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A B S T R A C T   

Efflorescence in geopolymers results from mobility of excess alkali and consequent crystallization of alkali 
carbonates. Efflorescence potential of various geopolymers has been reported previously but the knowledge 
regarding the effect of efflorescence on the microstructure and mechanical properties of geopolymers remains 
limited. In this work, metakaolin-based geopolymers were exposed to air, partially immersed in water, and fully 
immersed, to simulate different processes involved in efflorescence formation. The mechanical properties were 
assessed by compressive, splitting tensile and flexural strengths, and linear deformation. The microstructural 
features were investigated by SEM, synchrotron XRD, multinuclear MAS NMR, MIP and synchrotron X-ray 
microtomography. Extensive efflorescence resulted in a reduction of mechanical strength and changes in the 
nanostructure and microstructure, which is different from observations for Portland cement-based materials, 
where efflorescence is usually regarded as a surface or aesthetic problem. The understanding of the relationship 
between efflorescence formation, the synthesis and exposure conditions provides important insight into the 
manufacturing and application conditions of geopolymer related materials.   

1. Introduction 

Efflorescence formation is a visible phenomenon observed mostly on 
the surface of cementitious and ceramic materials, usually causing 
mainly aesthetic damage or superficial deterioration. In geopolymers, 
efflorescence formation is still not fully understood due to the different 
mechanisms of reaction and product formation. Geopolymer formation 
involves the reaction (often called “activation”) of reactive aluminosil
icate materials with highly alkaline solutions (or ‘activators’) [1,2]. 
Thus, geopolymers contain high amounts of alkali metals. Alkalis are 
primarily present in the disordered reaction product, an alkali 

aluminosilicate hydrate gel denoted M-A-S-(H) gel, with M representing 
alkali metals, most commonly Na+ or K+ [3]. Alkali cations in the 
M-A-S-(H) gel neutralize the excess negative charge resulting from Al in 
tetrahedral coordination in the alkali aluminosilicate gel framework [3], 
forming Na–O–Al(Si) linkages. Thus, at stoichiometric equilibrium the 
M-A-S-(H) gel will exhibit an Na/Al ratio of 1.0 [4]. However, sodium 
can also be bound weakly to the gel as Na(H2O)n

+ in the pore solution 
[5,6]. Some of these forms are weakly bounded under certain condi
tions, resulting in free/leachable alkalis as measured by leaching, as 
reported in previous studies [7,8]; leachable alkali values between 1 and 
25% of the total alkali content in the geopolymers were reported. In a 
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previous analysis of leaching potential of metakaolin-based geo
polymers using an ionic equilibrium method, around 55% of alkalis 
were observed to be weakly bounded and 45% were stable in the 
framework structure [9]. These high values of potentially leachable al
kalis have raised concerns regarding extensive efflorescence and 
consequent damage in geopolymer cements. 

Efflorescence formation occurs from free alkali mobility in geo
polymers. Capillary pressure induces water transport and alkali move
ment via both diffusive and convective processes, the latter of which is 
accelerated when the material is exposed to wetting/drying cycles. The 
pore size distribution also plays an important role in this movement, as 
larger pores are more likely to be connected by microcracks and 
contribute to the faster alkali leaching [8]. Alkali leaching can also be 
damaging to the M-A-S-(H) gel structure due to the nanostructural 
transformation associated with removal of alkalis and consequent 
changes of the chemical environment of AlIV species [9]. After leaching, 
the alkali metals present in solution react with HCO3

− or CO3
2−

(resulting from dissolved atmospheric CO2) to form alkali carbonate 
phases. This process is commonly referred to as carbonation, and is 
mainly controlled by the dissolution and diffusivity of CO2. Both of these 
factors are a function of the concentration (or partial pressure) of CO2 in 
the atmosphere at the air/pore fluid interface, and the diffusivity is also 
related to the interconnectivity of pore structure (which is a function of 
porosity [10]) and exposure conditions [11]. A partially saturated 
moisture condition accelerates the carbonation reaction process, where 
relative humidity (RH) values of 65 ± 5% were observed as the pessi
mum in GBFS/MK-based geopolymers [12]. Depending on the porosity, 
alkali concentration of geopolymers, and diffusivity of CO2, the depo
sition of alkali carbonates can be internal (subflorescence) or external 
(efflorescence) [13]. Subflorescence can generate an internal pressure 
resulting from crystallization of the alkali carbonate phases, and this can 
affect the structural integrity of matrix [13]. 

The products formed in efflorescence are predominantly carbonates 
associated with the alkali used in the activator. The formation of a hy
drated sodium carbonate (Na2CO3⋅7H2O) [8,14], sodium bicarbonate 
(NaHCO3) [7] and natrite (Na2CO3) [15] have all been previously 
observed. Visible formation of alkali carbonate crystals is also related to 
RH in the air. Low values of RH reduce dissolution and diffusion of at
mospheric CO2, whereas high values of RH can dissolve the carbonate 
crystals formed. This crystallization occurs at a specific RH equilibrium, 
which is dependent on the type of carbonate crystal formed [16,17]. 
Thus, efflorescence formation is a phenomenon associated with different 
processes and their effects are dependent on the geopolymer properties 
and microstructure, exposure conditions, and magnitude/type of car
bonate crystallization. 

In previous studies, the effect of efflorescence formation was evalu
ated for some specific geopolymeric materials and conditions, with 
efflorescence formation observed to reduce the compressive strength of 
the binder [13,18]. In fly ash-slag based alkali-activated materials, alkali 
leaching processes have been observed to not lead to a reduction of 
compressive strength, but do hinder ongoing strength and microstruc
tural development over time [18]. In the same study, shrinkage was 
more evident in samples with efflorescence formation, than in those 
subjected to alkali leaching without efflorescence formation. Other 

work, using metakaolin as precursor, attributed microstructural changes 
to excessive alkali leaching [9]. Using three different fly ashes, Zhang 
et al. [13] evaluated the compressive strengths of geopolymers in con
tact with air, partially immersed in water, and fully immersed. Their 
results showed an increase of compressive strength for samples in air 
and a reduction for samples partially or fully immersed in water. The 
negative influence of efflorescence formation was attributed to multiple 
factors including loss of alkalis from the M-A-S-(H) gel and sub
florescence formation. However, compressive strength evaluation is not 
the best option to assess the impact of efflorescence because the crys
tallization of carbonates causes a internal expansion. Instead, tensile and 
flexural strength should be more suitable from the perspective of me
chanical impact. 

This study aims to evaluate the effect of efflorescence formation, air 
carbonation and alkali leaching on the mechanical and microstructural 
properties of metakaolin-based geopolymers. This is assessed under 
conditions relevant to the most common industrial settings for geo
polymer cement use. The findings discussed are crucial to fully under
stand efflorescence in geopolymer cements. 

2. Experimental 

2.1. Materials and sample preparation 

The metakaolin (MK) used as precursor to make geopolymers had a 
mean particle size of 4.56 μm, specific surface area of 13.49 m2/g and 
consisted of 54.82% wt.% SiO2, 42.57 wt% Al2O3 and 0.11 wt% loss on 
ignition at 1000 ◦C. The complete characterization and more detailed 
description were previously reported [9]. 

Alkali activators used were analytical grade NaOH (~99%) dissolved 
in water, and a sodium silicate solution with 29.4 wt% SiO2, 14.7 wt% 
Na2O and 52.7 wt% H2O, supplied by PQ Australia. The composition of 
the alkali activator was adjusted by blending the NaOH and sodium 
silicate solution to reach the desired molar ratios. 

The formulations of the geopolymers were based on previous reports 
[9,19]; materials were formulated with an alkali concentration of 20 wt 
% of Na2O with respect to the mass of precursor, and used activators 
with silica modulus values (MS, SiO2/Na2O ratio in the activator) of 1.5, 
1.0, 0.5, and 0.0. The content of water was adjusted to give a water/
binder ratio of 0.55, where binder represents the MK and the anhydrous 
fraction of the alkali activator. Mixes were designed to provide a range 
of geopolymer physical and chemical properties. The pastes were pro
duced by mechanical mixing for 5 min, then stored in a sealed plastic 
container at room temperature (~25 ◦C) and RH ≥ 90% for 28 days, 
before starting the exposure. To assess the effect of thermal curing, the 
geopolymer produced with MS = 1.0 was also cured at 50 ◦C for 24 h, 
and then stored at room temperature for 27 days. Table 1 shows the ID 
assigned to each formulation. 

After 28 days of curing, samples were exposed to different exposure 
conditions for an additional 28 days. Fig. 1 shows a representation of 
exposure conditions to cylindrical, for the execution of other mechanical 
test, cubic and prismatic samples were also used. As a reference system 
(without any contact with air, moisture or damaging environment), the 
samples were kept completely sealed in a closed container until the date 
of testing at 25 ± 5 ◦C. Samples were exposed to efflorescence by the 
partial immersion of the sample (to ~5 mm depth) in distilled water, 
with the remainder of the sample open in ambient conditions (25 ± 5 ◦C 
and RH = 65 ± 15%). In this exposure condition, for cubic and prismatic 
samples used for the other tests, the longer side of the specimen was 
placed in contact with water, and for testing, lateral surfaces were used. 
Additionally, efflorescence crystals were removed carefully from the 
surface to prevent any interference. The level of water was adjusted 
every 24 h. As a third condition, the development of natural carbon
ation where the sample is in contact with the air under natural condi
tions (higher CO2 concentration, when compared to the reference 
system), the carbonation process is developed near the sample surface. 

Table 1 
Formulation of geopolymer samples.  

Geopolymer Silica 
modulus 
(MS) 

Curing 
temperature 
(◦C) 

Materials (g) 

MK NaOH SSa H2O 

MS_1.5 1.5 25 100 7.1 98.7 24.9 
MS_1.0 1.0 25 100 13.3 65.8 44.8 
MS_0.5 0.5 25 100 19.6 32.9 63.7 
MS_0.0 0.0 25 100 25.8 0.0 75.5 
MS_1.0_50◦ 1.0 50 100 13.3 65.8 44.8  

a SS: Sodium silicate solution. 
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The leaching conditions, as the fourth exposure condition tested, were 
developed by the complete immersion of the sample in deionized water 
in a proportion in mass of 1/20 (geopolymer/water) in a sealed vessel. 

2.2. Tests conducted 

After 28 days of curing, followed by 28 days of exposure (Fig. 1), the 
samples were dried and placed in ambient conditions (~25 ◦C and RH =
65 ± 15%) for 24 h. The analyses conducted were:  

- Compressive strength of five replicate cubic samples of 20 mm of 
height for each system and exposure condition. The test was con
ducted using an MTS universal mechanical testing machine with a 
cross-head speed of 0.5 mm/min. For the mechanical tests, the 
samples exposed to the efflorescence formation (Fig. 1B) were tested 
according to the capillary water suction, where the load applied was 
in the bottom/immersed and top/air-exposed surfaces.  

- Splitting tensile strength of four replicate cylindrical samples with 
20 mm diameter and 35 mm height. For this analysis the samples 
were tested in the longitudinal direction. The splitting tensile 
strength was calculated using the equation according to NBR 7222, 
2011, Eq. (1): 

Splitting ​ tensile ​ strength ​ (MPa) ​ = ft =
2P

πDL
(1) 

where P is the load applied to the sample in N, D is the diameter in 
mm and L is the height in mm. A tape of neoprene of 2 mm thickness was 
used to homogeneously distribute the load.  

- Flexural strength of three replicate prismatic samples of 20× 20×

80 mm, tested in 3-point bending geometry. The flexural strength 
was calculated using Eq. (2) according to NBR 12142, 2010: 

Flexural ​ strength ​ (MPa) ​ = ​ ff =
3PL
2bd2 (2) 

where P is the load applied in N, L is the length of the support span, b 
is width, d is thickness. The prismatic sample exposed to the efflores
cence formation (Fig. 1B) were loaded in the lateral surfaces, with a span 
length of 80 mm.  

- Linear deformation was measured for prismatic samples of 20×

20× 80 mm using a length comparator along the longitudinal di
rection for each exposure condition. The initial measurement was 
made after 28 days of cure, and then after another 28 and 56 days of 

exposure in each exposure condition. The samples were exposed in 
the same way of flexural strength samples. 

Microstructural features were evaluated using:  

- High resolution scanning electron microscopy (SEM) using a FEI 
Quanta 650 FEG, in the Brazilian Nanotechnology National Labora
tory LNNano (Laboratório Nacional de Nanotecnologia). The 
equipment was equipped with an Everhart Thomley SED (secondary 
electron detector) and an in-column detector (ICD) for secondary 
electrons in BD mode, working with a high resolution Schottky field 
emission source (FEG), accelerating voltage between 200 V and 30 
kV, and a probe current ≤ 200 nA. The samples used were superficial 
fragments of the specimens, where the external part of the fragment 
was analyzed. Each sample was dried at 60 ◦C for 2 h, placed on a 
carbon tab, and coated with gold for 60 s with a current of 40 A.  

- Solid-state single pulse 23Na, 27Al and 29Si magic angle spinning 
(MAS) NMR spectroscopy using a Bruker Avance III HD 500 spec
trometer at 11.7 T (B0) with a 4.0 mm dual resonance CP/MAS probe, 
yielding a Larmor frequency of 132.26 MHz for 23Na, 130.32 MHz for 
27Al and 99.35 MHz for 29Si. 23Na MAS NMR spectra were collected 
with a 3.0 μs non-selective (π/2) excitation pulse, a measured 10 s 
relaxation delay, a total of 128 scans, and spinning at 12.5 kHz 27Al 
MAS NMR spectra were collected with a 1.7 μs non-selective (π/2) 
excitation pulse, a measured 5 s relaxation delay, a total of 512 scans, 
and spinning at 12.5 kHz 29Si MAS NMR spectra were acquired using 
a 5.5 μs non-selective (π/2) excitation pulse, a measured 60 s 
relaxation delay, a total of 256 scans, and spinning at 12.5 kHz. For 
all experiments, the spectrometer field was aligned to the 13C reso
nance of adamantane at 38.48 ppm, and 23Na, 27Al and 29Si spectra 
were referenced to 1.0 NaCl(aq), 1.0 mol/L Al(NO3)3(aq) and neat 
tetramethylsilane (TMS), respectively, at 0 ppm. Gaussian peak 
profiles were used to deconvolute the 29Si spectra, using the mini
mum number of peaks possible [20]. Peak intensities were required 
to be consistent with the structural constraints described by the 
thermodynamics of a statistical distribution of Si and Al sites within a 
Q4 aluminosilicate network for (N,K)-A-S-H gel products [21].  

- X-ray diffraction (XRD) using the XRD1 beamline at the Brazilian 
Synchrotron Light Laboratory (LNLS). The LNLS is a second- 
generation synchrotron source, which operates with an energy of 
1.37 GeV. The XRD1 beamline is installed on the D12B bending 
magnet (1.67 T), mounted in a transmission geometry (Debye- 
Scherrer) with 24 Mythen 1 k linear detectors with 1280 pixels at 50 
μm each, with a sampling rate of 2 kHz. The detectors are mounted at 

Fig. 1. Different conditions of ambient exposure (A. reference system, B. efflorescence, C. carbonation system, and D. leaching).  

M.A. Longhi et al.                                                                                                                                                                                                                              



Ceramics International 48 (2022) 2212–2229

2215

a distance of 760 mm, generating an angular resolution of 0.0037◦. 
The beamline energy was adjusted to 12 keV, equivalent to a 
wavelength of 1.033 Å, with a photon flux of about 109 photons/s, at 
100 mA [22,23]. The data were then converted to equivalent Cu Kα 
2θ angles for plotting, to enable comparison with the broader liter
ature in which this conventional X-ray energy is used.  

- Thermogravimetric analysis (TGA) and simultaneous thermal 
analysis (STA) using a Tam Air Discovery SDT 650, with a heating 
rate of 10 ◦C/min up to 1000 ◦C and 90 μL alumina crucibles and 
nitrogen as gas environment.  

- X-ray microtomography (XRμT) using the Brazilian synchrotron 
LNLS (Laboratório Nacional de Luz Síncrotron) at Campinas, using 
beamline IMX [24]. A monochromatic beam of 4 to 20 k eV with a 
pixel size of 0.82 μm2 and field view (horizontal × vertical) of 1.64 
mm2. As detector a 7.4 μm pixel, 2048× 2048 pixel, 14-bit CCD 
(PCO.2000) camera was used. Tomographic images were obtained 
point-to-point with an angle range of 360◦ along its vertical axis with 

a step size of 0.1758◦ (or 2048 projections), to achieve up to 310000 
counts. Three Si(111) filters were used, consisting one of 200 μm and 
two of 350 μm in order to reduce the beam-hardening effects [25]. 
Based on the configuration of the beamline and parameters condi
tions, the images acquiring in the XRμT are limited to 0.84 μm per 
voxel/pixel. Cylindrical geopolymer samples of ~1.70 mm diameter 
were produced, cured and treated (RE, EF and LE) under the same 
conditions as described previously. Sample heights were between ~7 
and 11 mm and the beam was adjusted approximately in the middle 
of the specimen. A set of images 3072× 3072× 2048 were obtained 
and adjusted for 3D volume generation [26]. In order to reduce the 
size of the data to be analyzed, a prismatic region of interest of 
1024× 512× 512 voxels was extracted. The images and segmenta
tion analyses were executed using Avizov 9.5.0 software package and 
adjusted using different filter plug-in tools based on the variation on 
grey scale intensity. 

3. Efflorescence formation 

3.1. Visual efflorescence 

Fig. 2 shows the visual aspect of geopolymers under different expo
sure conditions after 28 days of curing and then 28 days of exposure. The 
samples under reference conditions (RE) did not show any efflorescence 
formation for any of the geopolymers assessed. 

When the samples were in contact with water at one end (EF), most 
of the systems exhibited efflorescence formation on the surface, which 
corresponds to carbonate-type products as was identified previously 
[19]. The images in Fig. 2 show that the content of sodium silicate in the 
alkali activator plays an important role in the reduction of efflorescence 
formation. Geopolymer MS_1.5 does not show any efflorescence for
mation, while MS_0.0 (hydroxide-activated geopolymer) shows severe 
carbonate formation and surface deterioration. This behavior was clas
sified by Zhang et al. [13] as subflorescence, which can be attributed to 
the crystallization of carbonate within the pore structure of the 
near-surface layer inducing stress and subsequent cracking. Addition
ally, in the geopolymers MS_1.0 and MS_0.0, Fig. 2 shows the presence of 
some broken parts, which can be attributed to the internal crystalliza
tion and excessive internal stress within the pore network. As observed 
in previous studies [9,19], the use of silicate-rich activators reduces the 
amount of leachable alkalis, which is due to the higher density and lower 
porosity when compared to geopolymers with lower contents of soluble 
silicate [3]. The use of higher curing temperature (50 ◦C for 24 h) did not 
yield an observable reduction in efflorescence formation; the heat-cured 
samples showed similar behavior to the corresponding geopolymers 
cured at room temperature (MS_1.0). 

The samples exposed to the air carbonation conditions (CA), where a 
natural carbonation process is induced, also showed a thin layer of 
carbonate deposition distributed in the sample (not only on the top of 
the specimens). The high porosity of these systems allows the movement 
of water and free alkalis to the surface, which contributes to the 
development of efflorescence. Taking into account the lack of an 
external supply of water, the formation of carbonate-type products on 
the surface is less severe when compared to partially immersed samples. 

The samples exposed to leaching conditions (LE) do not show any 
visible surface change, however, the contact with water induces the 
removal of free alkalis. Previous work observed the removal of around 
17–30% of alkalis using cylindrical samples [19] and higher than 50% 
using powdered samples (hardened geopolymer that was ground pre
viously) [9]. On the same way, the addition of sodium silicates and 
reduction of the content of activator can reduce the amount of sodium 
leached [27]. Due to the removal of alkalis by the leaching process, as 
well as the low concentration of dissolved CO2 in the aqueous solution, 
the formation of efflorescence is not expected. However, the movement 
and quantity of leached alkalis is important for understanding the sus
ceptibility of the material to efflorescence formation, and the effects 

Fig. 2. Visual evidence of efflorescence formation in geopolymeric samples. 
(Cylindrical samples, with diameter 20 mm and height 35 mm). 
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associated with alkali removal. 

3.2. Compressive strength 

The compressive strength of geopolymers after exposure to the 
specified conditions is shown in Fig. 3. Geopolymers produced with 
different contents of sodium silicate in the activator and under different 
curing conditions provide different levels of strength under reference 
(RE) conditions. The maximum value of compressive strength achieved 
was 49.9 MPa the geopolymer MS_1.5, which is up to 5.6 times higher 
compared to the geopolymer MS_0.0. This increase was discussed in 
previous studies [3,28,29] and was attributed to the high amount of Si in 
the M-A-S-(H) gel, resulting in denser and stronger microstructure. Fig. 3 
also shows that in most cases the reference exposure conditions yield the 
highest compressive strength, indicating that the air carbonation, 
efflorescence-inducing conditions, and alkali leaching each have a 
detrimental effect on the mechanical performance of the geopolymers. 
The largest reduction is associated with efflorescence formation, where 

the highest reduction in most of the cases is observed mainly in the 
systems with the lower content of soluble silicates: MS_0.5 and MS_0.0, 
which lose up to 45% of their compressive strength compared to the 
reference samples. 

The effect of exposure conditions was also evaluated in previous 
papers using fly ash-based systems [18,30], where a reduction in 
compressive strength was also reported under efflorescence conditions. 
According to Yao et al. [18], efflorescence formation induces carbonate 
crystallization and an internal stress can be developed. This behavior is 
also consistent with the subflorescence formation observed by Zhang 
et al. [13] and the phenomena observed in this study. The different 
levels of alkali leaching, environmental conditions and carbonate for
mation determine the level of degradation and the effect observed. 

Even though the natural carbonation conditions (CA) seem to be less 
aggressive, as was shown in Fig. 2 for the geopolymers MS_0.5 and 
MS_0.0, a reduction of up to 38% in the compressive strength is 
observed. These geopolymer samples showed efflorescence formation as 
a homogeneous thin layer (~1 mm) covering the external surface. There 

Fig. 3. Compressive strength of geopolymers in different conditions of exposure.  

Fig. 4. Flexural strength of geopolymers in different conditions of exposure.  
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is also potentially some deterioration of this external surface due to the 
formation of crystals into the pore network, which was also previously 
reported by Zhang et al. [13] as subflorescence formation. It is poten
tially relevant to note that a statistically significant loss of strength 
under carbonation conditions was observed only in the samples which 
had the lowest strengths under reference conditions. These will there
fore be the samples that are the least able to resist internal mechanical 
forces generated either by crystallization or by drying action, and 

therefore are the most prone to damage and further loss of strength by 
these mechanisms. 

For the leaching conditions (LE), a slight reduction of compressive 
strength was also observed for the geopolymers MS_0.5 and MS_1.0_50◦. 
It is important to highlight that the geopolymer with the highest content 
of soluble silicate (MS_1.5) do not show notable loss of compressive 
strength, regardless of the exposure conditions. 

Fig. 5. TGA analysis of the geopolymer MS_0.5 exposed to different exposure conditions, sampled at different depths. A. Air carbonation, B. Efflorescence and 
C. Leaching. 

Fig. 6. Splitting tensile strength of geopolymers in different conditions of exposure.  
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Fig. 7. Linear deformation of geopolymers in different conditions of exposure.  

Fig. 8. SEM images of geopolymer samples (MS_1.5, MS_1.0, MS_0.5 and MS_0.0 as marked) in different exposure conditions. All micrographs are shown with the 
same magnification, as indicated by the scalebars in the top row of images. 
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3.3. Flexural strength 

The flexural strength results, measured in 3-point bending geometry, 
are shown in Fig. 4. All the exposure conditions affect the flexural 
strength, although with potentially important differences from the 
trends observed in compressive strength data where the efflorescence 
formation and superficial carbonation can damage the material surface 
due to the excessive crystal formation in the surface and within the 
pores. 

Interestingly, the most marked loss of flexural strength was observed 
under the leaching conditions. This behavior can be attributed to the 
alkali removal from the framework structure. This is associated to the 
leaching of free-alkali and some soluble compounds within the geo
polymeric gel, as observed previously [9]. IN the same study was 
observed that the leaching process induces the reduction of Q4(4Al) and 
Q4(3Al) silicate sites within the geopolymeric matrix, indicating a 
structural change due to the alkali removal with some instability of 
sodium aluminosilicate gel under leaching; this will be addressed in 
detail in section 4.2 below. 

Due to the open porosity and presence of a high amount of free al
kalis in metakaolin-based geopolymers, the leaching exposure may be 
more uniform throughout the sample thickness than efflorescence and 
air carbonation conditions, particularly for the slender prismatic sam
ples used for flexural strength testing. Therefore, the depth of geo
polymer affected determines the reduction in tensile strength. 

In order to understand this behavior, and the extent of the effect, the 
geopolymer system MS_0.5 after being submitted to the three exposure 
conditions was analyzed by TGA at three different depths, as shown in 
Fig. 5A (where the cross section of the sample is shown in the figure). 
Each TG/DTG curve corresponds to a sample collected in three different 
points from one specimen; the piece extracted (~5 g) was milled in an 
agate mortar, the reaction stopped using isopropanol, and dried in the 
oven for 45 min at 60 ◦C. To allow direct comparison between the depths 

in each exposure condition, the data were normalized between 0 and 1. 
The TG/DTG curves indicate the decomposition of carbonate phases at 
temperatures between 500 ◦C and 700 ◦C, which is clearer for the 
external fraction of samples (represented by the black line) exposed to 
air carbonation (CA) and efflorescence (EF) exposure conditions. A 
lower content of carbonate products, and therefore less carbonation, is 
observed in the samples extracted from the internal fraction (repre
sented by grey lines). Therefore, the near-surface is more highly affected 
than the internal part when subjected to air contact and efflorescence 
formation. On the other hand, the extraction of free alkalis during the 
leaching process did not lead to carbonate formation (Fig. 5C). The TG 
profile is consistent throughout this sample independent of the depth 
analyzed, which indicates that all of the sample has been leached to a 
similar degree. Additionally, the DTG analysis shows that for leached 
samples, the peak near 150 ◦C indicates that the amount of adsorbed 
water is higher and homogeneous across all three depths when 
compared to air carbonation and efflorescence exposure. The implica
tions of this observation for the mechanical behavior of the leached 
samples will be revisited in section 4 below. 

3.4. Splitting tensile strength 

The splitting test, also known as the Brazilian test, is based on the 
determination of tensile strength by application of a compressive load in 
the diametral direction of a cylindrical sample (as is shown in Fig. 6). 
The results are aligned to the other mechanical test data; the reference 
exposure condition (RE) showed higher values of splitting tensile 
strength when compared to the other exposure conditions. The geo
polymers with higher contents of soluble silicates (MS_1.5 and MS_1.0) 
again achieved higher strengths. According to the average values, the 
splitting tensile strength is approximately 10% of the compressive 
strength for this sample set. The EF exposure gave similar behavior to air 
carbonation exposure, except in MS_0.0, where a reduction in strength 

Fig. 9. SEM images (A, F, G, and H) and EDS elemental maps for Si (B); Al (C); Na(D) and C (E) of the geopolymer MS_0.5 exposed to reference condition and 
correspond to the closest part in the exposed surface. 
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of more than 50% was observed. A slight reduction is also identified in 
the material with thermal curing. The samples exposed to the air 
carbonation process may show a slight reduction in splitting tensile 
strength, but this difference cannot be considered statistically significant 
from the data available. Leaching exposure causes a reduction in split
ting tensile strength of around 50% in all systems. Even the geopolymer 
MS_1.5 is susceptible to the leaching exposure, which is not observed 
from the compressive strength data. This result is consistent with the 
trends observed in the flexural strength data, and reflects the suscepti
bility of geopolymers to loss of tensile properties when exposed to 
leaching. 

3.5. Linear deformation 

The results of linear deformation when the samples were exposed to 
the different exposure conditions are shown in Fig. 7. The dotted line at 
zero represents a starting point of measurements before each exposure in 
the samples with 28 days of curing. The lengths of the samples were then 
measured after exposure to the specific conditions after 28 and 56 days 
of exposure. In the reference sample the highest shrinkage (~0.25%) is 
observed in the geopolymers with more silicate in the activator. Ac
cording to Kuenzel et al. [31], higher Si/Al ratios require more bound 
water to prevent drying shrinkage, which is consistent with the behavior 
observed in this study, where the addition of sodium silicate increases 
the shrinkage. 

Under efflorescence conditions, the shrinkage is similar in all 
ambient-cured samples, with the 50 ◦C-cured MS_1.0_50◦ again shrink
ing less than the others tested. As indicated by Fig. 2 for the MS_1.0 and 
MS_0.0, efflorescence can induce carbonate formation within the pores 

and sample degradation; however, as indicated in Fig. 5, the presence of 
carbonate phases is predominantly superficial. Thus, the internal pres
sure is not enough to cause an important change in the sample dimen
sion. The samples exposed to natural carbonation show similar 
shrinkage (between 0.20 and 0.12%), except MS_1.0_50◦, which shrinks 
much less than the corresponding geopolymer MS_1.0 without thermal 
curing. 

Under leaching exposure, a slight expansion is observed in the geo
polymers containing more sodium silicate, however this effect cannot be 
attributed to crystal formation, and it is likely to be related to swelling of 
the gel as it undergoes microstructural changes during leaches. These 
changes will be explored in section 4 below. 

4. Microstructure and nanostructure 

Many of the observations of strength and dimensional changes due to 
the effect of efflorescence formation, air carbonation and leaching in 
geopolymers, were identified above as having an important nano
structural and microstructural basis. Therefore, these aspects of the 
samples were analyzed to elucidate the process of deterioration and 
identify the origins of this behavior. 

4.1. Scanning electron microscopy 

The ambient-cured geopolymers (MS_1.5, MS_1.0, MS_0.5 and 
MS_0.0) were analyzed by SEM after exposure under each of the speci
fied conditions. The images are shown in Fig. 8. The addition of sodium 
silicate (MS_1.5 and MS_1.0) in the activator induces the formation of a 
denser microstructure, consistent with the better mechanical 

Fig. 10. SEM images and EDS elemental maps of the geopolymer MS_0.5 exposed to air carbonation condition.  
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performance of these geopolymers than those formulated at lower sili
cate content, as discussed in section 3. The images obtained correspond 
to the most external part of the samples exposed to the different con
ditions (i.e., the darker section shown in Fig. 5A). In the geopolymers 
with less or no dissolved silicate in the activator (MS_0.5 and MS_0.0), a 
less consistent matrix is visible, with insufficient dissolution of the 
precursor, higher porosity and lower density in the geopolymeric 
matrix. 

In general, the MS_1.5 samples do not show marked microstructural 
differences after exposure under any of the test conditions here. In 
efflorescence exposure, crystal formation is again observed, along with 
microstructural deterioration. In the other geopolymer systems, 
carbonation exposure shows the formation of different sodium carbon
ate crystals, as also observed in previous studies [19], and superficial 
shrinkage. In the leaching condition, morphological change within the 
binder is observed, which indicates that the soluble part of the material 
is being partially removed, and crystalline reaction products being 
either altered or deposited. 

To evaluate individually the effect of the different exposure condi
tions, the geopolymers MS_0.5 were investigated in more detail with 
EDS analysis, Fig. 9 to Fig. 12. According to Fig. 9, for the system MS_0.5 
in a reference exposure, the SEM image shows a geopolymer structure 
containing layered structures that indicate the presence of unreacted 
metakaolin particles. Using the SEM/EDS mapping technique (B, C, D 
and E), the homogeneity of the geopolymer matrix is observed in the 
distribution of Si, Al and Na. Some traces of carbonates are observed, 
attributed to surface carbonation during sample preparation. As 
observed in more detail in Fig. 9F–H, the reacted gel has a granular 
microstructure, however, due to the low silicate content of the activator, 
this gel does not provide a fully dense matrix. Part of the metakaolin 
precursor is not reacted, and is therefore retained in the structure as 
filler. 

Under carbonation exposure conditions, is evaluated by SEM image 
in Fig. 10. In Fig. 10A, the image shows two different morphologies. 

According to EDS analysis (Fig. 10B–E), the left area (closest part to the 
exposed surface) is formed mostly of sodium carbonate crystals, with 
small amounts of Si and Al, while the right area shows the presence of a 
higher amount of Si and Al and less C, which indicates the presence of 
carbonated geopolymer gel. Carbonation and exposure to a drying 
environment (moderate RH) induces cracking as shown in Fig. 10F and 
G, and the formation of crystals (Fig. 2) due to the excessive alkali 
movement from the bulk of the sample to the surface induced by the 
moisture gradient, with a slight contribution caused by sample 
preparation. 

The efflorescence exposure affects the mechanical strength as shown 
in Figs. 3, Figs. 4 and 6 due to near-surface deterioration and breakage of 
parts from the samples. As shown in Fig. 11A–E, the crystal is composed 
of Na and C, in the form of sodium carbonate, growing carbonate crys
tals on the surface where sodium availability is higher as it migrates 
along with the water that is evaporating from the sample surface. As 
observed in Fig. 11F–H, the formation of sodium carbonate, with 
different shapes and sizes but largely in elongated crystal habits, which 
are related to the availability of sodium, dissolved carbon dioxide, 
amount of water and humidity [32,33]. 

The samples from leaching exposure conditions are shown in Fig. 12, 
and do not show the formation of carbonate crystals. This is expected 
due to the high amount of sodium leached when immersed in water, as 
well as the absence of dissolved CO2 within the solution. As observed in 
EDS mapping (Fig. 12B–E), the microstructure is somewhat heteroge
neous. As the sample was immersed in water, the presence of carbon is 
attributed to the contact with air during sample preparation for analysis. 
In Fig. 12F, a different morphology is observed, and elemental compo
sitions differ between the two marked areas. The left area shows a 
structure more similar to the reference geopolymer, however, on the 
right side, the morphology is changed to show non-connected lepi
spheric type particles, close to spherical and comprising interlocking 
crystallites [34–36]. In Fig. 12G–H, this structure is again identified. 
Some studies of zeolite synthesis, particularly those producing chabazite 

Fig. 11. SEM images and EDS elemental maps of the geopolymer MS_0.5 exposed to efflorescence condition.  
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and sodalite group minerals, show a similar morphology to be charac
teristic of these minerals [37,38], which indicates that a similar crys
tallization process and/or product may be observed under the leaching 
conditions here. The formation of such phases would also be consistent 
with the observation of high contents of adsorbed (zeolitic) water by 
DTG in section 3.3 (Fig. 5). Fig. 12I and J shows the remaining part after 
the leaching exposure, which is constituted of similar morphology to the 
geopolymer without leaching, and is progressively being transformed in 
part to lepispheric grains. The morphology formed can also be associ
ated with the mechanical behavior observed, in terms of both flexural 
and tensile strength. The conversion of some of the gel to the observed 
granular microstructure reduces the bond between the grains, which 
directly affects the tensile strength of the material. 

Summarizing, the SEM analysis provides evidence of important 
morphological transformations and helps to identify the phenomena 
related to each exposure condition. During air carbonation and efflo
rescence exposure, the formation of crystals or a carbonate layer were 

observed, and are related to the amount of released compounds. The 
formation of carbonate crystals within the porous geopolymer structure 
can generate stress and can affect the mechanical behavior. The leaching 
exposure condition induced the transformation of morphology within 
the gel itself. 

4.2. Solid state MAS NMR spectroscopy analysis 

The 27Al MAS NMR spectra of the anhydrous metakaolin precursor 
and the geopolymer sample MS_0.5 in reference, air carbonation, 
efflorescence and leaching exposure conditions are shown in Fig. 13. 
The anhydrous metakaolin spectrum exhibits three broad resonances 
centered at δobs = 6, 32 and 60 ppm, attributed respectively to aluminum 
in tetrahedral (IV), pentahedral (V) and octahedral (VI) coordination, 
which is in agreement with other studies [39,40]. Via the geo
polymerization process, Al(V) and Al(VI) are dissolved to react with 
other elements, and form predominantly Al(IV) species in the 

Fig. 12. SEM images and EDS elemental maps of the geopolymer MS_0.5 exposed to leaching conditions.  
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geopolymer binder [9,39,40]. As reported previously, the presence of 
aluminum in Al(IV) coordination with a negative charge is 
charge-balanced mainly by Na+, which reduces the availability of free 
alkalis [4,9]. 

The carbonation of geopolymers in contact with air and the excessive 
efflorescence formation are attributed to the consumption of free or 
weakly bounded alkalis to form carbonate phases. This induces the 
formation of a new broad peak around 10 ppm, in the Al(VI) region 
(indicated with + in Fig. 13). Under these conditions, Na+ ions are 
removed from the charge-balancing sites within the N-A-S-H gel (as a 
consequence of efflorescence or carbonation), and there is a residual 
negative charge on the Al ions which must be balanced. As the N-A-S-H 
gel is now deficient in Na+, it appears that some of the Al moves into the 
charge balancing sites in octahedral coordination, becoming the charge 
balancing extra-framework Al sites observed previously in geopolymer 
systems [41]. 

The exposure to different conditions induces some changes to the 
aluminum sites. The leaching exposure condition reduces the relative 
intensity of the main peak due to Al(IV) and increases the relative in
tensities of peaks associated with the remnant unreacted portion of the 
precursor (Al(V) and Al(VI)). This behavior is consistent with SEM 
analysis (Fig. 13), which shows a morphology change associated with 
microstructural transformations. 

The 29Si MAS NMR spectra for the reference geopolymer, and after 
exposure, are shown in Fig. 14. The different amounts of tetrahedral Si 
sites present after each exposure type cause changes in the main broad 
peak, located at − 86 ppm for the reference system, − 84.9 ppm for air 
carbonation, − 84.9 ppm for efflorescence conditions, and − 85.6 ppm 
for leaching exposure. This broad peak is composed of Q4(mAl) species, 
which are deconvoluted using Gaussian distributions to simulate reso
nances at δiso = − 85 (Q4(4Al)), − 90 (Q4(3Al)), − 95 (Q4(2Al)), − 100 
(Q4(1Al)), − 105 (Q4(0Al)) ppm. The resonance with highest intensity in 
all spectra is that due to Q4(4Al) sites, consistent with the nominal Al/Si 
ratio and the 27Al MAS NMR data, where the presence of aluminum is 
predominantly in tetrahedral form. 

The 23Na MAS NMR spectra of the reference and exposed 

geopolymers are shown in Fig. 15. The geopolymers exhibit a single 
broad resonance between − 2.48 and − 4.5 ppm, which can be attributed 
to sodium associated to the aluminum-centered tetrahedra in a charge 
balancing role, providing the Na+ necessary for the equilibrium of the 
gel framework [39,42]. According to Duxson et al. [39], the resonances 
around − 4 ppm are attributed to sodium associated to the aluminum in 
charge-balancing roles, while resonances near to 0 ppm can be attrib
uted to mobile sodium atoms located in the pore solution. In some cases, 
this would appear as a sharp near to 0 ppm (as ions in the pore solution 
are highly mobile). In this study, this resonance is not observed, indi
cating that all Na is bound in a charge balancing site. Interestingly, there 
are no obvious resonances due to sodium carbonate phases (which 
would appear around 5 ppm and around − 15 to − 20 ppm) [43], how
ever, for the efflorescence and carbonated samples there appears to be a 
broad shoulder at about 2 ppm, which could be due to sodium carbonate 
overlapping with the main resonance due to sodium in charge balancing 
site. The absence of an intense peak associated with carbonate may be 
related to the preparation of the sample, where the previously formed 
carbonate may dissolve. After leaching exposure condition the main 
broad peak is observed in − 4.5 ppm, indicating Na+ is mostly associated 
to the tetrahedral aluminum Al(IV). 

4.3. XRD 

Fig. 16 shows the XRD data for metakaolin, and for geopolymers 
exposed to different conditions. In the metakaolin precursor, the main 
signal is observed as a broad feature between 10 and 30◦ 2θ, attributed 
to the amorphous part of the material. Some traces of anatase (TiO2, 
Powder Diffraction File, PDF, # 00-021-1272) and halloysite 
(Al2Si2O5(OH)4, PDF# 00-029-1489) are observed, indicating a crys
talline and nonreactive part in the raw material. After the geo
polymerisation process, the amorphous feature is reduced and shifted to 
higher values, indicating the consumption of metakaolinite and forma
tion of N-A-S-H type gel. The crystalline phases (anatase and halloysite) 
remain in the structure. 

After exposure, the main difference is observable after efflorescence 
conditions (EF), where the formation of crystals is observed: sodium 
carbonate (Na2CO3, PDF # 01-086-0301), thermonatrite (Na2CO3⋅H2O, 
PDF # 01-070-2148) and natron (Na2CO3⋅10H2O, PDF # 00-015-0800). 
This formation is more visible in MS_0.5-EF and MS_0.0-EF, which were 
the systems with the highest formation of external efflorescence. The 
same products were also observed in other studies [14,15,44]. 

In air carbonation exposure, even with the visible superficial 
carbonation observed in Fig. 5, it is not possible to identify a massive 
formation of carbonate phases, probably due to the low amount of 
carbonates compared to the total mass of the sample. After leaching 
exposure, the microstructural transformation is visible by SEM, how
ever, the formation of new crystalline phases is not identifiable by XRD. 
The leaching exposure does not generate a new crystalline phase, the 
SEM presented in Fig. 12 indicates the dissolution of the part of the gel, 
resulting in different morphology. 

4.4. MIP 

The MIP analysis is shown in Fig. 17. Even with its known limitations 
related to the ink bottle effect [45] and the presence of different sizes 
and shapes of pores, which will increase the measured volume of very 
small pores at the expense of some larger pores [46], this technique is 
widely used to identify differences in pore sizes when different condi
tions or parameters are assessed for comparison purposes. By MIP it is 
possible to estimate the total accessible porosity (Fig. 17A), where the 
lower values are observed in high sodium silicate geopolymers. This 
property is consistent with mechanical behavior shown in Figs. 3, Figs. 4 
and 6, indicating the relationships between mechanical strength and 
porosity. This behavior is associated to the formation of less and smaller 
pores [47,48]. There is a reduction of porosity due to air carbonation, 

Figs. 13. 27Al MAS NMR spectra of the metakaolin precursor and geopolymer 
MS_0.5 after reference, air carbonation, efflorescence and leaching expo
sure conditions. 
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Figs. 14. 29Si MAS NMR of spectrum (black lines), simulation (red lines) and spectral deconvolution (blue lines for reaction products; grey shaded area for remnant 
precursor) for geopolymer MS_0.5 under reference, air carbonation, efflorescence, and leaching exposure conditions. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 

Figs. 15. 23Na MAS NMR spectra of the geopolymer binder MS_0.5 in reference conditions and after exposure.  
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Fig. 16. XRD patterns of the metakaolin geopolymers after exposure; A: MS_1.5, B: MS_1.0, C: MS_0.5, D: MS_0.0, E: MS_1.0_50◦, F: Metakaolin. Synchrotron X-ray 
diffraction data (12 keV) have been converted to equivalent Cu Kα 2θ angles for plotting. Step-like features in the MS_0.5-EF diffractogram are attributed to minor 
instabilities in the beamline during data collection, but do not interfere with the qualitative phase identification conducted. 

M.A. Longhi et al.                                                                                                                                                                                                                              



Ceramics International 48 (2022) 2212–2229

2226

efflorescence formation and leaching, except for the geopolymer 
MS_1.0, where the porosity increased due to air carbonation and 
leaching. The porosity reduction is more sensitive to air carbonation and 
efflorescence than leaching, which aids in identifying that it can be 
associated with the formation of carbonate crystals, especially in the 
systems MS_0.5 and MS_0.0, consistent with the carbonate formation 
identified by XRD (Fig. 16). 

Using the relative volume of pores in different size ranges (Fig. 17B), 
it is possible to observe the effect of design parameters and exposure 
conditions on pore size formation. A high content of sodium silicate 
leads to the formation of small pore sizes when compared to the geo
polymers with low MS, this increasing can reduce de pore size, and 
consequently, decrease the ions leaching [49]. The MS_1.5 contains 
mainly pores smaller than 50 nm, with a large volume of pores smaller 
than 10 nm. Similar behavior is observed in the geopolymer MS_1.0, but 
with a lower content of pores below 10 nm, both with and without 
thermal curing. On the other hand, the geopolymers MS_0.5 and MS_0.0 
present pores mainly in the range between 100 nm and 1000 nm, similar 
to other studies [50,51]. This behavior is also consistent to mechanical 
properties measured. Under the different exposure conditions, the geo
polymers MS_1.5 showed the more notable changes, with the presence of 
smaller pores in air carbonation, efflorescence and leaching when 
compared to the reference exposure. 

The presence of small pores also indicates more gel formation, 
inducing a denser and stronger structure. The presence of pores with 
smaller diameters is important for durability, considering that the 
diffusion of aggressive agents inside the binder structure is usually more 
rapid through larger pores [52]. 

4.5. X-ray microtomography 

Fig. 18 shows the 3D tomographic image renderings for the geo
polymer assessed (MS_0.0) under reference, efflorescence and leaching 
exposure conditions; this was selected as it was the system with higher 
degradation after the exposure conditions. The air entrained during 
mixing is identified easily as large and spherical bubbles, bigger than 10 
μm (Fig. 18), which were extracted selectively using a watershed filter 
segmentation technique [26]. The volume fraction of these voids is 
calculated to be between 2.6 ± 0.3% for the geopolymers assessed. This 
value will not be considered in the total porosity discussion below, due 
to the size and origin of these voids. The large pores (with sizes higher 
than 4 μm) were assessed by the selection of point-based threshold based 
on a high grey level transition (“or transition point”) [53]. The calcu
lated volume fraction of pores between 4 μm and 10 μm is 3.3, 1.4 and 
1.2%, respectively. Transition point identification based on the 
grey-scale histogram is a method used often for segmentation. However, 
this technique may not be appropriate for the geopolymer materials 
studied here, since their porosity networks exhibit pore sizes smaller 
than the voxel resolution (Fig. 17), and the sample produces a wide 
range of greyscale intensities for different phases (unreacted and 
partially unreacted particles, as well as reacted products) [54,55]. 
Taking into account that the images acquired in the XRμT are also 
limited in resolution (0.84 μm per voxel/pixel), a detailed analysis of 
pore network geometry is not reliable for this material when studied at 
this resolution. The images and pore volume reported here correspond to 
voids with sizes larger than 4 μm, where the statistics and consistency 
during the application of the segmentation algorithm showed coherence 
between images, results derived from other techniques, and previous 
reports [54,55]. On the other hand, the voids (or air bobbles identified) 
are generated during mixing and sample production, and can be 

Fig. 17. Porosity and pore size distribution of geopolymers, measured by MIP. A. Porosity (%), B. relative volume of pore size distribution (%).  

M.A. Longhi et al.                                                                                                                                                                                                                              



Ceramics International 48 (2022) 2212–2229

2227

attributed to the insufficiency of air removal by vibration here, as a 
result of the high viscosity of the fresh geopolymer paste [56]. 

This analysis aims to identify if the porosity or the gel structure 
changes due to the exposure of the geopolymers to the process of 
efflorescence and leaching. The complete distinction between the phases 
(unreacted and partially reacted particles, N-A-S-H gel and micro- 
porosity) is quite difficult and represents the main limitation of XRμT 
for this type of material. 

5. Conclusions 

This study evaluated separately the effects of air carbonation, efflo
rescence formation, and leaching in metakaolin based geopolymers on 
mechanicals strength and micro/nanostructure. 

The condition of exposure to air carbonation induces the process of 
carbonation associated with the efflorescence formation. This phenom
enon occurs in the first layers of the material and affects the mechanical 
performance of geopolymers. The main property affected is compressive 
strength. Geopolymers containing more sodium silicate are less sus
ceptible to changes in mechanical strength. According to the influence of 
porosity, the larger pores allows the migration of moisture containing 

dissolved alkalis to the free surfaces of the sample, and thus induces the 
carbonate crystals to grow. 

Efflorescence formation in geopolymers is strongly dependent on 
design parameters, where the addition of sodium silicate associated with 
the correct content of alkali can reduce the extent of efflorescence for
mation. It is also a process that can affect all mechanical properties, 
especially compressive strength, which is strongly affected in some 
geopolymers. This effect is associated with excessive superficial deteri
oration and crystal formation within the pores, also associated to in
ternal (near-surface) carbonation, which may generate internal stress 
greater than the tensile strength of the material and causes the rupture of 
fragments or parts. The main products of efflorescence are sodium car
bonates in hydrous or anhydrous forms, which grow on the surface in 
different shapes and sizes. 

Leaching can be indicated as the first process associated with efflo
rescence formation. This exposure condition induces the removal of free 
or weakly bonded alkalis, which may affect the mechanical and micro
structural properties. The flexural and tensile strength of geopolymers 
are sensitive to exposure to leaching conditions. The excessive removal 
of exchangeable sodium can change the equilibrium of aluminum in the 
framework structure, and consequently, the stability of some phases in 

Fig. 18. Images of voids and pores of a prismatic region of the geopolymer MS_0.0 exposed to: A. Reference, B. Efflorescence, C. Leaching.  
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the gel. The local densifications of the gel resulted in the formation of a 
structure based on non-connected grains. A morphological trans
formation of gel can be observed by SEM. The addition of sodium silicate 
provides an improvement in the mechanical properties, and the micro
structure evolves when immersed in water. 
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