkali-activated materials (AAMs), i.e. materials that were
produced by addition of an alkali hydroxide or alkali silicate solution to
a solid aluminosilicate powder. However, AAMs that need only to be
mixed with water to initiate hardening (termed ‘one-part mix’ AAMs
[23,24]) provide significant advantages regarding transport and storage
of feedstocks, occupational health and safety, and adaption to con-
ventional mixing and processing equipment, thus providing potentially
a higher commercial viability. Different routes to precursors for one-
part AAMs have been devised, including calcination or intense grinding
of aluminosilicate materials together with alkali-bearing compounds,
and dry mixing of (alumino)silicate materials with readily soluble solid
activators [23-26].

One of these approaches is to dry-mix a silica-rich starting material
and solid sodium aluminate (NaAlO,), and subsequent mixing with
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water [23,25]. In this approach, the properties and the phase assem-
blage after curing depend strongly on the employed silica material and
the starting SiO,/Al,O3 ratio, leading either to geopolymer-zeolite
composites or to virtually fully amorphous geopolymers [27-29]. Be-
sides the fact that the use of an alkaline solution for activation is
avoided here, advantages of these binder systems include easy control
of the Si0,/Al,03 ratio in a wide range as well as the possibility to use
various industrial and biogenic by-products as silica-rich starting ma-
terials.

To the authors' knowledge, no previous studies of the acid resistance
of one-part AAMs are available. In the present study, mortars were
made with these binders, based on three different silica starting mate-
rials, with and without addition of ground granulated blast furnace slag
(GGBFS). The mortars were tested for sulfuric acid resistance according
to DIN 19573:2016-03 (70days at pH = 1), and their binder micro-
structure characterized, using XRD, 295i MAS NMR, 'H-?Si CPMAS
NMR, and SEM with regard to the mechanisms that are responsible for
the observed acid resistance.

2. Materials and methods
2.1. Starting materials

Three different silica materials were employed as feedstocks: a mi-
crosilica (hereafter referred to as MS), a silica resulting from thermal
treatment of residues from chlorosilane production and subsequent
scrubbing and neutralization of the flue gas (CR), and a rice husk ash
(RHA). The employed solid activator was sodium aluminate (nominally
NaAlO,). GGBFS was added to some formulations as a source of cal-
cium. Chemical analysis of the solid feedstocks was performed by in-
ductively coupled plasma optical emission spectrometry (ICP-OES) after
total microwave digestion; the results are shown in Table 1. MS and
RHA contained ~94 wt% SiO,, while the SiO, content of CR was con-
siderably lower (~84 wt%); RHA contained significant amounts of K,O
and P,0Os. The sodium aluminate had an almost stoichiometric Na/Al
ratio of 1.003 mol/mol.

The XRD patterns (Fig. 1; for measurement conditions see Section
2.4) showed a major hump with its maximum around 21.5° 26 for CR
and MS, evidencing a virtually fully amorphous silica with only minor
crystalline impurities quartz (PDF # 00-046-1045), calcite (PDF # 01-
086-0174) in CR, and residues of silicon (PDF # 00-027-1402) and si-
licon carbide (PDF # 00-049-1429) in MS. RHA contained, besides
amorphous phase, a considerable amount of cristobalite (PDF # 00-
039-1425) and minor amounts of tridymite (PDF # 00-042-1401). In a
previous study on one-part AAMs [28], a fully amorphous rice husk ash
was employed; the presence of cristobalite in the RHA used in the

Table 1
Chemical composition of the starting materials.
Oxide MS (wt%) CR (wt%) RHA (wt  Sodium aluminate =~ GGBFS (wt
%) (Wt%) %)
SiOy 94.57 84.23 93.72 1.07 35.10
Al O3 0.17 4.18 0.05 60.89 11.03
Fe,04 0.04 0.43 0.10 0.02 0.42
TiO, 0.01 0.06 0.01 < 0.01 < 0.01
CaO 1.15 2.97 0.97 0.52 40.64
MgO 0.23 0.17 0.38 0.01 8.26
Na,O 0.14 0.22 0.26 36.78 0.55
K20 0.71 0.03 1.33 0.56 0.49
SO3 0.21 0.16 0.35 0.08 2.20
P,Os 0.14 - 0.63 - -
LOI 1.84 5.08 1.74 1.00 1.05
CO, - 4.20 - 0.03 0.36
Residual 0.82 2.51 0.49 0.16 0.29

LOLI: loss on ignition (1000 °C); includes CO».
-: not determined.
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Fig. 1. XRD patterns of the starting materials RHA, MS, CR, and GGBFS
(q = quartz; Tr = tridymite; c¢ = cristobalite; C = calcite; Si = silicon;
SiC = silicon carbide; Me = merwinite).

present work indicates a higher calcination temperature for the rice
husks, probably above 800 °C [30]. The sodium aluminate consisted
almost completely of anhydrous NaAlO, (PDF # 00-033-1200), and
contained only minor amounts of hydrated sodium aluminates and
natrite [27]. The GGBFS was almost fully amorphous (diffraction
maximum at ~30.6° 260), and included minor amounts of merwinite
(CazMg(SiO4)2; PDF # 00-035-0591).

MS consisted of spherical primary particles with a diameter of ap-
prox. 50-200 nm, fused together to form larger agglomerates, as is ty-
pical for microsilicas. As seen in SEM micrographs [25], silica CR had a
very similar particle morphology. The RHA exhibited angular particle
shapes, and rough particle surfaces with many pore openings with sizes
up to ~500 nm. The specific surface areas of the silica materials were
determined by N, sorption at 77 K, employing the BET method for data
evaluation, to be 20.1 m?/g for MS, 32.3 m?/g for CR, and 13.9 m?/g for
the RHA. The medium particle size, dso, determined by laser granulo-
metry, was 24.1 um for RHA and 17.3 ym for the sodium aluminate.

CEN Standard sand (quartz; max. grain size: 2 mm) in accordance
with DIN EN 196-1:2016-11 was used as aggregate for all mortars.

2.2. Sample preparation

Table 2 gives the compositions of the investigated mortars in terms
of the molar SiO,/Al,03 ratio of the binder, the water/binder weight

Table 2
Mix-designs of the one-part alkali-activated mortars.
Sample Si0y/ w/b Paste Na,0/ H,0/
designation Al,O3  (8/8) content CaO (Na,O + CaO)
(mol/ (wWt%) (mol/ (mol/mol)
mol) mol)
MS_6 6.03 0.40 31.5 10.66 11.44
MS_6_b 6.03 0.40 37.4 10.66 11.44
MS_6_SL 6.31 0.38 30.0 0.80 6.74
RHA 6 b 6.05 0.40 37.6 12.40 11.30
RHA_6_SL b 6.38 0.38 38.2 0.80 6.67
CR3.5 3.52 0.50 30.7 6.36 11.10
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ratio (w/b), the paste content by weight (remainder: aggregates), and
the molar Na,0/CaO ratio of the binder. The SiO,/Al,O3 ratio was
defined by the relative proportions of the silica material and the sodium
aluminate in the dry binder; the Na,0/CaO ratio was determined by the
amount of CaO in the silica materials and the addition of GGBFS; and
the H,0/(NaO + CaO) was determined by the w/b. The actual H,O/
(Na,O + CaO) ratios determines the hydration of dissolved Na™ and
Ca2™ ions in the pore solution and influences its pH and viscosity; its
total value (and thus hypothetical minimum) is given in Table 2 for
comparison purposes. In the sample designations, MS/RHA/CR denote
the employed silica material, the subsequent number gives the ap-
proximate SiO,/Al,05 ratio, SL denotes the addition of GGBFS, and the
letter b is used to denote mortars with increased paste content (~38 wt
% instead of ~31 wt%).

The mortars with GGBFS had a total CaO content of the dry binder
of 10 wt% (i.e. ~25wt% GGBFS). The finite Na,O/CaO ratios of the
mortars without GGBFS were caused by the minor CaO contents of the
silica starting materials (Table 1). Mortar CR_3.5 had to be produced
with a lower SiO,/Al,0; ratio and a higher w/b than the other mortars
due to insufficient workability at the mix-design chosen for the other
mortars.

Mixing of the mortars was done in a standard mortar mixer ac-
cording to DIN EN 196-1:2016-11. The fresh mortars were cast in two
layers into 40 mm X 40 mm X 160 mm prism molds and each layer
compacted by vibrating the molds. Curing was done in a climate
chamber at 60°C (GGBFS-containing mortars) or 80°C (mortars
without GGBFS) and 80% relative humidity (RH) for 24h.
Subsequently, the mortar prisms were removed from the molds and
prepared for sulfuric acid resistance testing as described in Section 2.3.
The different curing temperatures for the mortars with and without
GGBFS were chosen based on preliminary experiments which showed
that curing the GGBFS-containing mortars at temperatures above 60 °C
does not lead to improved performance in terms of strength develop-
ment, while optimum strength for the mortars without GGBFS were
achieved at 80 °C.

In addition to the mortars for sulfuric acid resistance testing, paste
samples were prepared for microstructural analyses. The pastes had the
same composition as the pastes of the corresponding mortars with the
same sample designation. The pastes were mixed in a planetary cen-
trifugal mixer at a rotation speed of 1100 min~! for a total of 9 min
with a short break after every 3 min to allow the mixer to cool (RHA-
based pastes) or at 1200 min~! for 3min (MS-based pastes).
Subsequently, the pastes were cast into 20 mm X 20 mm X 20 mm si-
licone cube molds. Curing was done as for the mortar specimens. No
bleeding or segregation of the pastes was observed by visual inspection,
which was most likely caused by the comparatively high specific sur-
face area of the silica starting materials.

Subsequently, the paste cubes were stored, soaked in water, and
exposed to either sulfuric acid or water exactly as the mortar specimens
(Section 2.3) up to the time of removal from the acid bath. The GGBFS-
free pastes remained in the acid bath together with the corresponding
mortars for the full time of the test (70 days). The GGBFS-containing
pastes started to disintegrate after approx. 14 days. Therefore, they
were transferred to 400-ml beakers and immersed in sulfuric acid
(pH = 1) for the remainder of the test time; the acid solution was

Table 3
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replaced with fresh solution once a week.

After the acid or water treatment, the paste samples were rinsed
with deionized water and dried in an oven at 40°C for 1day.
Subsequently, the samples were either crushed for SEM investigations
or ground manually using mortar and pestle (agate), until all particles
passed through a sieve with 0.063-mm mesh width. The samples were
stored in a desiccator above dry silica gel until required for analyses.

2.3. Sulfuric acid resistance testing

The acid resistance of the mortars was determined in accordance
with the German standard DIN 19573:2016-03 ‘Mortar for construction
and rehabilitation of drains and sewers outside buildings’, Appendix A,
except adjustments regarding the curing regime of the mortars.
Currently, the standard is only available in German, therefore, we
provide a detailed description here.

For each sample series, five mortar prisms were prepared as de-
scribed in Section 2.2. After removal from the molds, the surfaces of the
prisms were ground manually for 15s with abrasive paper (graining
320) to remove the outer paste layer. Subsequently, the specimens were
further cured at 23 °C and 50% RH for 25 days. At an age of 7 days, the
mortar prisms were cut into halves (40 mm X 40 mm X 80 mm), and
their dimension were measured precisely. At an age of 26 days, all
specimens were immersed in tap water at 23 °C for 2 days to saturate
their (outer) pores. After the total curing time of 28 days, half of the
specimens were transferred to a sulfuric acid (H»SO4 solution; pH = 1)
bath, and the other samples remained under water. The specimens in
the sulfuric acid bath were immersed at least 10 mm below the surface
in a volume of =8dm?® of sulfuric acid. The cut mortar prisms were
placed on grates, and the solution constantly stirred by a magnetic
stirrer to ensure homogeneous exposure to the acid. An automatic ti-
tration system was used to keep the pH at 1, and the consumed amount
of acid was recorded. In addition, the test solution was replaced with
new acid once per week.

After 70 days of exposure to the sulfuric acid or water (sample age
98 days), the specimens were removed from the respective tanks, loose
material was removed from their surfaces with a soft brush, and the
new specimen dimensions were determined. The mortar specimens
were then cut and ground to a height of 40 mm. After subsequent sto-
rage at 23 °C and 50% RH for 2 days, the mortar specimens were tested
for compressive strength according to DIN EN 196-1:2016-11 (com-
pression parallel to the principal axis of the original prisms). Table 3
summarizes the curing and the acid or water exposure conditions and
lengths.

From the fracture loads of the acid-immersed and the water-im-
mersed samples, the relative residual compressive strength, f.) (symbol
not used in DIN 19573:2016-03), and the effective depth of corrosion,
X¢ p, were calculated according to:

£ = Fp acia/(40 mm X 40 mm)
i FD,waler/(a X b)

Fp aci
Xip = 05X dox [1— —Dacid
FD,water

X 100%

®

(2)

Curing and testing conditions for the one-part alkali-activated mortars and pastes (uW = under water storage; REF = reference, i.e. water exposure).

Sample Curing: 28 days H,SO, or REF: 70 days Drying: 2 days

MS_6 1day @ 80°C/80% RH 25days @ 23 °C/50% RH 2days @ 23 °C/uW 70 days @ 23 °C/pH = 1 or 70 days @ 23 °C/uW 2days @ 23°C/50% RH
MS_6_b 1day @ 80°C/80% RH

MS_6_SL 1day @ 60°C/80% RH

RHA 6 b 1day @ 80°C/80% RH

RHA_6_SL b 1day @ 60°C/80% RH

CR3.5 1day @ 80°C/80% RH
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d0=\(a><b) (3)

where Fp acig and Fp water are the fracture loads of the acid-immersed
and the water-immersed samples, respectively, and a and b are the edge
lengths of the tested cross-sections of the water-immersed specimens.
The use of 40 mm X 40 mm in the numerator, but a X b in the de-
nominator of Eq. (1) is prescribed in the standard; the introduced error
is however minor, as the edge lengths a and b of the water-immersed
specimens will generally be approx. 40 mm.

The requirements for sulfuric acid resistance (pH = 1) specified in
DIN 19573:2016-03 are: f,q > 75%, and X;p < 2.7 mm; these two
requirements are equivalent (Egs. (1) and (2)). The effective depth of
corrosion corresponds to the hypothetical depth of corrosion, caused by
the exposure to sulfuric acid, that would be observed if the compressive
strength of the unaffected core was equal to the compressive strength of
the water-immersed specimen, and the strength of the corroded layer
was zero.

In the discussion below, the compressive strength of the specimens
after 70-day water-immersion will be referred to; it will be denoted
reference strength, fp water, and is defined as:

F D,water
axb

f D,water =

C)

2.4. Microstructural analyses

X-ray diffraction (XRD) patterns were recorded on a Rigaku Ultima
IV diffractometer in Bragg-Brentano geometry under the following
conditions: Cu Ka radiation (£ = 1.5419 A), 40kV, 40 mA; divergence
slit: 10 mm in-plane, 0.5° axial; sampling interval = 0.02° 26; scan
rate = 0.5° 20 min~!; scanning range: 5-65° 20; strip detector D/teX
Ultra. Samples were rotated at a speed of 15min~' during the mea-
surements.

295i magic-angle spinning nuclear magnetic resonance (MAS NMR)
single-pulse spectra were recorded on a Bruker AVANCE 600 spectro-
meter at 119.2MHz, using a 4-mm triple-resonance probe with a
sample spinning speed of 12.5 kHz. All spectra were recorded at room
temperature with a 90° pulse of 6 us, and at least 24 scans were accu-
mulated per specimen. The recycle delay was set to 900 s because of
observed long relaxation times for some of the present species (cf. Ref.
[271). 'H-?°Si CPMAS NMR spectra were collected on the same spec-
trometer with a contact pulse length of 2 ms and a recycle delay of 3s,
accumulating at least 512 scans per spectrum. Chemical shifts were
referenced using kaolinite as a secondary standard with —91.5 ppm for
its upfield peak. The Q"(mAl) nomenclature for SiO, tetrahedra will be
used throughout this article, where n denotes number of oxygen-bridges
to neighboring SiO4 and AlO, tetrahedra, and m < n denotes the
number of AlO, of these tetrahedra; for m = 0, the expression in par-
entheses is omitted.

Scanning electron microscopy (SEM) investigations were performed
on a Carl Zeiss EVO MA10 device at an accelerating voltage of 7-10 kV
in secondary electron (SE) mode. Samples were sputtered with gold
before the measurements.

3. Results and discussion
3.1. Mortar strength and acid resistance

The results of the sulfuric acid resistance tests of the mortars are
shown in Table 4. Mortar MS_6 had a relative residual compressive
strength (fi.) of 72%, and an effective depth of corrosion (Xp) of
3.1 mm; this is close to the requirements of DIN 19573:2016-03. For
mortar MS_6_b, with the same paste composition but an increased paste
content compared to MS_6, the measured values were f..; = 77.1% and
X¢p = 2.5 mm, conforming to the requirements of DIN 19573:2016-03
for mortars to be used in sewer repair. The reference strength, fp waters
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Table 4

Compressive strength after storage for 70 days in water (fp water), relative re-
sidual compressive strength (f.)) and effective depth of corrosion (Xp) of the
mortars. Values after the plus/minus sign denote standard deviations. Bold
entries denote values that conform to the requirements of DIN 19573:2016-03.

Sample fo.water (MPa) fra1 (%) X,p (mm)
MS_6 58.0 = 4.5 72.0 3.1
MS_6_b 41.0 = 0.8 77.1 2.5
MS_6_SL 53.6 = 5.3 62.5 4.2
RHA 6. b 32.0 = 4.1 77.9 2.4
RHA 6_SL b 30.3 = 1.3 57.2 5.0
CR3.5 48.7 = 0.7 52.9 5.6

of mortar MS_6_b was lower than fp water of MS_6, which is attributed to
the higher paste content of MS_6_b.

The relative residual compressive strength of mortar RHA_6_b after
the acid treatment was 77.9%, which was almost equal to that of the
similarly composed mix MS_6_b. However, its reference strength was
lower than that of MS_6_b, indicating a generally slower hardening for
the RHA. This is in contrast to previous studies, in which it was found
that geopolymer pastes produced from another rice husk ash had con-
siderably higher strengths than geopolymer-zeolite composite pastes
based on MS [27,28]. This difference is attributed to the higher fraction
of inert crystalline impurities (mainly cristobalite) of the RHA used in
the present study, which will cause a lower overall reactivity, and
possibly also to a tendency of the MS-based binder to bond better to the
aggregates of the mortar.

Mortar CR_3.5 exhibited significantly lower resistance to sulfuric
acid attack than the other mortars: The relative residual compressive
strength of the acid-exposed specimens was only 52.9%, and the ef-
fective depth of corrosion, X;p, was 5.6 mm. These values were the
lowest fi; and the highest X¢p, respectively, of all considered mortars.
This is mainly related to the significantly higher w/b of mortar CR_3.5
as compared to the other mortars, which is expected to cause a higher
porosity and thus much easier ingress of the sulfuric acid.

The mortars with GGBFS addition generally performed worse than
the analogous mortars without slag addition in the acid resistance tests
(Table 4). MS_6_SL possessed a f;. of 62.5% and a X;p, of 4.2 mm, and
RHA 6 SL_b had fe = 57.2% and X;p = 5.0 mm. It was observed that
the mortars with GGBFS addition underwent slight expansion during
the acid treatment, in contrast to the mortars without CaO addition.
Crack formation related to this expansion is considered to be the main
reason for their lower sulfuric acid resistance, as is discussed in more
detail in Sections 3.2 and 3.4.

Cross-sections of cut mortars specimens after acid exposure, sprayed
with phenolphthalein solution, are shown in Fig. 2. All specimens ex-
hibited an apparently unaffected core, and a corroded outer layer. The
color of the cores in Fig. 2 differed mainly due to the fact that the
wettability of the surfaces differed between specimens, the wettability
of the RHA-based mortars being generally better compared to the other
mortars. The reason for this behavior may be the porous nature of
unreacted RHA (Sections 3.2 and 3.3) in the mortars. However, a dif-
ferent degree of leaching of alkalis towards the exterior is probably also
partly responsible for the observed differences.

Notably, for the GGBFS-free mortars, only a thin layer of material
was lost during cleaning the specimens after acid exposure with a
brush, and the remaining corroded layer did not spall or disintegrate,
and retained some mechanical strength. In these mortars, the depth of
the corroded layer that could be visually observed with the naked eye
corresponded roughly to the calculated effective depth of corrosion,
X¢p. The GGBFS-containing mortars exhibited somewhat more loss of
material after brushing, as is apparent from the rounded corners of
these mortars in Fig. 2. However, also with the GGBFS-containing
mortars, the main part of the corroded layer did not disintegrate, and it
retained some mechanical strength. These observations regarding the
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Fig. 2. Cross-sections, sprayed with phenolphthalein solution, of the mortars MS_6, MS_6_b, and MS_6_SL (top row, from left to right), and RHA_6_b, RHA_6_SL_b, and
CR_3.5 (bottom row, from left to right) after the 70-day exposure to sulfuric acid (pH = 1). (For interpretation of the references to color in this figure, the reader is

referred to the web version of this article.)

visual appearance of the cross-sections were in general agreement with
the relative order of the acid resistance (f,] and X¢p) of the mortars.

3.2. XRD analyses

To elucidate the processes that determine the observed acid re-
sistance of the mortars, selected paste specimens, with the compositions
of the corresponding mortars, were subjected to microstructural ana-
lyses; the omittance of the quartz aggregates in these samples facilitated
easier identification of changes that occurred in the binder phase. As
the visually observed corrosion depth and the effective depth of cor-
rosion, X¢p, of the mortars were on the order of 2.5 to 6 mm, and the
paste samples lacked the quartz aggregate that is inert and thus hinders
ingress of the acid by increasing the tortuosity of the diffusion paths, it
can be assumed that the paste samples that were exposed to the sulfuric
acid for 70 days were fully corroded. Visual inspection of split paste
samples revealed a homogeneous appearance, i.e. an unaffected core
could not be identified, indicating that the above assumption was sa-
tisfied.

Figs. 3 to 6 show the XRD patterns of the pastes MS_6, MS_6_SL,
RHA_6_b, and RHA_6_SL b, respectively, after 70-day water-immersion
and after 70 day exposure to the sulfuric acid, as well as the respective
starting silica for comparison. In all cases, the XRD patterns after the
70-day water-immersion were virtually identical to XRD patterns of the
as-cured pastes (not shown), confirming that the immersion of the
pastes in water did not induce any significant phase transformations or
dissolution.

The diffractogram of paste MS_6 (Fig. 3) after water-immersion
exhibited major reflections of zeolite A (Na,4(A1SiO4),9H,0; PDF # 00-
039-0222) and minor amounts of hydrosodalite (Nag(AlSiO4)s4H0;
PDF # 00-042-0216), as well as an amorphous hump that is broadened
towards higher diffraction angles, compared to the starting silica MS.
The persistence of a hump with a maximum at ~22° 26 is attributed to
remaining (unreacted) silica MS in the material, while the asymmetric
broadening towards ~29° 20 is caused by geopolymeric gel that has
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Fig. 3. XRD patterns of paste MS_6 after 70-day water-immersion and after 70-
day exposure to sulfuric acid (pH = 1), and of the silica MS (A = zeolite A;
HS = hydrosodalite; Si = silicon; SiC = silicon carbide; SH = silicic acid).

precipitated during hardening. In addition, the silicon carbide impurity
of the silica feedstock remained visible in the diffractogram of the paste.
These results are in agreement with the phase assemblage for as-cured
pastes with the same composition, reported in a previous study [27].
The XRD pattern of MS_6 after exposure to sulfuric acid exhibited a
dominant, broad hump with its maximum at ~22° 26 and minor peaks
of silicic acid (H,Si;40291H,0; PDF # 00-045-0423), while reflections
of zeolite A, hydrosodalite, and the geopolymeric gel were absent. No
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Fig. 4. XRD patterns of paste MS_6_SL after 70-day water-immersion and after
70-day exposure to sulfuric acid (pH = 1), and of the silica MS (A = zeolite A;
Si = silicon; SiC = silicon carbide; SH = silicic acid; Gy = gypsum).
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Fig. 5. XRD patterns of paste RHA_6_b after 70-day water-immersion and after
70-day exposure to sulfuric acid (pH = 1), and of the silica RHA (q = quartz;
Tr = tridymite; ¢ = cristobalite; (SS) = sodium silicate (uncertain)).

sulfates were identified in the diffractogram. These results show that
the zeolites as well as the geopolymeric gel were dissolved in the sul-
furic acid, while a silica material remained in place.

The GGBFS-containing paste MS_6_SL (Fig. 4) exhibited similar XRD
patterns after water-immersion as the GGBFS-free MS_6. Zeolite A was
the major crystalline phase (while hydrosodalite was missing), and a
broad amorphous hump indicated the presence of unreacted silica and
geopolymeric gel. However, the more pronounced hump around ~29°
20, compared to MS_6, indicated a higher degree of reaction of the silica
and higher fraction of geopolymeric gel in MS_6_SL. Indications of
calcium aluminosilicate hydrate (C-A-S-H) would be difficult to detect
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Fig. 6. XRD patterns of paste RHA_6_SL_b after 70-day water-immersion and
after 70-day exposure to sulfuric acid (pH = 1), and of the silica RHA
(q = quartz; Tr = tridymite; c = cristobalite; (SS) = sodium silicate (un-
certain); g = gibbsite; B = bayerite; C = calcite; Gy = gypsum).

in the XRD patterns, and thus its formation cannot be ruled out from
these measurements. However, Ismael et al. [31] found that for fly ash/
GGBFS-based AAMs, geopolymeric gel (‘N-A-S-H gel’) is the only binder
phase for GGBFS contents < 25 wt% (i.e. CaO contents below ~10 wt
%), though the geopolymeric gel may be partly modified by the in-
corporation of Ca. Since no indications of C-A-S-H gel were found in the
XRD pattern and, more importantly, also not in the 2°Si MAS NMR
spectra (Section 3.3), it is concluded that this is valid for the present
MS-based one-part AAMs too.

After the acid exposure of MS_6_SL, a broad amorphous hump,
centered at ~22° 20, and reflections of significant amounts of gypsum
(PDF # 00-033-0311) as well as small amounts of silicic acid were
present in the diffractogram. That means, that, similar to what was
observed for MS_6, all zeolites and the geopolymeric gel had dissolved,
but in addition the sulfuric acid attack induced precipitation of gypsum.
This is attributed to the increased CaO content of MS_6_SL, viz. calcium
reacted with the sulfate anion to precipitate as hydrated calcium sul-
fate. Gypsum formation caused by sulfuric acid attack on AAMs with
significant CaO content has been observed earlier and related to ex-
pansion and cracking of the materials [14,16,21]. In the present study
too, the relation between gypsum formation and expansion and related
cracking is obvious, and is considered to be the main reason for the
lower sulfuric acid resistance of the GGBFS-containing mixes.

The XRD pattern of paste RHA_6_b after water-immersion (Fig. 5)
differs from the diffractogram of MS_6 in that no zeolites are present.
Instead, the diffractogram contains reflections of the crystalline phases
of the RHA feedstock (cristobalite and tridymite), a prominent hump
around 29° 20, and a small feature at low diffraction angles that may be
related to poorly crystalline sodium silicate (cf. PDF # 00-027-0709).
These results are broadly in line with previous results [28] that de-
monstrated that one-part AAMs based on a mix of fully amorphous rice
husk ash and sodium aluminate (starting SiO,/Al,03 = 3.5) lead to a
fully amorphous geopolymer with no crystalline by-products and a
near-to-complete reaction of the rice husk ash. Deviating from the re-
sults for the high-reactivity rice husk ash, RHA_6_b contained non-re-
active crystalline phases of the RHA and possibly some sodium silicate
that had formed from excess sodium and silicate.
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After acid exposure, the hump around 29° 26 had disappeared from
the diffractogram, at least partly, indicating dissolution of the geopo-
lymer. No sulfate phases were present, and the diffractogram indicated
the presence of a silica phase, superimposed by the base of the major
cristobalite peak at 22° 26.

The diffractogram of the GGBFS-containing paste RHA_6_SL b after
water-immersion (Fig. 6) demonstrated the presence of gibbsite (PDF #
00-033-0018) as well as minor amounts of bayerite (PDF # 00-020-
0011) and calcite (PDF # 01-086-0174). A hump around 29° 26 was
present, indicating the formation of geopolymeric gel, as for RHA_6_b.
Analogous to the above discussion for MS_6_SL, it can be assumed that
precipitation of large amounts of C-A-S-H has not been taken place in
RHA _6_SL_b. However, the 2°Si MAS NMR results (Section 3.3.) suggest,
that in RHA_6_SL_b a small amount of C-A-S-H had formed.

The XRD pattern of RHA_6_SL b after exposure to sulfuric acid ex-
hibited major reflections of gypsum, while the geopolymer had largely
dissolved. As for RHA_6_b, the diffractogram indicated the presence of a
silica phase, superimposed by the base of the major cristobalite peak.

3.3. NMR analyses

Fig. 7 shows the single-pulse 2°Si MAS NMR spectra of the MS-based
pastes after water-immersion and after acid-exposure for 70 days. For
the water-immersed pastes, three major resonances at around
—110ppm, —98ppm, and —89ppm are observed, as well as a
shoulder at approx. —85 ppm, which is more marked for MS_6. These
features have been assigned previously [27,29] to Q* species of un-
reacted silica at —110 ppm, Q° species in the hydrated outer layer of
the unreacted silica at — 98 ppm, Q“*(4Al) species in zeolite A at approx.
—89 ppm, and Q*(4AD species of a low-Si (SiO,/Al,03 = 2) geopoly-
meric gel centered at — 85 ppm.

The intensity of the Q% and Q2 resonances relative to the intensity of
Q4(4Al) resonance is significantly lower for MS_6_SL than for MS_6,
confirming that the degree of reaction of the silica MS was higher in
MS_6_SL, as deduced above from the XRD results. Indications of C-A-S-H
gel, viz. Q! around —79 ppm, Q? or Q*(1Al) at —(86...80) ppm, and low
amounts of Q3(1Al) at —(94...89) ppm [32-34], cannot be identified in
the spectrum of MS_6_SL, in accord with the above statement that no C-
A-S-H was formed (though it cannot be fully excluded that minor

Q*(4Al)
Q4
Q3

Q* MS_6 REF (H,0)

Q*(4Al)

MS_6 after H ,SO,

Q4 MS_6_SL REF (H,0)
Q3
MS_6_: SL afterH 2SO4
I T T T T T T T
60 -70 -8 -90 -100 -110 -120 -130 -140 -150 -160
5(%Si) ppm

Fig. 7. 2°Si MAS NMR single-pulse spectra of the pastes MS_6 and MS_6_SL after
70-day water-immersion and after 70-day exposure to sulfuric acid (pH = 1).
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amounts of these species may be superimposed by the resonances of the
Q*(4Al) species of the geopolymeric gel in the spectrum). Further, a
significant amount of unreacted GGBFS, that would be visible by its Q°
species at —74 ppm [34], cannot be distinguished in the spectrum of
MS_6_SL; it can thus be concluded that the GGBFS has reacted virtually
completely.

For both, MS_6 and MS_6_SL, exposure to sulfuric acid led to almost
complete disappearance of the resonances of the Q*(4Al) species from
the spectrum, leaving only Q* and Q® species. The assignment of the
resonance around —98 ppm to Al-free Q> species is supported by a
chemical analysis of paste MS_6 after the 70-day sulfuric acid exposure
(done as for the starting materials, Section 2.1, i.e. by ICP-OES after
total microwave digestion), that gave 84.62 wt% SiO», 1.13 wt% Al,Os3,
0.54 wt% CaO, 0.62wt% Nay0, 0.72wt% SOs, and 11.03wt% LOI,
showing that Al was almost absent in the specimen. The results prove
that the zeolites and the geopolymeric gel had dissolved during the acid
attack, and silica phase(s) remained and/or was newly formed. The
latter will be discussed in more detail below in connection with the
TH-29Si CPMAS NMR spectra of the acid-exposed, RHA-based pastes.

The 2°Si MAS NMR single-pulse and the 'H->°Si CPMAS NMR
spectra of RHA_6_b after water-immersion are shown in Fig. 8 (top two
spectra). The single-pulse spectrum exhibits a sharp peak at —109 ppm
on top of a broader resonance centered around the same value, a broad
feature around —99 ppm, and a large shoulder extending to approx.
—80 ppm (gray bar in Fig. 8). The narrow peak at —109 ppm is at-
tributed to the unreacted cristobalite in the material [35,36]. The broad
resonances around —109 ppm and — 99 ppm can be assigned analo-
gously to the resonances in the spectra of MS_6 and MS_6_SL to un-
reacted (amorphous) silica and its hydrated surface layer, respectively.
The broad feature, extending from near the Q° resonance (— 99 ppm) to
about —80 ppm indicates the presence of different Q*(mAl) species
with m ranging from 1 to 4, which is the distinguishing feature of
‘optimum’ geopolymers with a molar SiO,/Al,03 ratio around 3.5 to 4
[37-40], in line with the XRD results above. In the CPMAS spectrum of
RHA_6_b after water-immersion, the resonance of the Q* species has
almost vanished, while the Q resonance and, to a larger extend, the
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Fig. 8. 2°Si MAS NMR single-pulse spectra (denoted SP; full lines) and *H-?°Si
CPMAS NMR spectra (denoted CP; dashed lines) of paste RHA_6_b after 70-day
water-immersion and after 70-day exposure to sulfuric acid (pH = 1). The gray
bar in the SP spectra marks the chemical shift range of Q*(mAl) species with
m=1...4.
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Fig. 9. 2°Si MAS NMR single-pulse spectra (denoted SP; full lines) and 'H-2%Si
CPMAS NMR spectra (denoted CP; dashed lines) of paste RHA_6_SL_b after 70-
day water-immersion and after 70-day exposure to sulfuric acid (pH = 1). The
gray bar in the SP spectra marks the chemical shift range of Q*(mAl) species

withm =1...4.

resonances of the geopolymeric gel are enhanced. Identical observa-
tions have been made previously for an as-cured, CR-based one-part
AAM [29]. These results confirm that the Q* species in the unreacted
RHA have no water in close proximity, while the Q® species in its lea-
ched surface layer are hydrated; the water in the pores of the geopo-
lymeric gel [41] lead to an even more pronounced enhancement of the
corresponding resonances in the CPMAS spectrum. In summary,
RHA_6_b contained unreacted RHA, including cristobalite and a hy-
drated surface layer, and geopolymeric gel with a molar SiO,/Al,03
ratio in the range of approx. 3.5 to 4.

Fig. 9 (top two spectra) shows the °Si MAS NMR single-pulse and
the 'H-2°Si CPMAS NMR spectra of RHA_6_SL b after water-immersion.
Similar features as for the GGBFS-free RHA-based paste are present and
can be interpreted in the same way, i.e. cristobalite at —109 ppm on top
of a broad resonance from unreacted amorphous silica, the hydrated
surface layer of the unreacted silica around approx. —99 ppm, and
geopolymeric gel with SiO5/Al,03 = 3.5 extending downfield from
near —99 ppm. However, the latter broad feature had a higher intensity
compared to the Q°® resonance, and it extends to more positive chemical
shifts (up to approx. —70 ppm) than in the spectrum of RHA_6_b. The
first characteristic indicates a higher degree of reaction of the RHA,
which parallels the observations made on the MS-based pastes, where
the addition of GGBFS increased the degree of reaction of the silica
starting material too. The second characteristic can be interpreted in
two ways: Either RHA_6_SL b contained unreacted GGBFS (Q° species
centered at —74 ppm [34]), or some C-A-S-H had formed in the paste
(Q! centered around —79 ppm, as well as Q2 Q%(1Al) and Q3(1Al)
upfield [32-34]). The second explanation appears to be more likely, as
GGBFS is known to be highly reactive in alkali-activated systems. The
CPMAS spectrum of the water-immersed RHA_6_SL b exhibits only a
minor or no signal around —110ppm from the cristobalite and the
unreacted amorphous RHA-fraction, which have no water in close
proximity. The lower intensity of the Q® resonance around —99 ppm,
compared to the resonance of the geopolymeric gel in the CP spectrum,
is in line with these intensities being rather similar in the single-pulse
spectrum and a stronger enhancement for the water-rich gel.

The 2°Si MAS NMR and 'H-?Si CPMAS NMR spectra of RHA_6_b
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after acid exposure (Fig. 8, bottom two spectra) and RHA_6_SL b after
acid exposure (Fig. 9, bottom two spectra) can be discussed together. In
both cases, the single-pulse spectra exhibit two prominent features at
—110 ppm and — 100 ppm, similar to what was observed for MS_6 and
MS_6_SL after acid exposure (Fig. 7). In the spectra of the RHA-based
materials, and additional minor resonance at approx. —92 ppm can be
distinguished, and the resonance at —109 ppm has a rather narrow ‘tip’
on top. The two resonances at —110 ppm and — 100 ppm are attributed
to Q* (water-poor core) and Q> species (leached, hydrated surface
layer) of silica phase(s), respectively, with the narrower peak on top of
the Q* resonance related to cristobalite. These results show that the
geopolymeric gel (and C-A-S-H, if present) had largely dissolved during
the acid attack, leaving silica phase(s) that remained and/or were
newly formed. The minor feature around —92ppm is tentatively as-
signed to silicate species in remnants of the geopolymeric gel, that have
been altered but not fully dissolved during the acid attack, possibly
Q3(1AD.

As for MS_6, chemical analyses of the RHA-based pastes after 70-day
sulfuric acid exposure proved that only small amounts of Al remained in
the pastes (RHA_6_b: 77.34 wt% SiO,, 0.53wt% Al,03, < 0.01 wt%
Ca0, 0.24 wt% Na,0, 0.34 wt% SO3, and 19.92 wt% LOI; RHA _6_SL _b:
65.84 wt% SiO;, 2.38wt% Al,03, 6.03wt% CaO, 0.37 wt% Na,0,
6.70 wt% SO3, and 16.62 wt% LOI), thus confirming the presence of
only a minor fraction of silicate species with Si—O—Al bridges in the
NMR spectra. The presence of slightly more Al in the acid-exposed
RHA _6_SL_b was expected from the persistence of gibbsite and bayerite
in this specimen (Fig. 6).

The CPMAS spectra of the RHA-based, acid-exposed specimens
differ considerably from the CPMAS spectra of the water-immersed
pastes: (1) As the geopolymer had dissolved, no signal in the corre-
sponding chemical shift range is observed, except for the small feature
around —92 ppm, attributed to incompletely dissolved remnants. (2)
The resonance of the Q* species at —109 ppm did not vanish fully, but
instead can still be distinguished. (3) The resonance of the Q3 species
around —100 ppm is very much enhanced, compared to the single-
pulse spectra. These two latter features are characteristic of the *H-2Si
CPMAS NMR spectra of highly-hydrated silica, i.e. silica gel with small
particle sizes and correspondingly high surface area [42,43].

3.4. General discussion

The observations reported in the previous sections can be rationa-
lized as follows: Dissolution of silicates in general [44], and zeolites in
particular [45-47], occurs via (1) leaching of non-framework cations
(alkali and/or alkaline earth ions), viz. substitution of Na* by H;O* in
the case of zeolite A, hydrosodalite and geopolymeric gel; followed by
(2) removal of Al from the framework by hydrolysis of Si—O—Al bonds;
and (3) eventually hydrolysis of Si—O—Si bonds, if such bonds are
present in the structure. For zeolite A, step (2) already causes the
complete destruction of the framework, since only Q*(4Al) silicate
species occur in the structure of zeolite A, i.e. each Si is bonded to four
Al via Si—O—Al bonds [48]. Analogous reasoning is valid for hydro-
sodalite, which has SiO,/Al,03 = 2 too, and for geopolymeric gel with
Si05/Al,03 = 2, as in the CR-based and the MS-based one-part AAMs.
However, the solubility of silica is low at neutral to acidic pH (2...
3 x 10”3 mol/dm? at pH < 8 for amorphous SiO, [49]), meaning that
silica dissolved from the zeolites and the geopolymeric gel precipitates
as silica gel at the acid/binder interface if the dissolved species are not
washed away at a too high rate. This silica gel covers the surface of the
exposed mortar and clogs pores, thereby inhibiting further dissolution,
which explains the high acid resistance of the mortars based on MS-
based geopolymer-zeolite composites. The silica gel is also responsible
for the residual mechanical strength of the corroded layers of the
mortars, and the fact that the paste samples without GGBFS addition
did not disintegrate during the acid-exposure. In addition, because of its
low solubility in acid, any unreacted silica (MS, RHA, or CR) in the
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Fig. 10. SEM micrographs of fracture surfaces of paste RHA_6_b after 70-day water-immersion (left) and after 70-day exposure to sulfuric acid (pH = 1) (right).

materials will act as insoluble filler in the binder matrix, thereby im-
proving the acid resistance of the mortars.

For the RHA-based geopolymers with a gel SiO,/Al;,03>> 2, dis-
solution in acid may involve breaking of Si—O—Si bonds or may instead
leave an Al-depleted silica framework, depending on the distribution of
Si and Al in the framework (cf. Refs. [45, 46]). The fact that the ef-
fective depths of corrosion, X;p, as well as the visually observed cor-
rosion depths were similar for analogous RHA-based and MS-based
mortars as well as the similarity of the corresponding NMR spectra
suggest that the same mechanisms are active in these materials, i.e. that
at least part of silica of the RHA-based geopolymers is released into
solution and subsequently precipitates as silica gel, providing protec-
tion to the surface. Support for the proposed mechanism is provided by
SEM micrographs of paste RHA_6_b after 70-day water-immersion and
after 70-day sulfuric acid exposure (Fig. 10). The water-immersed
specimen exhibited a microstructure with ‘glass-like’ surfaces, re-
presenting the geopolymeric gel. On the contrary, the paste after acid-
exposure exhibited ‘debris-like’, colloidal particles almost all over the
surface, that are thought to be precipitated silica gel.

In previous studies of acid attack on low-Ca AAMs (geopolymers),
the presence of silica gel after acid-exposure has been noticed too
[12,13]. In these studies, the silica gel was interpreted only as a product
of the deterioration of the geopolymeric gel, but it seemed not to have
improved the microstructure of the materials; instead it was generally
reported that the microstructures after acid attack were more porous
than before the attack. The evidence obtained in the present work
strongly suggests, however, that the precipitated silica gel provides
mechanical strength to the corroded layer of the examined mortars, so
that it remains in place and protects the inner regions of the mortars to
some degree from acid attack.

In systems with the addition of GGBFS, i.e. binders with an in-
creased Ca-content (MS_6_SL, RHA_6_SL b), the same processes of dis-
solution and silica precipitation takes place, but in addition Ca®* ions
leached from the geopolymeric gel (or dissolved from C-A-S-H, if pre-
sent) precipitate as gypsum, as has been observed by XRD (Figs. 3-6).
Gypsum formation will generally lead to expansion and concomitant
cracking, thereby allowing resumed ingress of the sulfuric acid and thus
decreasing the acid resistance of the GGBFS-containing mortars com-
pared to analogous mortars without GGBFS addition (Table 4).

4. Conclusions

Properly designed mortars, based on one-part alkali-activated bin-
ders made from silica and sodium aluminate, exhibit a sulfuric acid
resistance that conforms to the requirements of DIN 19573:2016-03,
Appendix A (70 days at pH = 1). This implies inter alia a sulfuric acid
resistance sufficient for sewer network repair applications, where bio-
genic sulfuric acid attack is the major cause of degradation. Potentially,
these mortars are also suitable for other applications where a high acid
resistance is required, e.g. in agricultural structures; however, this
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needs to be verified by testing with organic acids. In the present study, a
high acid resistance was achieved for mortars based on microsilica (MS)
or rice husk ash (RHA) with a binder total molar SiO,/Al,05 ratio of 6,
w/b = 0.40, and a paste fraction of ~37 wt%. It is noted, that the
temperature/RH conditions required for hardening of the mortars in
sewer networks and similar structures can be created by passing hot
water vapor into sections of the structure.

Exposure of the mortars to sulfuric acid leads to dissolution of the
binder phases, viz. zeolite A and geopolymeric gel with SiO,/Al,03 = 2
in the case of the MS-based binders, and geopolymeric gel with SiO,/
Al,O3 around 3.5...4 in the case of the RHA-based binders, releasing
sodium, aluminate and silica into solution. Due to the low solubility of
silica at low pH, silica gel precipitates at the mortar/acid interface,
inhibiting further degradation of the mortar. The silica gel imparts
sufficient mechanical strength to the corroded mortar layer to prevent
significant disintegration and loss of material, thus maintaining a
transport barrier for the attacking sulfuric acid. In addition, unreacted
silica particles in the binder matrix will act as insoluble filler, thereby
improving its resistance.

As for mortars based on conventional cements (OPC, OPC/SCM
blends, CAC), the acid resistance is not only influenced by the chemical
composition of the binder, but also by the pore structure of the mortars,
which in turn is determined by the particle size distribution of the
mortar mix and by the w/b. This was demonstrated here by a mortar
with w/b = 0.50 (CR_3.5), which had a comparatively low acid re-
sistance. It can be concluded that for the silica gel precipitation to be
protective, the w/b must be low enough to create a pore size dis-
tribution fine enough to allow the silica gel to block pores and protect
the subjacent mortar.

Addition of GGBFS to increase the CaO content of the dry binders to
10 wt% (MS_6_SL, RHA_6_SL _b) leads to an increase of the degree of the
reaction of the silica starting materials. At the same time, the sulfuric
acid resistance of GGBFS-containing mortars was not conforming to the
requirements of DIN 19573:2016-03, i.e. significantly lower than the
resistance of the analogous mortars without GGBFS addition. This effect
is caused by the formation of gypsum from released calcium and the
sulfate ions of the acid solution, leading to expansion and associated
crack formation, which facilitates ingress of the acid solution.
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