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ARTICLE INFO ABSTRACT
Keywords: The kaolin mining waste (KW) is a residue generated during the purification process of extracting
Calcinated kaolin high purity kaolin used in different industries. KW is mainly constituted by kaolinite-rich clay and

Mining waste

other secondary minerals such as anatase and quartz. With the appropriated and controlled
Alkali-activated materials

process, calcined kaolin mining waste (CKW). It can be thermally activated by calcination to

Geopolymers . . . .. . . . I . .
WasIt)e \}/I;orization obtain a highly reactive metakaolinite rich material, which exhibits interesting pozzolanic
Durability properties. According to its chemical composition and high reactivity, this material is used as an

aluminosilicate precursor in the production of geopolymers. One of the negative effects may be
the formation of efflorescence. This paper evaluated geopolymer produced with CKW at different
activation conditions (alkali concentration and sodium silicate content). The leaching of alkalis
was studied through the development of efflorescence on the surface of hardened samples
exposed to efflorescence formation conditions (contact with air and water). The results indicated
that a larger activator provided a higher compressive strength and reduced the capillary ab-
sorption and the efflorescence formation. The data showed that the efflorescence formation can
be appropriately controlled by adjusting the mix design parameters, especially the sodium silicate
content.

1. Introduction

The development of more environmentally friendly cement requires a deeper understanding of its properties for real application on
a large scale. One of the promising alternatives is geopolymer or alkali-activated material that is produced by a chemical reaction
between aluminosilicate mineral source materials (also called precursor) and a highly alkaline solution (called activator) [1-4]. The
most common source materials used as precursors are industrial by-products, such as coal combustion ashes [5-8], granulated blast
furnace slag [9,10], and heated clays [11,12]. The main activator is usually based on alkaline hydroxides and silicates solutions.
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The obstacles for geopolymer wide application are related to the heterogeneity of precursors, the lack of knowledge of the
properties in long service-life, the lack of standards, and the high cost of activators. This heterogeneity is due to the fact that most
precursors are based on aluminosilicate-containing by-products from different industries. It is an obstacle, but it is also an advantage
because a significant amount of industrial wastes and residues can be valorized by this technology, turning wastes into value-added
cement. Thus, there is a direction of research toward evaluating properties, economic and technical applications of locally available
materials.

In this context, Brazil is considered the 5th most important mining productor of kaolin. This mineral and its environmental impact
is high, considering the vast volume of material beneficiated (1.7-2.0 Mt/y) [13,14]. The purity degree required by the kaolin mining
industries generates a high-quality product which is highly desirable by different industries, including ceramics, painting, polymers,
among others. However, the mining process is constituted of several stages: centrifugation, magnetic separation, chemical blenching,
and filtration. As a result, it is common to generate a large volume of residues [15] and locally known as kaolin mining waste (KW) and
classified as an inorganic residue, inert and non-hazardous material class IIA according to Brazilian standards [16]. Even with the high
purity of the main product, the volume of this kaolinite-rich residue is still very large and exhibits potential feasibility for its re-use.
Therefore, a controlled thermal treatment is applied. The calcined kaolin waste (CKW) produced at temperatures between 750 and 900
°C eliminates the free water present in the sludge, as well as promotes the dihydroxylation process [17]. This temperature range also
promotes a change in the coordination number of aluminium from six to four [18]. The chemical and micro-structural transformation
increases the reactivity of these materials to be used as pozzolans or supplementary cementitious material [19], raw material for
zeolites synthesis [20], as well as precursor to produce geopolymers [21]. The CKW, when compared to commercial metakaolinite,
may show the presence of some impurities (quartz and anatase) and presents a coarser particle size distribution.

Additionally, the most important difference related to precursors is the amount of reactive phases represented by the oxide
composition degree. Therefore, the synthesis parameters (alkali type activator, concentration, and water content) and conditions
(temperature and time) for its geopolymerization can differ slightly from MK-high reactive precursors. According to the previous study
[21], KW can be a feasible aluminosilicate precursor to produce geopolymers; however, these differences for synthesis production
affect the mechanical properties, as well as its durability, including efflorescence formation.

Among the factors related to durability, alkali leaching and the potential efflorescence formation are determining factors to be
considered [18]. The extremely high alkalinity of activators is necessary to promote the aluminosilicate dissolution and the following
geopolymerisation process. The Sodium can be linked to aluminum tetrahedrally coordinated to neutralize the charge of AI(OH) 4
group [22] partially bounded in the gel structure (higher bounded energy) and associated to molecular water (weaker) [23]. Theo-
retically, the maximum content of partially bounded alkalis is associated with a unitary ratio with AlyO3. The excess of this alkali is
present in the porosity of the geopolymer. However, not all aluminum is in a tetrahedral format, which reduces the effectiveness of the
alkalis’ imprisonment, increasing the leachability potential.

Even though the alkali leaching mechanism has been studied, there is still a need to systematically evaluate such an important
factor regarding waste type precursors and durability features. Previous studies identified values of alkali leaching between 1% and 7%
using natural pozzolan [24], 12% and 16% using fly ash [25], and values up to 50% using a pure metakaolinite clay [26]. These alkali
leaching values depend on synthesis parameters, type of aluminosilicate precursors, time and temperature of curing, and alkali
leaching method used. A previous study in MK-based geopolymers indicates a microstructural change associated with Si and Al species
in geopolymeric gel associated to alkali leaching [26]. Due to the porosity features of the geopolymers, when exposed to an envi-
ronment with potential for fluid movement, as well as the free alkalis in the pores can be leached to the surface. In this case, in contact
with CO, from the environment, a carbonate species dissolve into the solution at high pH. Some carbonate phases can precipitate
within the first surface layer (which has been called as subflorescence) or the growing of an external layer, which is clearly identified

Table 1
Physical properties and chemical composition of calcined kaolin mining waste. LOI is loss of ignition at
950 °C.
CKW
Physical properties Dio (pm) 1.07
Dso (pm) 4.42
Dgg (pm) 31.74
Dis,47 (um) 10.74
Specific ateri ate (m?/g) 21.48
Density (kg/m%) 2630
Chemical composition Oxide (wt%)
SiOy 59.16
Al,03 36.94
TiO4 0.73
Fe,03 1.2
NayO 0.19
K20 0.07
CaO -
SO3 0.38
P,0s 0.17
MgO
LOI 1.11
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by efflorescence, constituted by a white foamy precipitated [27]. The efflorescence formation depends on the physical properties of
geopolymers, synthesis parameters, type of precursors, and activators [25,28-30], and based on its magnitude, a detrimental effect on
the mechanical properties can be identified [26]. These previous studies were developed in geopolymers produced with highly reactive
commercial MK, and it is still not clear the behavior related to the use of calcined kaolin waste associated with alkali leaching,
efflorescence formation, and mechanical behavior after exposure. The different content of silica and alumina, as well as physical
features in this material compared to MK may be determining factors associated with efflorescence formation. Therefore, the aim of
this paper is to evaluate the alkali leachability and the susceptibility of efflorescence formation in CKW-based geopolymers and its
effect on compressive strength, capillary absorption, and some microstructural change.

2. Experimental program
2.1. Materials and sample preparation

A calcined kaolin mining waste (CKW) from Para (Brazil) was used as an aluminosilicate precursor. The dried kaolin mining waste
was calcinated in a static oven at 750 °C for one hour and mechanically treated in a ball mill, using ceramic balls in a proportion 1:10
(CKW/balls) for one h, according to previous studies [21]. The mineralogical and physical properties and chemical composition (as
determined by XRF) are shown in Table 1 and Fig. 1, respectively. In Fig. 1 is visible the phase transformation from kaolin waste (KW),
which contains kaolinite, into amorphous CKW. This elucidates that complete aterialaion was not achieved under the thermal con-
ditions assessed here. Compared to the highly reactive commercial MK, which presents a surface area of 13.49 m?/g and a mean
particle size of 4.56 yum [26], the CKW presents a higher specific surface and coarser particle size, lower content of Al,O3 and higher
content of SiO,. Due to the origin of the material and the presence of these crystalline phases, the CKW presents a slightly lower
pozzolanic reactivity when compared to the aterial MK. The main crystalline phases observed are Anatase (TiO5, Pattern Diffraction
File, PDF# 00-021-1272) and kaolinite (Al5SioO5(OH)4, PDF# 01-078-2109). The presence of kaolinite indicates that the calcination
process can be improved. The loss of mass also indicates that part of CKW remains in its natural form, which is consistent with the
diffractograms, where the presence of remaining kaolinite and anatase in CKW is visible. These differences can influence the disso-
lution rate and reactivity of precursors, as well as an effect on the extent of the reaction.

Activating solutions were produced using an analytical grade sodium hydroxide (NaOH - 99%) and a sodium silicate with 35.59%
of Si0y, 15.01% of Nay0, and 52,7% of H20. Both were mixed with ater in a specific amount to compose the activator and stored in
room ateriala for 24 h. The geopolymers were formulated with different contents of alkali activator (Na,O= 10%, 15%, and 20%). The
type and content of alkalis were selected according to the aterial [31,32]. Additionally, the same synthesis parameters were used in
previous studies [26,28] with commercial MK as the main precursor, allowing the direct comparison between the evaluated properties.
The increasing of silica was designed by the addition of sodium silicate in the activator (expressed as Ms modulus, represented by the
Si02/M20 molar ratio) as 0.0, 0.5, and 1.0. The geopolymer formulations are identified by codes: “Type of precursor — content of alkali
— Ms modulus”. The ater/binder (w/b) ratio was fixed at 0.55 for all geopolymers. The pastes were produced by mechanical mixing for
6 min and then poured into molds, vibrated for 1 min and cured at room ateriala (25 + 2 °C), sealed inside a hermetically sealed box
with high relative humidity (~90%), to avoid the loss of ater by evaporation and stored until the day of testing (Table 2).

2.2. Tests conducted

The compressive strength of each hardened paste was measured at 1, 7, 28, 90 and 360 days, using a universal mechanical testing
machine EMIC with a loading speed of 0.5 mm/min. For each geopolymer, before and after efflorescence formation, five cubic samples
of 20 mm were tested.

Determination of leached sodium, performed with geopolymer, previously milled by hand in an agate mortar. The geopolymers were

10 20 30 40 50
26 (degrees)
K - Kaolinite A - Anatase

Fig. 1. XRD spectra of CKW used as precursors. K- Kaolinite and A- Anatase.
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Table 2

Mix designs of geopolymer samples.
Geopolymers Precursor-%Na,O- Ms content % of Na,O Ms content
CKW -20-1.0 20 1.0
CKW -20-0.5 20 0.5
CKW - 20 -0.0 20 0.0
CKW -15-1.0 15 1.0
CKW -15-0.5 15 0.5
CKW -15-0.0 15 0.0
CKW -10-1.0 10 1.0
CKW -10-0.5 10 0.5

ground until passed through the 75 um mesh (# 200 sieve). Then, the samples were placed in a solution with deionized and boiled
water to obtain a solid concentration:liquid proportion of 1/100 in sealed PTFE Erlenmeyer ater. The flaSKs were stirred for 24 h in
constant ateriala shaking incubator. After 24 h of mixing, the solution was neutralized by adding HCIl (36 vol%) so that only insoluble
phases remained. The neutralized solutions were filtered, and the remaining materials were quantified by mass. The mass difference
corresponds to the soluble phases, which are unreacted Na-containing phases (Na(OH), Nap0-SiO5, as well as sodium carbonates) in the
case of geopolymers.

Capillary water absorption was quantified using the capillary absorption method, where the dried cylindrical samples ®28 x 55 mm
were partially immersed in 5 mm of water. The amount of absorbed ater was measured every 10 min in the first hour and then every
hour to achieve constant mass.

Quantification of oxide composition after leaching, performed according to the previous paper, [27], using the process of ater
dissolution (WD) and after 28 days of curing. This process consists of removing the soluble material at a pH equal to 7. The process was
applied in 2.0 g of grounded geopolymer (passed through a75 pm sieve) in solution with 200 g of distilled and deionized ater in sealed
Erlenmeyr flasKW. The solution was placed in constant temperature shaking incubator for 5 min, and after that, the pH of the solution
was measured and adjusted to a neutral value of pH = 7 through the addition of HCI (36 vol%). This process was repeated until the
solution showed a constant pH of 7.0 and the amount of HCI quantified. Then, the solution was filtered using a quantitative filter, then
rinsed with distilled ater, and twice with ater (purity of 99%). The remaining solid material was then dried for 45 min in an oven at
40 °C, the chemical composition was assessed by XRF.

Visual efflorescence formation was assessed using cylindrical samples with 28 mm of diameter and 55 mm of height after 28 days of
curing. The samples were partially immersed in water at 4-5 mm depth at room temperature of 20 + 5 °C and relative humidity (RH)
of 50 & 15% to accelerate the test. Due to the rapid ater absorption and evaporation, the ater level has been adjusted daily.

For each combination evaluates, one cubic ater of 20 mm was crushed and then analyzed by X-ray diffraction (XRD) using a D2
Phaser (Bruker) diffractometer with Cu Ka radiation (A = 1.54178 A), with a step size of 0.02°, and a scanning speed of 0.5°/min for a
260 range of 5-65°.

3. Results
3.1. Mechanical and physical properties

The compressive strength results of geopolymers with different synthesis parameters up to 360 days of curing are shown in Fig. 2.
The geopolymers produced present values between 7.6 and 52.8 Mpa depending on alkali concentration and soluble silicate content
(Ms ratio). Increasing the content of soluble silica in the form of sodium silicate promotes the increment in compressive strength for all
NapO concentrations assessed. The higher sodium silicate content tested, Ms= 1 represents an increase in compressive strength up to
~1.5 compared to Ms= 0.5 and ~3.5 compared to Ms= 0. These results are consistent with other studies and associated with formation
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Fig. 2. Compressive strength of geopolymers produced at different Na,O alkali concentrations and Ms ratio.
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of denser and more compact microstructure [6,26,33]. The content of sodium is also a determining factor on mechanical performance,
where higher compressive strength is observed in the geopolymers produced at 20% of NazO. To higher content of sodium silicate
(such as Ms=1) the compressive strength for 15% and 20% of NayO is statistically similar. In this case, for this precursor, the ideal
content of NaO is between 15% and 20%. The time of curing is also an important aspect, where at 28 days, an increase in compressive
strength is observed, while to later ages (> 90days), a reduction up to 32% can be identified. This reduction is most evident in
combination with reduced or no sodium silicate content. The same behavior was also observed in the previous paper [21] and can be
associated with the start of zeolite crystallization because of a certain instability from the amorphous reaction products [34,35]. This
behavior is also associated to the Ms content, since the most expressive reductions are observed to geopolymers activated solely with
sodium hydroxide. Additional studies are necessary to fully understand this behavior.

Taking into account that the CKW precursor is not produced using a high purity material, it is important to compare the results with
aterial high reactive MK-based geopolymers. Using equivalent synthesis parameters (reported in a previous paper, [26]) it is observed
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Fig. 3. Capillarity absorption of geopolymers after 28 days of curing.
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a compressive strength of 40 Mpa to geopolymers activated at 20% of Na;O (MK-20-1.0) and 21.5 to those systems activated at 15%
NayO (MK-15-1.0). When these values are compared to CKW-based geopolymers, an increasing up to 1.2 and 2.1 times is observed. The
higher compressive strength developed by the CKW geopolymers can be attributed to the oxide composition of this precursor, where
the presence of higher SiO,/Al,03 ratio associated to the use of CKW can increase the presence of Si-rich Q4 sites rich due to the high
degree of polymerization [6]. This expressive improvement can also be related to the amount of metakaolinite present in the CKW
used, related to the high amount of kaolinite present in the kaolin mining waste, at approximately 92%, as reported previously [21].
The use of CKW is effective even in the absence of a thermal curing process during geopolymer production, which facilitates the use of
material for different applications and reduces the cost and CO3 emissions.

Additionally, to compressive strength results, Fig. 3 shows the capillary ater absorption for all samples. The geopolymer produced
at lower NayO content presents a short time until the saturation point. The same behavior is observed in systems with low amount of
sodium silicate (Ms ratio of 0 and 0.5), which make these systems more susceptible to mass change by water transportation. As an
example, the system CKW-20-1.0 presents a saturation point approximately after 14 days, while CKW-10-1.0, at 2 days. The highest
saturation point is identified for the system with 20% of Nay,O and Ms= 1.0. Similar behavior is observed to the amount of water
absorbed, where higher amount of alkali and high amount of SS reduces the water absorption, where CKW-20-1.0 presents approx-
imately 1.5 g/cm? at 28 days, while CKW-10-0.5 shows ~2.5 g/cm? The behavior observed in each system can be correlated directly
to leaching and potential efflorescence formation and will be discussed in more detail in the following sections. As expected, lower
capillarity absorption is aligned to higher compressive strength. This behavior is associated to synthesis parameters, where the
addition of higher content of sodium allows a greater extent of reaction [36] and the addition of sodium silicate, the formation of a
microstructure with more bounded Si in Q4(1Al) and Q4(2Al) sites, providing and stronger network structure [23].

3.2. Leaching potential

3.2.1. Sodium containing phases leachability

The results of this procedure are presented in Table 3. The total loss of mass is higher when a greater amount of alkali is used for the
activation. However, the percentage of alkali leached, relative to the initial amount required (or included during the activation), is
higher to geopolymer systems with a lower amount of sodium, indicating an inefficient geopolymerisation and high percentage of free
alkalis in the pore solution. The values of total loss are consistent with those reported previously [26]. The addition of sodium silicate is
the major parameter associated with reduction in alkali leaching. The higher extent of reaction and the type of Q*(mAl) structure is
associated to its use [6]. Consequently, a higher amount of Al(IV). In this case, a higher amount of Na™ is required to stablish an
equilibrium in charge balancing associated to aluminum [31]. It is important to note that the mass of loss for each system is similar to
the content of sodium used, however, just a fraction of this sodium is leached, indicating the dissolution of different oxides. In the same
way, not leached sodium is stable in the framework structure.

3.2.2. Effects of leachability on oxide composition

A selective dissolution process was developed previously in a study to determine the content of soluble materials at neutral pH and
the content of gel formed in MK-based geopolymers [26]. This procedure was also used here to determine the content of leachable
materials in a neutral pH to correlate with efflorescence formation and the consequent damaging effect in compressive strength.
According to the procedure used, the geopolymer sample is reduced to powder and exposed to a severe condition, which can be more
damaging than under use condition. The results showed represent the maximum potential of leaching and are valid just for the specific
exposed conditions. In Table 4 are shown the results of oxide composition, where the geopolymers present an expressive loss of mass
associated to leaching of free oxides or soluble phases. The main reduction is associated to the leachability of Na,O, demonstrating that
part of the activator is free in the pore solution or weakly bonded from the reaction products [26]. This fraction is higher in systems
with a lower amount of sodium silicate.

3.2.3. Relation between oxides composition, alkali leaching and compressive strength

The combined data of oxide composition determined before leaching (Table 3) by XRF with the quantification of leached alkali
(Table 4) as well as compressive strength data (Fig. 2) are presented in Fig. 4, where it is possible to place the systems within a ternary
diagram SiO2-Aly03-NagO. It is evident that the lowest leaching values are observed in systems where there is a balance between the
oxides. Insufficient amount of NayO in the activator does not allow the complete reaction of the precursor, consequently, a lower

Table 3

Loss of mass and sodium leached in a neutral environment.
Geopolymer Initial pH Loss of mass (%) HCI consumption (g) Sodium containing phases leached (%)
CKW - 20-1.0 10.70 17.8 0.065 11
CKW - 20-0.5 10.95 20.1 0.100 17
CKW - 20-0.0 10.54 20.2 0.134 23
CKW - 15-1.0 10.79 15.4 0.092 21
CKW - 15-0.5 10.82 16.8 0.113 25
CKW - 15-0.0 10.74 16.8 0.142 32
CKW - 10-1.0 10.63 13.3 0.121 41
CKW - 10-0.5 10.6 14.2 0.121 41




M.A. Longhi et al.

Table 4
Oxide composition before and after selective dissolution in neutral condition.
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Geopolymer Initial condition (%) After dissolution in neutral pH (%)
Si0, AlLO; Na,0 Si0, AlLO; Na,0
CKW - 20-1.0 68.9 12.7 16.8 70.1 16.9 11.5
CKW - 20-0.5 65.4 14.2 18.2 67.5 19.0 14.1
CKW - 20-0.0 60.4 16.0 21.0 65.0 21.4 12.0
CKW - 15-1.0 70.2 15.3 13.0 71.5 18.8 8.4
CKW - 15-0.5 67.2 16.5 14.7 69.2 19.9 9.6
CKW - 15-0.0 64.6 17.5 16.3 68.2 22.1 8.0
CKW - 10-1.0 70.7 17.2 10.6 72.9 20.0 5.6
CKW - 10-0.5 69.7 17.8 10.9 71.2 20.9 6.4
Na,0 % of Na leached
25 20 15 100
\ 4 4 x20 37,25
—= 33,50
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Fig. 4. Geopolymer situated in a ternary diagram and associated with leaching potential and compressive strength.
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Fig. 5. Ternary diagram of geopolymers oxides (SiO,, Al,03 and NayO).
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amount of gel is formed, and alkali leachability is increased. Under designed geopolymer tested, the leachability is more pronounced
associated to the lower amount of NayO and higher Al;O3, characteristic to systems without the addition of sodium silicate. The region
with the lowest amount of leachable materials is the same with higher compressive strength, which is consistent with a higher amount
of gel formed and a denser structure.

As the composition of oxides was also evaluated after exposure to leaching conditions, it is possible to verify the alteration of such
composition in a ternary diagram. Evaluating just the tree main oxides, in Fig. 5, it is easy to identify the shift of the chemical
composition assemble to higher Al,03 content. This change does not mean an increase in these oxides content but a proportional
adjustment to compensate the excessive loss of alkalis. The loss of alkali is clear during leaching evaluation. The content of alumina
seems to increase, while the content of silica seems stable. However, the increase in aluminate is just proportional to compensate the
loss of other oxides. This result is important to confirm the stability of the geopolymeric gel. However, analyzing the SiO/Al,03 ratio
before and after dissolution, it is possible to observe a reduction in this value, indicating a partial removal of silica. This change may be
related to a possible unstable removal or not well-formed phases of geopolymeric gel. Even in a neutral pH, the removal of alkalis may
present nanostructural changes associated to the reduction of Q4(4Al) and Al(IV) species as observed by 23gi Mas NMR and %Al Mas
NMR, respectively [26]. In this case, a fraction of the silicate gel can be leached in a neutral pH; however, this hypothesis requires
further studies. However, due to the stability of Al;O3 content, the removal of sodium is more probable to be associated with the
removal of silicate monomers formed during the geopolymerization process.

3.3. Susceptibility to efflorescence formation

The evolution of efflorescence formation up to 28 days in cylindrical samples immersed partially in water is shown in Fig. 6. Several
samples present efflorescence formation within the period of time assessed; however, in some geopolymers, this formation is not
observed clearly. The presence of efflorescence is more pronounced in systems with a low amount of sodium silicate (or Ms=0.5 and
Ms=0.0) compared to geopolymers with a high amount of sodium silicate (such as Ms=1.0). Regardless to the content of sodium, by
images, it is not clear and possible to conclude which content presents the best behavior, however by visual observation, the content of
20% shows minor superficial damage. The geopolymer with the best behavior (or lowest efflorescence formation) was produced with
20% of NayO and Ms= 1.0.

As observed in compressive strength, capillary absorption, and alkali leaching, all these properties are dependent on synthesis

20% Na,O 15% Na,O 10% Na,0

7 days

28 days

MS=0.0 MS=1 MS=0.5

MS=1 MS=0.5 MS=0.0 MS=1 MS=0.5

Fig. 6. evolution of efflorescence formation during 28 days of exposure in geopolymer samples partially immersed in water.
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parameters. In the same way, these properties are associated to efflorescence formation. These two main factors are associated to
potential of alkali leaching and its transport through the pore network. In geopolymers, the main mechanism of transport is the
capillary pressure. In this situation, wetting and drying cycles allow the liquid movement of water and soluble material from the
internal part of the sample to the surface. In geopolymers with a higher potential of leaching, a greater amount of sodium released can
be identified on the surface, and consequently, more severe is the efflorescence formation. Thus, the results reported here are
consistent, and the higher extent of efflorescence formation is observed in geopolymers with higher water absorption and higher
leaching potential.

Compared to a previous study [37], when using the same formulation of activator to produce highly reactive MK-based geo-
polymers, the use of CKW seems to be more effective than MK by reason of the absence of efflorescence formation in some systems
(especially those with higher amount of SS). Especially to the geopolymer with high amount of sodium silicate, the content of leachable
sodium is inferior than the one in the referred paper. This behavior can be associated to a higher amount of SiO,, which allows the
formation of a framework structure rich in Si and consequently the formation of a denser structure.

Usually, the efflorescence formation is reported by images in a specific period of exposure. This type of analysis is useful; however,
the behavior associated to absorption, water transport, and efflorescence formation has not been assessed in real-time. In order to
clarify this behavior, a time-lapse video (Video 1) recording the first 24 h of exposure is shown. In this video, the efflorescence for-
mation in the geopolymers CKW — 20 — 1.0, CKW — 20 — 0.5, CKW — 20 — 0.0 has been recorded. The rate of absorption is consistent with
the results presented in Fig. 3, where higher values of initial water absorption allow a faster transportation of water and leached alkalis.
Consequently, the efflorescence formation is anticipated in these systems.

In order to understand the product formed during the efflorescence formation, the X-ray diffractograms of geopolymers and the
efflorescence product are shown in Fig. 7. The CKW presents an evident amorphous hump between 15° and 30° 26, indicating a proper
material to be used as precursor (Fig. 1). After geopolymerisation process, traces of anatase, kaolinite, and quartz are still observed in
all systems. It is also important to note the presence of zeolite A (NaggAlggSigeO384-261H20, PDF# 00-039-0272) in the geopolymer
with Ms = 0.0. This phase was observed previously in MK-based geopolymer [11,37,38,39] and reported as a product formed in
metakaolinite-based geopolymers produced with sodium hydroxide (without silicate soluble in the activator solution). The other
important product observed in geopolymer systems is associated to efflorescence product, which is more evident in geopolymer
CKW-20-0.0, without sodium silicate as activator, and consistent with visual efflorescence formation and alkali leaching. It is
important to consider that the peak related to this phase is not so intense due to small amount of efflorescence compared to the volume
of the sample. In this sense, the Fig. 7A shows the XRD for the white powder (or efflorescence product) collected on the surface of the
damaged sample. The main phases observed in this leached/precipitated product are sodium carbonate (NaoCO3, PDF# 01-086-0301)
and hydrated sodium carbonate (NaxCO3-H20, PDF# 01-070-2148). These products were also identified in the geopolymer sample but
with a lower intensity (mainly to the geopolymer CKW-20-0.0). The same products were also reported in other studies [22,34-36].

3.4. Effect of efflorescence formation in mechanical properties

After a severe efflorescence formation in some samples, and with potential damaging associated to this phenomenon reported in
previous papers [25,27], it is necessary to evaluate the compressive strength after exposure conditions for CKW-based geopolymers.
According to these studies, efflorescence formation induces the formation of the carbonate, which can cause an internal stress and
affect their mechanical properties. Additionally, another fact that can contribute to the damaging is the development of subflorescence
[27], a crystallization in the first superficial layer of the geopolymer. The results after 7, 14, and 28 days of exposure are shown in
Fig. 8, and are consistent with those reported in the literature, where the presence of visual efflorescence formation can damage the

CKW-20-1.0 CKW-20-0.5 CKW-20-0.0

Video 1. Time-lapse video of 24 h exposure of geopolymeric samples to water in the bottom to allow the efflorescence formation.A video clip is
available online. Supplementary material related to this article can be found online at doi:10.1016/j.cscm.2021.e00846.
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Fig. 8. Compressive strength of geopolymers after exposure to efflorescence formation.

sample and reduce the mechanical strength [28,29,40]. When exposed to efflorescence formation, geopolymers produced with Ms= 1
do not reduce the compressive strength (< 5%), while geopolymers with Ms= 0.5 and 0.0 can present a reduction up to 65% after 28
days of exposure. The content of sodium does not influence directly the behavior associated to the reduction in compressive strength,
while the content of sodium silicate is the most important factor. Time is also an important factor. A longerperiod of exposure can
increase the deterioration, which is consistent and aligned to alkalis removal observed in Fig. 3. The deterioration under efflorescence
conditions can be associated to the excessive carbonate crystallization and internal stress caused [29]. The intensity of this crystal-
lization is associated to the amount of leachable alkalis and porosity. This crystallization process is associated to the equilibrium
relative humidity of each type of carbonates [18], which means that the crystallization starts in a specific humidity for each type of
carbonate. As observed in Fig. 7, the carbonate phases are sodium carbonate and hydrated sodium carbonate, and under tested
conditions, the equilibrium humidity is reached. However, additional studies are necessary to identify the humidity and the crys-
tallization pressure caused. The mechanical behavior and the leaching of alkalis and aluminosilicates observed in leaching tests
indicate a potential damaging process associated with geopolymers, which can limit the applications under certain conditions.

4. Conclusions

This study demonstrates that calcined kaolin mining waste is a potential material to be used as a precursor for geopolymer pro-
duction. The compressive strength observed is consistent and even higher compared to metakaolin-based geopolymers. This property,
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as well as capillary water absorption, is dependent on design paraments, where higher amount of activator and sodium silicate pro-
vides the most resistant and less porous materials. Sodium silicate accelerates and increases the geopolymerization degree of CKW
particles.

In order to access the leaching and efflorescence potential of geopolymers produced, it was observed an extensive degree of
dissolution, related specifically to the dissolution of sodium and some soluble silicate phases. The leaching potential, associated to
capillary absorption, allows the efflorescence formation in different levels. The extensive efflorescence formation can reduce the
compressive strength. However, this effect can be mitigated by using appropriated synthesis parameters. The results found were,
demonstrate potential leaching and efflorescence formation and are consistent to other studies using metakaolin as precursors or even
better in compressive strength, which makes the CKW a promising precursor to geopolymers.
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