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Abstract

Elemental leaching of metakaolin based geopolymers was investigated by immersing hardened paste specimens in a solution. For this, pure water and 0.1
molar acetic acid solutions were replenished ten times distributed over 56 days in total. Dissolution and diffusion of the elements through and from the
geopolymer paste into the surrounding solutions was investigated on cross-sections of specimens by SEM-EDS microscopy, indentation, X-ray powder
diffraction analysis and measuring the eluted elements by ICP-MS when replenishing the solution over time. The presented new methodological approach
thus combines the dissolution rate kinetics obtained via wet chemistry (ICP) with the complementary solid state characterisation methods to gain new
insights into the complex geopolymer dissolution mechanisms.

Results indicated a relatively small leachability of geopolymers, limited only to the surface layer which is directly exposed to the aggressive solution, while
the more inner parts of the geopolymer framework remain intact. Elemental maps revealed dissolution of aluminates that occurred across the outermost
surface parts of the sections, while potassium leached out gradually but reached deeper inner parts. However, there was still a high portion of potassium
being left bonded inside the geopolymer, even for the harsh acidic conditions, limited by the diffusion-reaction mechanism which took place within the
geopolymer. The obtained experimental results represent a first approach towards feeding reactive transport numerical modeling approaches still to be
developed for simulating leaching and degradation of geopolymer materials when exposed to water or acidic solutions.
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1 Introduction Al(OH)4 in a solution, as well as other more complex species
such as dimer, trimer, and in various combinations of
aluminate and silicate basic building units. In the progress of
the successive polycondensation reaction, the dissolved
species polymerise and precipitate from the solution to form
a geopolymer network exhibiting highly cross-linked
polymerisation degrees. Geopolymer binders harden by
polycondensation reaction of aluminate and silicate
tetrahedrons, cross-linked via oxo-bridging bounds, where a
negative charge of aluminate units is compensated by alkali
cation precursor (Fig. 1).

Geopolymer is a cement free inorganic binder that has a great
potential as a special application material with strong
resistance against acids [1-3]. Acid resistance is attributed to
the stability of employed low-calcium type of aluminosilicate
polymers. Geopolymers are inorganic binders composed by a
two-component mixture of a reactive solid powder and an
alkaline activator solution (Fig. 1). The powder ideally consists
mainly of amorphous/reactive aluminosilicates (chemicaly
SiO, and Al,Os). Geopolymer is considered as a binder system,
as it can be processed similarly like conventional cement. The
low calcium content is a vital feature that distinguishes
geopolymers from alkali activated binders. If hardening has to
take place at room temperature, and the geopolymers with
low to no calcium content are desired, metakaolin is the most
used powdery solid precursor [4]. The chemical reaction
between the two main components, solid aluminosilicates
and alkali-silicate solution, is called geopolymerization.
Geopolymerization is fundamentally different from the
hydration of cement and can be explained in following
simplified steps (Fig.1). First, the OH" ions of the activator
solution dissolve the amorphous components of the reactive
solid. This breaks the aluminosilicate bonds within the solid
and dissolves aluminate and silicate species, e.g. monomers
like orthosilicic acid [Si(OH),] and tetrahydroxo-aluminat-ion

Cation exchange of alkalis and solubility of hardened
geopolymer play a crucial role in leaching, acid attack and
waste stabilisation performance. Leaching of alkalies from
geopolymer may reduce alkalinity of pore solution, thus
inducing possible corrosion of reinforcing steel in concrete [5-
6]. However, this does not affect the load bearing capacity of
the geopolymer matrix alone, if the drop in pH does not
dissolve significant amounts of Al and Si from this binder
framework. Numerical modeling of the alkali leaching and
ion-exchange reactive-diffusion process [7] showed that
there is high amount of bonded alkalies that might maintain
the pH inside the geopolymer, which is important for
reinforcement steel corrosion.
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Figure 1. A scheme of geopolymerisation reaction mechanism.

Geopolymer binders are particularly interesting as an
innovative alternative to cementitious materials used in
applications which are frequently exposed to various acids,
e.g. organic [8,9] or mineral acids [10-15]. Acetic acid attack is
a typical rapid acidic mechanism resulting in a highly porous
degraded surface layer due to leaching of the highly soluble
acetate salts, it's complexation and pH buffering
characteristics. Koening et al. (2017 [9]) studied
comparatively the degradation of sodium(Na)-silicate
activated binders based on various mixtures of slag (as high
CaO component) and fly ash (as low CaO component)
attacked by organic acids. The chosen representative typical
exposure conditions in agricultural constructions were
simulated by a mixture of acetic, propionic and lactic acid
having a pH of 3. They found that the resistance to the organic
acids increases with decreasing CaO content of the binder.
They also highlighted an improvement in mechanical
properties of the near surface transition zone with acid
exposure time attributed to acid induced phase
transformations. Although significant research efforts have
already been done so far on geopolymers [1,2,7-17], there is
a lack of research evaluating the solubility of geopolymer
binders. Therefore, this paper aims to better understand the
chemical dissolution processes happening in the
geopolymers, when exposed to pure water and acetic acid
environments. Microstructural alterations were analysed on
specimens after the leaching exposure, by analysing the
cross-section degradation depth profiles using elemental
mappings with energy dispersive spectroscopy in scanning
electron microscopy (SEM-EDS), nano- and micro-indentation
and X-ray powder diffraction analysis. The concentration of
eluted (Al, Si and K) elements in exposure solution at various
times of replenishing was measured by ICP-MS.

2 Methodology
2.1 Materials

Chemical composition of the geopolymer raw materials is
given in Table 1. Metakaolin powder was pressed in tablets
and evaluated by X-ray fluorescence analysis (XRF) using a
wavelength dispersive X-ray fluorescence spectrometer
(PANalytical 2404). Metakaolin had a specific surface of 26000
cm?/g and loss on ignition of 1.9 %. As alkaline activator,
potassium silicate solution was used with solid content of 45
%, molar SiO,/K,0 ratio of 1.5, viscosity of 20 mPas and a

density of 1.51 g/cm3. Ultra-pure deionized water, with
resistivity of greater than 18.1 M Ohm cm was used for
leaching tests.

Table 1. Chemical composition of Metakaolin and K-based silicate
solution (waterglass).

Material Metakaolin | K- waterglass
SiO2 50.4 22

Al;03 40.5

Ca0o 0.1

TiO2 1.5

Fe,03 2

MgO 0.1

Na.0 0.1

K>0 0.1 23

H.0 - 55

2.2 Geopolymer specimen preparation

Geopolymer pastes were mixed in waterglass to metakaolin
mass ratio of one, poured in plastic molds, cylinders 8.5 mm
in diameter and 3 cm in height, and cured at room
temperature for 28 days. Cured geopolymers cylindrical
specimens were embedded in epoxy resin. After the resin was
cured, each specimen was sectioned to final dimensions of 2
cm in height (8.5 mm in diameter) using a low speed diamond
saw to expose one base of the cylinder to leaching solution
(Fig. 2).

Care was taken to limit carbonation effects not only during
specimen’s preparation, but more importantly during the
leaching experiments and sample storage. This was done by
using nitrogen air flow whenever needed, e.g. when opening
the curing or leaching containers, especially during sampling
of the replenishment solutions (described in next section).
The solid samples were stored in sealed containers that were
purged with nitrogen flow and the gas environment was
regulated by concentrated KOH solution to bind any CO,.

2.3 Leaching experiments

Diffusion and dissolution of the elements from the
geopolymer paste was investigated by immersing
geopolymer cylindrical specimens (diameter 8.5 mm, height 2
cm) in ultra-pure water and 0.1 molar acetic acid (measured
pH of 2.8) by replenishing the solution with eluted elements
over time.



N. Ukrainczyk, O. Vogt, RILEM Technical Letters (2020) 5: 163-173

165

p—— .
AT, 00 A 000
N E — ea———
Q 8.5 mm
Al PR <4 s v
- \\—_4—/
/// .
— - N l_ - . /—\
‘ H =20 mm Viiquia = 100 mL é‘t
S
e
N AIOH), 5% 3
N >
Epoxy resin @ K+
R

R T e

Figure 2. A scheme of the one-dimensional diffusion leaching test: cylindrical geopolymer specimens are immersed in 100 mL solution for up to
56 days of exposure, where the solution was replaced with a fresh one in ten time intervals.

One-dimensional diffusion conditions were obtained by
exposing the one base of the cylindrical geopolymer
specimens, while the other surfaces of the cylinder are
covered by epoxy resin. Each sample was immersed in 100 mL
of 0.1 molar acetic acid maintained at 21 °C. After 1-56 days
of exposure, in 10 time intervals (1, 3, 7, 14, 21, 28, 35, 42, 49,
56 days), the acetic acid solution was replaced with a fresh
one.

As there is no standard/recommendation methodology to
test the leaching of geopolymers the time intervals were
chosen according to semi-dynamic leaching method for
Solidified Low-level Radioactive Waste (e.g. ANSI,
Measurement of the Leachability of Solidified Low-level
Radioactive Waste by a Short-term Test Procedure, ANSI-
ANS-16.1, 2003). The acidic solution was replenished to
achieve quick results by accelerating the deterioration
process, and to sample the dissolved elements. For the same
reason, the initial high acid concentration chosen (100 mM),
which may not be representative to the real-field application
was adopted for this study, and to account for the
neutralisation reaction between geopolymer and the acid.
The closed cylindrical cups which contained the specimens
immersed in the solution were closed in polyethylene
cylindrical cups (Figure 2 right, having a diameter of 5 cm)
which were slowly rotated at a rotation speed of 0.5 Hz by
means of a chemical laboratory rotation device. The rotation
was applied continuously during the whole duration of the
leaching experiment, disrupted only for measurements and
solution replacement at the specified time intervals.

After reaching the planed leaching intervals, two separate
eluate solution samples were taken: 1) for the direct pH
measurement, and 2) eluates for ICP-MS measurement. The
pH of sampled solutions was measured immediately using a
pH electrode (Hanna pH 211, United States). The eluates were
filtered through a 0.45 pum cellulose acetate membrane and
diluted for ICP-MS analysis. The filtered liquid samples were
analyzed via inductively coupled plasma — mass spectrometry

(ICP-MS; measurement uncertainty was < 1 % for an order of
magnitude more concentrated elauats leached in acetic acid
than in pure water, where it was < 5 %) done in an accredited
laboratory (according to DIN EN ISO/IEC 17025) using
standard method following EN ISO 17294-2: 2005-02. The
quantification detection limits were 10, 10, and 50 pg L™ for
Al, Si, and K, respectively.

2.4 SEM-EDS elemental mappings, nano- and
micro-indentation

SEM-EDS were performed on cross-sections of aged, i.e.
leached specimens. The cut cross-sections were impregnated
with low viscosity (two-component) liquid epoxy using a
vacuum impregnation device. To reveal the sample surface,
the hardened epoxy polymer was first polished at a rotational
speed of 300 rpm using a resin bonded diamond disc
(hardness range HV 150 to 2000) mounted on the semi-
automatic grinding-polishing machine (Struers). Then, it was
polished consecutively on a lubricated cloth mounted on a
polishing machine to the desired level using an automated
polycrystalline diamond spray of 9 um, 3 um, and 1 um size at
a rotational speed of 150 rpm. In the case of SEM (Zeiss EVO
LS25), the polished section of the deteriorated paste
specimens were prepared to collect EDS elemental mapping
images (EDAX, AMETEK, Berwyn, USA) and back-scattered
electron (BSE) images.

Operating conditions in the environmental SEM were kept at
low vacuum mode at 10 Pa to prevent charging effects on the
samples, while eliminating the use of conductive coatings.
Elemental mappings were performed under 1.1 nA (probe
spot current) and 13 kV using a dwell time of 500 s for each
pixel, with 512 x 400 pixels in a frame, repeated for 240
frames.

A ZAF correction was applied to minimize the interaction
effects between sample surface and electron beam, using an
algorithm that accounts for the atomic number (Z), the
absorption correction (A) and the fluorescence correction (F).



N. Ukrainczyk, O. Vogt, RILEM Technical Letters (2020) 5: 163-173

166

These corrections are used for matrix effects such as
differences in mean atomic number, in absorption of x-rays
and production of x-rays or x-ray fluorescence. Apart from
internal standards, also an external reference standard
calibration was employed.

The microstructure of the reference and acid attacked
samples was examined mechanically by following two
methods: 1) Nano Indenter (Agilent G200) with a diamond
Berkovich tip and 2) by a Vickers Micro indenter (Fischerscope
Hardness tester H100). Both nano and micro indentation tests
were performed on an epoxy impregnated and polished
samples. Operating conditions for Vickers geometry included
about 20 indents with 1 N loading. In the Berkovich nano-
indentation testing about 50 indents were conducted
according to Muthu et al. [18], using the center-to-center
spacing between the indents at 50 um. The maximum load of
45 mN was held for 10 s, followed by 10 s of unloading period,
leading to a penetration depth range of 500-1000 nm into the
sample depending on the hardness. The elastic modulus was
calculated using the model parameters from Muthu et al.
[18]. The hardness is calculated as a ratio of employed force
over the indented surface area.

2.5 X-ray powder diffraction of sliced cross
sections

Powder samples were sectioned from geopolymers
specimens using high precision low-speed saw (Buehler
Isomet-1000) in depth sections of 0-1 mm, 1-2 mm and 2-3
mm. The sections were ground to a fine powder (<50 um).
Powder X-ray diffraction (XRD) was performed on Bruker D2
Phaser (Hamburg, Germany), configured with CuKa;,
radiation (40 kV and 10 mA), linear Lynxeye detector (5
degrees opening). All samples were measured with 0.02 two
theta step size and measurement time of 2 s/step.

3 Results and discussion
3.1 Leaching rates

Results of measuring the concentration of eluted elements in
the replenishing solutions over time, are presented in Figure
3a and 3b for the acid case and the pure water case,
respectively. It can be observed that the different curves have
similar trend, but are shifted in concentrations, where the
exposure to acetic acid results in an order of magnitude
higher concentrations than for the pure water case. In both
cases, the concentration at 1st day is higher than the one
obtained after 3 days, and after it increases again reaching
maximum for 14 days, monotonically decaying subsequently.
The evolution of pH exhibits similar trend to the one for the
potassium concentrations.

Potassium leaching rates are calculated from the results in
Figure 3 by considering the concentration expressed in mg per
100 mL of employed leaching volume (i.e. the results in Figure
3 are divided by 10), and dividing this leached mass with the
time interval and specimen’s leaching surface area (56.7
mm?). The leaching rates results in Figure 4 show monotonical
decrease with time, indicating that the non-monotonical
trend observed in Figure 3 is due to the different time
intervals used in leaching test, which is initially shorter,

namely 1, 2 and 4 days, followed by repeating a fixed interval
of 7 days. The logarithmic plot indicates a fair exponential
behavior. Only the initial point (1 day) deviates significantly
from this behavior having a much higher values. This could be
explained by an initial leaching of K which is excessive in the
pore solution, and later with leaching time the binded K is
being leached by cation exchange and geopolymer network
dissolution mechanism [6-8,14-17]. The comparison of the
leaching rates in 0.1 molar acetic acid and pure water clearly
shows an order of magnitude difference. To the best of our
knowledge these rates are not readily being available in
literature, and especially not from K-based metakaolin based
geopolymer paste specimens (in 1 dimensional experimental
set-up), complemented by changes in geopolymer near-
surface layers obtained by cross section elemental mapping
analysis (in next section 3.2). The approach proposed here
should be used for comparison of the leaching behavior of the
wide varieties of the geopolymer designs.

The total amount of (cumulatively) leached Si, Al and K
elements was calculated as a sum of measured
concentrations in replenished solutions (by ICP) and related
to 100 mL of the leaching solution, i.e. per specimen. The
results for the acid exposure are: 31.75 mg K / 100 mL, 7.48
mg Al / 100 mL, and 9.57 mg Si / 100 mL. The case of leaching
in pure water resulted in the significantly (an order of
magnitude) lower total amounts of leached elements: 2.83
mg K / 100 mL, 0.305 mg Al / 100 mL, and 0.262 mg Si / 100
mL. Also the K leaching rates (Figure 4) are an order of
magnitude lower in water than in acid.

The cumulative results show that potassium is leached about
4 and 10 times higher than silicium and aluminium, in acid and
water, respectively. In acid case the aluminium had
somewhat (22 %) lower cumulative concentrations than
silicium. This turned out to have an opposite trend when
leaching in pure water, where the aluminium reached (16 %)
higher cumulative concentrations than silicium. This indicates
to the different behaviour of aluminium and silicium
solubilities from the geopolymer gels as a function of pH,
resulting in increase of the Al/Si ratio of the geopolymer solids
when leached in the alkaline conditions, while this ratio
decreases upon leaching in acidic conditions.

The persistence in bonding of potassium (exponential
leaching rates in Figure 4) and low leachability of Si and Al
from geopolymer shows that the degradation process is
limited by a diffusion-reaction mechanism which takes place
throughout the geopolymer (as shown next by SEM-EDS
elemental maping results). Even for the very aggressive
environment studied, i.e. 0.1 molar acetic acid, K is still
bounded in inner parts of geopolymer specimen, resulting in
a monotonical exponential decay of the leaching rates with
time. The final leaching rates measured after 10 solution
replacements are almost two order of magnitudes lower than
the initial leaching rates, both in water and acid exposure
conditions.
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Figure 3. Concentration of eluted elements and the pH of the
replenishing solutions over time. A) Leaching in acetic acid (AcH) and
B) in pure water.
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Figure 4. Potassium leaching rates calculated from results in Figure 3,
by normalizing the concentration (expressed in mg per 100 mL of
employed leaching volume) per time interval and specimen’s leaching
surface area.

3.2 SEM-EDS elemental maps

High-resolution EDS elemental maps and BSE images on
cross-sections revealed the deterioration degree and phase
changes in the leached geopolymer hardened pastes after 56
days of exposure to 0.1 molar acetic acid (Figs. 5 - 8) and pure
water (Figs. 6 and 9). The outermost surface exposed to the
external solution is represented by the left edge of the SEM-
EDS image in Fig. 7 for the acid attack and Figs. 9 for the
leaching in pure water. Thus, the acid/water penetrates
always from the left side of SEM-EDS images, and the images
are taken at different degradation depths (only on figure 6 the
solution-geopolymer interface is orientated on the top side).
The stacking of mappings for obtaining the profile elemental
analysis is depicted in Figure 7. For clarity, this example shows
only a stack of first three SEM-EDS mapping images (out of 4)
of the specimen’s cross sections. The left boundary of the
image represents the specimen’s surface boundary section
exposed to leaching in acetic acid. For example, in the first left
image, the degradation depth is 2.3 mm, meaning that the left
edge of the image has 0 mm, and the right edge has 2.3 mm.
The height of images is typically 3 mm. Next image in Fig. 7
goes further in the depth with small overlap.

Comparison of Figures 7 and 9 shows clearly that the
deteriorated layer under acid attack was significantly more
affected than under pure water exposure, as expected. The
leftmost parts, near the specimen’s surface exposed to the
external solution, and especially under acid attack, appeared
to be highly porous. Geopolymer under water, meanwhile,
was less degraded. The remaining main elements in the
deteriorated layer of the specimens were clearly revealed by
their elemental maps (Figs. 7-9). The major elements that
were most affected by the leaching were Si, Al, and K. Some
increased localised Na concentrations (orange color in Figs 7
and 9) could be observed originating from clay impurities
present in the metakaolin raw mineral. However as they total
amounts are very small (Table 1) Na was not considered in
further analyses. The carbon (C) presence indicates the epoxy,
which corresponds to increased porosity. On the other hand,
the major elements that leach out due to acid or water
exposure were also clearly noticed in the EDS mapping
results. On the whole, the elemental maps confirmed the
gradual leaching of potassium, followed by dealumination as
well as (re-) precipitation of Si- or Al-rich geopolymer gel in
the near-surface deteriorated layer, for the acid or water
case, respectively (shown later when discussing the results of
the statistical elemental depth profile distribution).
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Figure 6. SEM-BSE images of the specimen’s surface layers exposed to leaching in acetic acid (AcH, left) and Water (right). The acid penetrates
from the upper side of the image.

Figure 7. A stack of three SEM-EDS mapping images of the specimen’s cross sections for the analysis of elemental depth profiles. The left boundary
of the image represents the specimen’s surface boundary section exposed to leaching in acetic acid. The element color legend is shown in right-
bottom corner of the image.
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Figure 8. Separation of individual elemental maps taken from the middle (stack) image of the Fig 7.

500 um

Figure 9. SEM-EDS elemental mapping of a cross section after the exposure to pure water. The geopolymer-water interface is on the left side of

the image.

The SEM images in Figures 5-9 evidently revealed the
occurrence of lengthy cracks that are connecting the top
surface layer of the sound inner zone. These cracks could be
attributed to the shrinkage resulting from the dissolution of
geopolymer elements, as well as due to drying shrinkage
conditions used for sample preparations. Comparison of the
Figures 5-7 and 9 shows that the reference sample (Figure 5)
had by far lower tendency to crack formation than the
samples leached in water (Figure 9), followed by acid

exposure conditions (Figure 7). In acid case substantial
detachment was observed on the top surface layer of the
damaged specimen. The dissolution induced shrinkage
caused by the acetic acid attack resulted in differential
stresses, putting the geopolymer paste specimen under
tension. Shorter and thinner cracks formed when the tensile
stress is enough to induce fracture. Figure 7 and 8
demonstrate that the lengthy cracks have a crucial role in
forming preferential diffusion paths. This is more clearly
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observed in Figure 8 by means of separation of individual
elemental maps, which correspond to the middle (stack)
image extracted from the combined Fig 7. The individual
maps clearly show the roundish particles which are rich in Ca-
Fe-K-Mg and poor in Si-Al. They can be attributed to the
unreacted impurities present in the raw clay powder material.
Two lengthy (horizontal) cracks can be observed which are
filled with Ca-Fe-K-Mg dissolved species which are diffusing
towards upper surface layers. The zoom in on the surface
layer in Figure 9 shows the random distribution of unreacted
quartz grains (in pink color) embedded in the geopolymer
framework, which originate from impurities present in the
raw clay powder material (in agreement with X-ray diffraction
results). The quartz grains show no signs of
dissolution/alteration in the various degradation layers.

Depth profiles of elemental composition (Figs. 10-11) were
obtained from statistical analysis of EDS mappings. Micro
areas, i.e. micro-regions of interests are defined by depth
increments of mostly 300 um, and wideness (broadness) of
the image, i.e. the image was divided into eight or more
smaller regions having smaller depths but same wideness of
the original image. To capture the rapid changes at the
uppermost degradation areas, the incremental depths of
those regions of interests were made smaller than 300 pum
(down to 125 um and 60 um for the acid and the water case,
respectively). However, it must be stressed that in order to
have a good statistics of the image, a representative surface
area should be large enough to homogenize (average) the
microscopic heterogeneities. The analysis area was kept at
300 x 3000 pm?. For each section a mean and corresponding
absolute error (i.e. mean + one standard deviation) was
calculated. The solid horizontal lines in Figures 10 and 11
represent the reference elemental concentration (e.g. K_ref)
in the reference sample, i.e. prior to the exposure to acetic
acid or pure water [16].

The mass percentage was expressed per 100 g of binder
paste, where the binder paste included carbon (C) as an
approximation for porosity. This was related to the epoxy
impregnation, wherein the sum of the major (heavier)
elements (i.e., Ca, Si, Al, O, Fe, K, Na and C) could roughly
approximate a water saturated binder paste, where C*? could
be approximated for 0'¢, and H* was disregarded. The results
are considered as semi-quantitative (not absolute), so the
changes in concentrations could be well followed.

Degradation profile after leaching in the acetic acid (Fig. 11)
shows dissolution of the Al until reaching a depth of about 1
mm, which can be considered as a degradation zone. This
zone exhibits sharp de-alumination, namely resulting in the
decrease of Al content from 10.7% to 3.8%, accompanied
with simultaneous strong depletion of potassium (K). The
concentration profile of potassium indicates a gradual
leaching/dissolution of this element, due to combined ion
exchange and geopolymer network dissolution [6,8,14-17], all
the way till the penetration depth of 9 mm. This value is still
slightly below the reference (non degradated) value, as well
as measured along the more inner (5-9 mm) depths.

The potassium profile exhibits two main gradients, a higher
concentration gradient near the exposure surface, observed

until the depth of 5.5 mm, followed by a lower gradient.
Correspondingly, the zone 1-5.5 mm is considered here as a
transition zone, where the properties of the geopolymer are
not impaired, as the chemical changes are principally due to K
leaching. However, in this transition zone it is very interesting
to observe also slightly higher concentrations of silicium and
aluminium, compared to the far inner zone and the reference
sample. However, this could be attributed to dissolution and
re-crystallization of Si-richer (Al-richer) aluminosilicate
framework, but could be also linked to the dilution effect due
to K leaching. Dissolution and re-crystallization of Si-rich
aluminosilicate framework at low pH, i.e. most outer (near
surface) degradation area, could not be clearly observed,
probably hampered by high heterogeneity of the sample
(high scatter of the Si values). Nonetheless, the highest Si
concentration was observed at depth range of 0.25-0.38 mm,
indicating to a local re-crystallization of Si-rich aluminosilicate
framework, which dissolves again at lower pHs.

Although significant research efforts have already been done
so far on GPs [1,2], there is a lack of research evaluating the
solubility of geopolymer binders. Research so far covered only
empirical GP tests on acid resistance [8-15], thus neglecting
the fundamental chemical aspects behind. In this limited
context, solubility of GP depends on the pH, for increasing
acidic conditions described as follows [6,8,14]:

1. ion exchange reaction between the penetrating acid
protons (H*) and the charge compensating cations (Na*
or K*) of the geopolymer framework, along with
partial dissolution of the aluminosilicate framework,

precipitation of acid anion salts (here in acetic case are
highly soluble)

4. crystallization of zeolites causing a decrease in material
strength (not observed),

5. dissolution and  re-crystallization  of  Si-rich

aluminosilicate framework.
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Figure 10. Degradation profile after leaching in the acetic acid (AcH):
semi-quantitative chemical composition as a function of degradation
depth, obtained as a statistical analysis of EDS mappings (Fig. 7) taken
per various depth ranges (indicated on x-axis).
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Figure 11. Degradation profile after leaching in ultra-pure water:
obtained as a statistical analysis of EDS mappings (Fig. 9) per depth
ranges (indicated on x-axis).

Degradation profile after leaching in pure water (Fig. 11)
shows almost negligible dissolution of Al, but significant
dissolution of Si reaching a depth of about 0.16 mm, which is
considered here as a degradation zone. This zone exhibits
decrease of Si concentration from 16.8% to 10.1%,
accompanied with simultaneous depletion of K*, from 9.55%
to 2.5%. The concentration profile of potassium (K) indicates
a leaching/dissolution, reaching the same penetration depth
of 0.16 mm as observed for Si concentration profile (Fig. 11).
We may argue that K leaching is mostly due to the cation
exchange (eq. 2, by aluminate cation species) as the
geopolymer dissolution/reorganization (localized at the top
surface) involves increased Al/Si due to Si dissolution. The ICP
results indicated that the total amount of leached Al was
slightly higher than the Si, which can be explained by the
localized dissolution of Si, which is limited to the 120 um thin
surface layer (Figure 11), and by the leaching out of the Al
species diffusing from the further inner parts of the
geopolymer.

Elemental profile results demonstrate that the dissolution of
Si from the geopolymer gel is much higher in water (alkaline
conditions) than in acidic conditions. This led us to propose an
extended mechanism for geopolymer dissolution as
summarised by equations 1 and 2 (and a GP structure in
Figure 1).

[Si-O-Al-0...] -K(H,0)s* + H30* ¢ [Si-O-Si...] + Al(OH) 4 + K(H20)n*(1)

[Si-0-Al-O-Si...] -K(H;0)y" + X* + 40H &> [Si-O-Al...J-X* + Si(OH)ajaq) +
K(H,0) (2)

The cation exchanged X' species could most likely be [6]
AI(OH)," or Al,(OH),®"*?*, but also other minor metal cations
present in metakaolin raw materials, such as Fe, Ca, Na.
Moreover, another mechanism found in literature [1,2] is
associated to zeolites crystallization, which causes a decrease
in material strength. This result was not corroborated in this
study, as it is more commonly found in Na-based GPs [1,2,6].

3.3 Indentation

Multiple indents across various section areas were created
using the indentation techniques to evaluate the change in
Young’s modulus and Hardness of the geopolymer pastes due
to the acid attack (Figure 12). Analysed section areas included
the reference GP and the acid attacked zones having depths
of 1-2 mm and 3-4 mm. The results show an increase in both
Young’s modulus (28 %) and Hardness (25 % measured by
nanoindents and 12 % by Vickers) with the degree of acid
attack. This observation indicates that the sound zone where
a significant amount of Al and K is leached out (1-4 mm) may
still possess good mechanical properties, as also observed by
visual and manual inspections during sample preparations by
sawing, polishing, crushing and grinding. This results are in
agreement with literature findings from Koening et al. [9].
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Figure 12. Young’s modulus and Hardness results from indentation
tests showing the effect of acid attack with degradation depths (1-2
mm and 3-4 mm).

3.4 X-ray powder diffraction analyses of
sliced cross sections

The acid attack had no major influence on the crystalline
phases. No newly built crystalline phases could be detected in
all deteriorated layers, which was clearly noticed in its XRD
patterns (Figure 13). Traces of muscovite (M), anatase (A) and
quartz (Qz) originated from the mineralogical composition of
the metakaolin raw material. However, their intensities
increased with the degree of acid attack, indicating higher
concentrations, in agreement with the leaching of the
geopolymer matrix.

The most interesting finding was the shifting of a distinct (GP)
amorphous hump towards lower diffraction (26) angles, in
Figure 13 indicated by gray and orange arrows. The shift is the
biggest for the surface (0-1 mm) section depth, while it
vanishes at the depth of 2-3 mm, where the pattern shows no
significant difference compared to the reference. This result
is opposite of a quantitative analysis of geopolymerization
[19], which is based on how far an amorphous hump shifts to
higher diffraction (208) angles. Therefore, the observed shift
suggest the depolymerization of geopolymer matrix, in
agreement with dealumination and hydrolysis process.
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4 Conclusion

The experimental approach for the dissolution rate analysis
using the wet-chemistry (ICP) analytics was combined with
depth profiles of elemental composition obtained from
statistical analysis of SEM-EDS mappings and presented as a
powerful tool in investigating the degradation of
geopolymers.

The exposure to 0.1 molar acetic acid resulted in about
double rates of potassium leaching than for the pure water
case. The leaching rates (Figure 4) showed monotonical
decrease with time, where the final leaching rates measured
after 10 solution replacements were almost two order of
magnitudes lower than the initial leaching rates, both in water
and acid exposure conditions. This indicated that the
degradation process was limited by the diffusion-reaction
mechanism that took place within the geopolymer.

The degradation of geopolymer paste in 0.1 molar acetic acid
resulted in degradation zone of about 1 mm, characterized by
a sharp dissolution of Al, complemented with depletion of
potassium (K*). The potassium profile exhibited a higher
concentration gradient near the exposure surface, observed
until the depth of 5.5 mm, considered here as a transition
zone, followed by a lower gradient reaching the penetration
depth of 9 mm.

The degradation profile after leaching in pure water displayed
almost negligible dissolution of Al, but significant dissolution
of Si has reached a degradation depth of about 0.16 mm. This
zone exhibited a decrease of Si concentration from about
16.8% to 10.1%, accompanied with simultaneous depletion of
K*, from about 9.55% to 2.5%.
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