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Abstract: Due to the increase of water consumption, water treatment systems become more actual and
innovative materials for water treatment are welcomed. Traditionally, alkalizing agents, such as lime
or caustic soda, have been employed to increase the pH levels, which induce chemical clarification
of wastewater. Some innovative ideas of using low-calcium, alkali-activated materials (AAM) for this
purpose have been considered previously. In this study, the low-calcium, porous, alkali-activated
material (pAAM) was characterized to understand the impact of the aluminum silicate source and
heat treatment on basic properties for material that might be used in water treatment systems as a
softener by stabilizing the pH. The studied porous alkali-activated materials may ensure stable and
long-lasting (30 days) pH (pH 10.3–11.6) in water media depending on the composition and amount
of activation solution used for AAM preparation. Heat treatment does not have an impact on the
mineralogical composition and structural properties of the pAAM, but it does change the leaching
ability of alkalis from the material structure.

Keywords: porous alkali-activated materials; pH stabilizing; zeolites

1. Introduction

According to global water security data, world water consumption has increased from
600 billion m3 to 4600 billion m3 in the last 17 years [1]. This indicates that water treatment is
becoming increasingly important. In order to optimize the water treatment systems, it is more
efficient to use materials ensuring stable alkaline media (pH 9.5–11.5) for longer time period.
Particles, colloids, and certain dissolved materials present in the wastewater can be efficiently removed
by using flocculation processes at high pH. Traditionally, alkalizing agents, such as lime or caustic soda,
have been employed to increase the pH levels, which induce chemical clarification of wastewaters [1].
However, more recently, some papers have been published in which the idea of using low-calcium,
alkali-activated materials (AAM) for this purpose has also been considered with some promising
results [2–6].

The way alkalis take part in the activation process in alkali-activated materials (AAM) can be
divided into three groups. First of all, part of alkalis is incorporated into the main reaction product
(the sodium alumino-silicate hydrate (N-A-S-H) gel) to balance the negative charge [7]. Another part
appears incorporated into zeolites (formed as second reaction product) [8]. The rest of alkalis are free in
the pore solution. It has been demonstrated that the pore solution in AAM contains a high concentration
of OH−, typically more than 500 mM and in several cases even greater than 1 M [9]. Those free alkalis are
available for leaching [9], allowing the use of AAM as pH buffering materials. Also, high concentration
of free alkalis in contact with water or solutions may cause the efflorescence [10]. In many cases,
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the leaching rate of Na+ and OH− from the structure of AAM activated with NaOH or modified sodium
silicate solution is high for the first few weeks, decreasing in time [3,5]. The leaching of alkalis is
affected by three main factors: Chemical composition of raw materials (type of precursor and activator,
alkali activator solution/solid ratio), physical properties (porosity, pore structure), and production
method of AAM (curing conditions, thermal treatment, etc.) [2,5,11–13]. The previous results from
different studies have shown that calcined illite clay [3], biomass-fly ash [5], natural zeolite [14],
glass waste and slag blend [15], and metakaolin [2,16] can be used as raw materials for production
of AAM.

It is well known that zeolites and zeolite-like materials are used as pH stabilizers and unwelcomed
chemical compound absorbents in water treatment systems [17–19]. It is proven that AAM can contain
a certain amount of zeolite, depending on the chemical composition of the precursors and activation
solution used as well as from the curing conditions. Zeolite Na-A, hydrosodalite, zeolite X, faujasite,
analcime, and other types of zeolites of different sizes and amounts can be found in the structure of
AAM as a secondary alkali activation reaction product [7,20–23]. Zeolites in the structure of AAM could
improve the effectiveness of contamination sorption from wastewater, such as heavy metals [24–26],
ammonium [27], calcium [25], and fluoride [18]. Due to relatively weakly bonded alkali atoms in the
N-A-S-H gel structure (similar to zeolites) it is possible to provide a Na+ and OH− ion exchange in
water media [28].

Alkali-activated materials with high porosity could be used for water treatment systems as pH
adjustment materials due to its stable alkali leaching rate in time as well as its intensity of ion exchange
due to a high specific surface. There are different foaming agents that can be used to produce porous
alkali-activated materials (pAAM): Hydroxide peroxide [5,29]; an aluminum paste [3,28,30] foaming
agent, for example, sodium dodecyl sulphate [31,32]; aluminum containing, for example, aluminum
scrap recycling waste [33]; Na-perborate monohydrate [34]; and others. The high pH buffering capacity
of pAAM in water media has been reported by Novais et.al. [5,6] as well as by Bajare and Bumanis [11].
The maximum leached alkalis from the biomass-fly ash-based pAAM granules during a 25-day period
were 0.032 mol/(L·g) [5], which is substantially higher comparing to biomass-fly ash pAAM monoliths
(0.018 mol/(L·g)) reported by Novais et al. [6]. Meanwhile, for the granules of glass-modified pAAM
based on metakaolin reported by Bajare and Bumanis it was 0.027 mol/(L·g) during a 25-day period [11].

Nevertheless, additional research would shed light on the parameters mainly affecting the alkali’s
leaching and ion exchange of pAAM in the water media. In particular, the influence of the chemical
composition of raw materials on the leaching ability of pAAM remains unclear. For this paper, different
raw materials were used: Fly ash (FA), metakaolin (MK), and a mixture of both (4/6). Porous monolithic
materials and granules were produced for the planned tests. To determine the effect of thermal
treatment considered as an effective treatment for the changing of alkali leaching ability and its ability
to ensure stable pH over time in water media [3,28], some samples were treated at 200 ◦C for 3 h.

2. Materials and Methods

2.1. Raw Materials

Fly ash (FA) (class F in accordance to the ASTM standard C618–03 [35]) and metakaolin (MK)
were used as aluminum silicate sources. FA was taken from the Teruel thermoelectric plant in Spain,
which uses coal as a combustible. It was ground for 30 min in a ball grinding machine before use
and 75% of its particles were smaller than 45 µm. FA had a mainly vitreous phase, but some minor
crystalline phases such as mullite (Al6Si2O13), hematite (Fe2O3), and quartz (SiO2) were detected by
XRD (XRD diffractogram is shown in the Results section).

The MK was obtained through the calcination of kaolin from Guadalajara for 2 h at 750 ◦C.
The original kaolin was already ground with 80% of the particles with a size less than 45 µm.
The chemical composition of the solid raw materials was detected by quantitative X-ray fluorescence
(XRF) using a PHILIPS PW-1004-ray spectrometer (Eindhoven, the Netherlands) (Table 1). To determine
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the amount of reactive silica and alumina in the raw materials, a selective chemical attack with 1%
(V/V) hydrofluoric acid solution was done according to Ruiz-Santaquiteria et al. [36]. The obtained
data is included in Table 2. MK presented an amorphous phase with some minor crystalline phase
quartz (SiO2) (XRD diffractogram is shown in Results).

Table 1. Chemical composition of solid raw materials (wt.%).

Chemical Compounds FA MK * FA +MK

SiO2
39.03 53.74 45.06

** 36.61 ** 38.55 ** 37.41

Al2O3
27.06 44.47 34.20

** 15.47 ** 33.49 ** 22.86
Fe2O3 19.5 0.45 11.69
CaO 6.4 0.21 3.86
K2O 1.04 0.55 0.84
TiO2 0.96 0.10 0.61
MgO 1.04 0.10 0.65
Na2O 0.16 0.00 0.09
Others 2.56 0.18 1.59

LOI, 1000 ◦C 2.25 0.2 1.41
Sum 100.00 100.00 100.00

* The FA + MK proportion of FA and MK was 41% and 59%, respectively. ** Reactive oxides determined by acid
attack [36].

Table 2. Compositions of studied samples and amount of main oxides in pastes.

Name of
Sample

Mixture Design, Mass Part
Main Oxides in Pastes, % in Weight

From
Precursor

From
Activator Ratios

MK FA Activator Foaming
Agent P L/S SiO2 Al2O3 Na2O SiO2

SiO2/
Al2O3

SiO2/
Na2O

Al2O3/
Na2O

FA_0 0.00 1.00 0.32 0.015 0.32
a 27.77 a 22.98 b 8.73 b 1.28

a 1.26 a 3.33 a 2.63
c 19.92 c 17.31 c 1.23 c 2.43 c 1.98

MK_0 1.00 0.00 0.92 0.015 0.92
a 27.77 a 22.98 b 8.73 b 1.28

a 1.26 a 3.33 a 2.63
c 19.92 c 17.31 c 1.23 c 2.43 c 1.98

FA +
MK_0 0.41 0.59 0.57 0.015 0.57

a 28.43 a 21.58 b 6.60 b 0.97
a 1.36 a 4.45 a 3.27

c 23.60 c 14.42 c 1.70 c 3.72 c 2.18
a from bulk composition; b from activator; c reactive oxide concentration determined by acid attack [36].

A modified 8 M NaOH solution with a sodium metasilicate solution (mass ratio 9/1) was used as
an activator. The total amount of Na2O and SiO2 in the activator was 18.4% and 2.7%, respectively.
The pH of the activator used was 13.35 and its density at room temperature was 1.28 g/cm3 and at 5 ◦C
it was 1.31 g/cm3.

The structure of pAAM was obtained using a commercially available pore formation agent,
hydrogen peroxide (produced by Panreac, 30% W/V (100 VOL.)).

2.2. Mixture Design and Sample Preparation

The mixture design of pAAM is shown in Table 2. All raw materials were kept at +5 ◦C for 24 h
before the samples were prepared to slow down the reaction between the blowing agent P (H2O2) and
the activator to gain extra time for paste mixing. The liquid/solid ratio (L/S) was chosen according to
the results of the pre-research with an aim to finding an optimal consistency of fresh paste to ensure
the setting of the pAAM and to obtain maximally high porosity after the blowing agent P (H2O2)
was added. A different amount of activator had to be added to the solid precursor to ensure the
correct workability of the paste. The liquid/solid ratio (L/S) of the paste was based on MK (L/S = 0.92),
which was higher than that of the paste based on FA (L/S = 0.32), while the L/S of the paste made from
the FA and MK blend was 0.57 (Table 2) and depended on the particle sizes of the raw materials.
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The blend of raw materials and the activator was mixed for 1.5 min slowly and 1.5 min quickly
using a mechanical mixer. The P (H2O2) was added to the composition after homogenous paste
was obtained. The slow mixing was continued for an additional 10 s. Immediately afterwards,
the paste-preparing molds (40 mm × 160 mm × 160 mm) were filled and kept at room temperature
(20–23 ◦C). The structure of pAAM was formatted before the paste started to set. After 30 min,
the specimens were put in the oven and cured at 85 ◦C for 20 h.

After, two series of samples were prepared: Type I—FA_0, MK_0, MK + FA_0 without heat
treatment and type II—FA_200, MK_200, MK + FA_200 with heat treatment at 200 ◦C for 3 h (Figure 1).
Monolithic cubes (40 mm × 40 mm × 40 mm) and granules (2–4 mm) were prepared from the obtained
samples (40 mm × 160 mm × 160 mm) before and after the heat treatment (Figure 2). Cubes were
obtained using a hacksaw machine and granules were obtained by mechanical crushing and sieving
through 2 mm and 4 mm sieves. After the mechanical test, the samples were ground into powder for
the next tests, with a determination of the true density, XRD, FTIR, and TG/DTG.
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Figure 2. Porous structure of obtained monolithic pAAM and prepared pAAM granules for leaching test:
(a) FA_0, (b) MK_0, (c) FA + MK_0.

2.3. Techniques

The cubical samples (40 mm × 40 m × 40 mm) of pAAM were used for the testing of physical
properties (bulk density and water absorption (wt.%)). The bulk density was calculated as the mass and
volume division of samples. Water absorption by mass was determined using the following method:
Dry samples were measured and totally immersed in water for seven days; the mass changes after seven
days were defined as water absorption by mass [37]. The open porosity by volume was calculated as
the absorbed water volume and dry sample volume division in percentages. The le Chaterlier flask was
used to determine the true density of the powder pAAM and the total porosity (vol.%) of pAAM was
calculated in accordance with ASTM C188 [38]. The compressive strength was tested using 3-day-old
samples (before and after the heat treatment at 200 ◦C) and 10-day-old samples (before and after
heat treatment), which were kept in water media for one week. The obtained results were compared to
determine the softening of the material.

Thermogravimetric-differential thermal analysis (TG/DTG) was carried out using a Stanton Redcroft
STA 781 thermal analyzer (Twin Lakes, WI, USA) at 0–700 ◦C with a heating rate of 5 ◦C/min. For XRD
characterization, the BRUKER-AXS D8 ADVANCE X-ray diffractometer (Billerica, MA, USA) was used,
collected with CuKα1, α2 radiation in the range 5–60◦ (2θ). The ATIMATTSON FTIR-TM was used to
obtain the FTIR spectra with a range of 2000–400 cm−1. Specimens for FTIR were prepared by mixing 300
mg of KBr with 1 mg of the sample. The JEOL JSM 5400 scanning electron microscope (Tokyo, Japan, SEM)
with a LINK-ISIS energy dispersive analyzer (Oxford, UK, EDX) was used to characterize the microstructure
of pAAM. Parallelepiped-shaped samples (~10 mm × 10 mm × 5 ×mm) were used for SEM/EDX analysis.
EDX data were taken from different points on the surface of sample. The scheme of testing procedures is
given in Figure 1.

Granular samples of obtained pAAM (each 3.0 ± 0.2 g) was immersed in the 100 mL of deionized
water for 24 h to determine the pH and leaching. Samples were moved to the new batch with deionized
water (100 mL) every 24 h. The portable pH/mV meter HI 991003 with sensor check was used to determine
the pH of leachates. Obtained leachates were titrated to determine OH− group in (OH− mol/(L·g)) with
hydrochloric acid 0.01 M to pH 7.0 for determination of alkalinity.

3. Results and Discussions

3.1. Physical and Mechanical Properties

The physical properties of the monolithic pAAM are shown in Table 3. The bulk density of pAAM
was between 460–750 kg/m3, the water absorption by mass was up to 60%, and the total porosity was
within the range of 71–79%, depending on material composition. As seen in Table 3, the bulk density
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of the obtained pAAM decreased after heat treatment. No volume variation was observed for samples
after heat treatment. Therefore, the phenomena that bulk density decreases during heat treatment is
associated with the reduction of the sample’s mass due to the evaporation of the free water present
in the aqueous phase in the structure of the material or in the decomposition of hydration products,
as will be seen later in the study by TG/DTG.

Table 3. Physical properties of pAAM.

Name of Samples Bulk Density,
kg/m3

True Density,
kg/m3

Water Absorption by Mass,
%

Total Porosity,
%

Open Porosity,
%

Closed Porosity,
%

FA_0 750 ± 5 2450 40 ± 3 71 ± 1 29 ± 1 42 ± 1
FA_200 680 ± 10 2450 44 ± 5 74 ± 1 31 ± 1 43 ± 1
MK_0 490 ± 15 2160 58 ± 1 77 ± 2 29 ± 2 48 ± 2

MK_200 460 ± 8 2160 60 ± 1 79 ± 1 32 ± 1 47 ± 1
MK + FA_0 550 ± 17 2270 53 ± 4 76 ± 1 25 ± 1 51 ± 1

MK + FA_200 520 ± 15 2270 59 ± 3 77 ± 1 28 ± 1 49 ± 1

Samples based on MK had water absorption using mass on the order of 58 ± 1%, while samples
based on FA had up to 40 ± 3%. However, samples made from a mixture of FA and MK were close to
53 ± 4%. Heat treatment increased the water absorption of pAAM. Water absorption of alkali-activated
fly ash pAAM increased by 10% after heat treatment at 200 ◦C, for pAAM made of metakaolin it
increased by 3%, and for pAAM made from the activated FA and MK mix, by 11%. The water
absorption results represent different quantities for samples with and without heat treatment at 200 ◦C,
given their different thermal histories and removal (or not) of physically bounded water.

The open porosity of pAAM increased after heat treatment (Table 3.). Samples based on FA had
an open porosity of 29% (FA_0) and 31% (FA_200). Meanwhile, for samples based on MK the open
porosity was 29% (MK_0) and 32% (MK_200), but for the samples based on FA and MK blend, the open
porosity was 25% (MK + FA_0) and 28% (MK + FA_200). The increase of open porosity induced by
heat treatment at 200 ◦C temperature can be attributed to the evaporation of water from the structure
of the material. A similar behavior was observed for the closed porosity of the obtained samples,
which increased from 42 to 51% depending on their composition and heat treatment. Therefore, the total
porosity increased by 2–3% (Table 3.).

The compressive strength of pAAM is shown in Figure 3. The samples made from FA had higher
compressive strength at day 3 (1.6 MPa before heat treatment (FA_0) and 1.9 MPa after heat treatment
(FA_200)) than samples made of MK or of MK + FA mix. Heat treatment did not influence compressive
strength of specimens made of MK (0.4 MPa at day 3). The samples based on the FA and MK blend
had compressive strength 0.7 MPa before heat treatment and 1.0 MPa after heat treatment.

The compressive strength of 10-day-old samples that were kept in water for seven days increased
from 10–25%. It indicates that water media did not have a negative impact on the compressive strength
of the obtained pAAM and the softening of materials did not happen. This aspect is very important for
materials that are intended to be used in water media. As these results show an increase in strength,
it is possible to conclude that formation of the pAAM structure is still continuing. These phenomena
should be investigated more deeply in future studies since it is known that the formation of N-A-S-H
gel continues for a prolonged time period if there are available water and free alkalis with the rest of
the amorphous components from the raw materials [39].

3.2. Reaction Product Characterization

The XRD diffractograms of the pAAM presented the halo at 20–30◦ 2-theta (Figure 4). The halo
at 15–25◦ found in raw materials moved to a region of higher degree after alkali activation and it
corresponded to the N-A-S-H gel formation [40]. This phenomenon was observed for all compositions.
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The pAAM made from FA has a crystalline phase from the raw FA (quartz, mullite and hematite).
The new crystalline phase as chabazite (NaAlSi2O6·3H2O, Si/Al = 2) was detected (Figure 4).
The diffractogram of pAAM made from MK (MK_0) showed the presence of quartz (from the original MK)
and a small amount of zeolite A ((Na96Al96Si96O384·6H2O, Si/Al = 1) (Figure 4). The diffractogram of pAAM
made from the FA and MK mixture (MK + FA_0) showed quartz and mullite from the original materials
as well as the presence of zeolite A and chabazite (Figure 4.). The clear impact of the heat treatment
on the obtained pAAM was not detected by XRD, as can be seen in Figure 4. After the heat treatment,
the amorphous and crystalline phases of all the samples did not change significantly.

The FTIR spectra of raw materials and obtained pAAM before and after heat treatment are
presented in Figure 5. The FTIR spectra of FA consisted of two main intense bands at 1092 cm−1,
which corresponded to the asymmetric stretching vibrations of T–O (where T is Si or Al), and at
462 cm−1, which was assigned to the internal T–O bending vibrations [41]. After the activation of the
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Bands at 553–571 cm−1 are typical of tetrahedral aluminum stretching [43,44]. After the alkali
activation of MK and MK + FA, the band at 556–570 cm−1 appeared to be more intensely identified
as double four-membered ring vibrations in the zeolite framework [20]. The C–O band asymmetric
stretching vibration band, typical of aragonite, appeared at 1420–1451 cm−1 [41] after the heat treatment
of the samples, while before the heat treatment, this band appeared only for the sample FA_0 at
1401 cm−1. Bands appearing at 1624–1650 cm−1 were attributed to the O–H bending vibrations in the
water molecules [20,44].

After the heat treatment, no significant changes were detected in the FTIR spectra. In the case
of the sample based on MK and FA + MK, the main band moved from 995 cm−1 to 999 cm−1 (in the
case of MK) and from 1002 cm−1 to 1006 cm−1 (in the case of FA + MK). This is explained by the SiO2

(from raw MK) transformation from the crystalline/semi-crystalline to the amorphous phase as well as
the N-A-S-H gel formation during the heat treatment. In the case of the sample based on FA treated
at 200 ◦C, a different phenomenon was detected; the main band at 993 cm−1 moved to 991 cm−1.



Minerals 2020, 10, 935 9 of 17

The macrostructure of AAM before heat treatment in the SEM pictures is shown in Figure 6.
Structural changes caused by heat treatment were not detected by SEM. FA_0 had a macroporous
structure with a pore size of up to 0.9 mm, while MK_0 and MK + FA_0 had pore sizes up to 2.0 mm.
The obtained AAM had a nonhomogeneous porous structure. It was determined that heat treatment at
200 ◦C had no impact on AAM macrostructure.
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(b) MK_0, (c) FA + MK_0.

In the microstructure of all samples, it was possible to detect different types of crystals, as seen
in Figure 7. Ball-shaped crystals with a diameter of 1.0–2.3 µm, defined as chabazite according to
XRD results, were found in the structure of FA_0 (Figure 7a). Irregular dodecahedron-shaped crystals
with a diameter from 3.0 to 7.0 µm were detected on the pore surface of MK_0 sample (Figure 7b).
It was not possible to detect the mineralogical composition of these crystals by XRD, probably due to
its size and low concentration. According to the literature [45], those crystals are defined as analcime
crystals. Pore surface of MK + FA_0 was covered with deformed, cube-shaped crystals with a diameter
of 1.5–2.0 µm (defined as zeolite A) and ball-shaped crystals with a diameter of 1.0–3.0 µm, similar to
those in sample FA_0 (chabazite) (Figure 7c).Minerals 2020, 10, x FOR PEER REVIEW 10 of 18 
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(c) FA + MK_0.

As can be seen in Figure 8a, the sample with FA had less sodium and silica in its structure compared
to other samples (MK_0 and MK + FA_0). The difference in the amount of sodium can be explained by
the L/S ratio used for pAAM preparation (Table 2). The L/S ratio of FA_0 was 0.32, while the L/S ratio
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of MK_0 was 0.92 and MK + FA_0 was 0.57. This means that samples made with FA had less sodium
in the material composition, which came from the alkali-activation solution or activator. The different
amount of silica in each composition depended on the chemical composition of raw materials used for
preparation of pAAM (Table 1). FA had less silica oxide than the MK (39.03 versus 53.74%) and more
Fe (i.e., 19.05% of Fe2O3), while in MK, the Fe2O3 was less than 1%.
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TG/DTG was used to determine changes that appeared during heat treatment of pAAM.
The TG/DTG curves of the obtained material are given in Figure 9. It focused on the changes
detected between 25 ◦C and 200 ◦C. The peak maximum of the DTG curve at 98 ◦C temperature
represented the water loss of FA_0, which constituted 5.2% of the weight loss, while MK_0 at 129 ◦C
and MK + FA_0 at 127 ◦C constituted 11.5% (MK_0) and 8.9% (MK + FA_0), respectively. The weight
loss of pAAM between 25 ◦C and 150 ◦C was associated with the evaporation of physically bonded
water from the pore structure [28] as well as with different L/S ratios used for sample preparation
(Table 2). The paste of MK_0 had 2.0 times more water coming from the activator in its composition
than sample FA_0 and 1.5 times more than sample MK + FA_0.

3.3. Leaching Behavior

The leaching test results indicated that all studied pAAM samples ensured pH ≥ 10 up to 30 days
(Figure 10). The pAAM made from FA provided continuous decrease of pH up to 30 days in water
media (from pH 11.6 to 10.3 FA_0), while MK-based pAAM provided pH 11.1 (on day 1) and decreased
to 10.5 on day 30. The pAAM based on MK + FA had a similar result as pAAM based on MK. The initial
pH was 11.4 (on day 1) and it decreased to 10.5 on day 35 (Figure 10). The effect of the heat treatment of
pAAM had a small impact on the pH adjustment in water media during the testing period (30 days).

According to the evidence shown in Table 2, it can be argued that pAAM with FA had two
times fewer alkalis to leach out into the water media compared to pAAM with MK and 1.5 times
fewer than pAAM with FA + MK. Samples with an FA crystalline structure were observed (Figure 4),
i.e., the pAAM with FA had more zeolites and less N-A-S-H gel in their structure compared to pAAM
with MK and FA + MK. During the first days of the test, the pH level was maintained using free alkalis
from a porous solution. Then zeolites and N-A-S-H gel provided the alkaline pH level. The pAAM
with MK and FA + MK had more alkalis in total (Table 2), relatively more N-A-S-H gel during the
alkali-activation process (Figure 4), and slightly higher closed porosity (Table 3), thus ensuring that the
alkalis were gradually released from the pAAM structure.
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As seen in Figure 11, the heat treatment had effect on the leaching properties of the studied
pAAM, depending on the composition (Table 2). The amount of leached OH− ion from the structure
of pAAM depended on the type of aluminum silicate source (FA, MK, or MK + FA) used as a base
material to obtain pAAM. The pAAM with FA (FA_0) leached out 0.036 OH− (mol/(L·g)) after a 30-day
leaching test, while pAAM with MK (MK_0) leached out 0.019 OH− (mol/(L·g)), and pAAM with
MK and FA (MK + FA_0) leached out 0.025OH− (mol/L·g) (Figure 10a). The chemical composition
of the aluminum silica sources provided different SiO2/Al2O3 ratios (Table 2), which could influence
OH− leaching from the pAAM structure. Mixture compositions for pAAM with FA had an increased
reactive SiO2/Al2O3 ratio (2.4) compared to pAAM with MK (1.2), which impacted the leaching of
OH− ions. The testing process described above corresponded to the findings of Hong et al. [46].

Noticeable heat treatment impact on leaching properties (Figure 11) was determined in samples
that contained MK. Comparing the amount of leached OH− during the 30 days, it decreased for 26%
(from 0.019 to 0.014 mol/(L·g)) for heat treaded samples, but still pH adjustment in water media was
similar (Figure 10). It means that pH adjustment performance for heat treated samples was higher and,
taking into account that amount of alkalis used in the sample preparation was the same, the adjustment
will be long-lasting compared with samples that were not treated.
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The MK + FA_0 and MK + FA_200 showed decrease of total leached amount of OH− ions for 8%
— 0.025 (MK + FA_0) — 0.023 (MK + FA _200) mol/(L·g) after 30 days in water media. Heat treatment
had no impact on the total amount of OH− ion leached (Figure 11) during the 30 days for samples with
FA (FA_0 and FA_200); both of them leached 0.036 mol/(L·g).

The total amount of leached OH− per each test week (Figure 11c) of FA_0 and FA_200 showed that,
in the first week, the ion leaching from the structure was more intense. During the first week,
0.023 mol/(L·g) of OH− ions leached from the structure of pAAM with FA (with and without
heat treatment). During the second week, only 0.006 mol/(L·g) of OH− ions leached, but during the last
week (the fourth week), it was only 0.0022 mol/(L·g). Meanwhile, MK + FA_0 and MK + FA_200 did
not show such a sharp reduction in the leached ion amount after the first week compared to pAAM
with FA. During the first week, 0.012 mol/(L·g) (MK + FA_0) and 0.010 mol/(L·g) (MK + FA_200) of
OH− ions leached from the structure of the pAAM with metakaolin and fly ash mix but during the
next three weeks, the leached amount of ions for both types of pAAM was between 0.0020 mol/(L·g)
and 0.0056 mol/(L·g). A similar amount of leaching of OH− ions from the structure of MK + FA_0 and
MK + FA_200 was detected during the last two weeks of the experiment: Between 0.0020 mol/(L·g)
and 0.0033 mol/(L·g).

The pAAM with metakaolin (MK_0 and MK_200) showed relatively similar OH− ion leaching
behavior throughout the 30 days of the experiment. However, after the heat treatment, during the
first week, ion leaching from the pAAM structure was noteworthily less rapid and intensive comparing
to pAAM with FA (FA_0 and FA_200). The amount of leached ions from the MK _0 in the first week
was 0.0079 mol/(L·g) and it decreased to 0.0032 mol/(L·g) when pAAM was heated at 200 ◦C before the
experiment (MK_200).

The OH− leaching from the pAAM with MK or MK + FA after heat treatment at 200 ◦C was less
intense during the first week; it was smooth and lasted longer, which was the main purpose of the
experiment, to prepare this material for testing in water treatment systems. According to Figure 11a,c,
the leaching process of samples with MK may have continued after day 30 and it was close to the
linear curve.

Since the most intense leaching was detected during the first week of the experiment for pAAM
containing FA, the percentage of the leached OH− during the respective time period was calculated
(Figure 11b). In the first seven days, samples with fly ash (FA_0) leached up to 65% from the
total OH− ion amount leached during the 30-day period, while samples with metakaolin (MK_0)
leached only up to 41%; samples with the FA and MK blend (MK + FA_0) leached up to 50%
(Figure 11b). As mentioned previously, the heat treatment changed the leaching intensity for the
pAAM containing MK. The steadiest OH− leaching was observed in sample MK_200 during the first
week (Figure 11b) and during the whole testing period (Figure 11c).

These values are quite similar to the ones of pAAM with red mud and metakaolin presented
by Ascensao et al. [47]. Depending on the initial chemical composition, in the first seven days of
the experiment, pAAM with red mud and metakaolin presented 0.020–0.055 mol/(L·g) leaching of
OH− ions; meanwhile, pAAM with metakaolin and biomass fly ash studied by Novais et al. [5]
during the first seven days presented the leaching of OH− ions with a range of 0.005–0.014.

The increased amount of OH− ions leached from the samples with MK or FA and MK blend
depended not only on the free alkalis (Na+) present in the structure of pAAM but also from the zeolites
and N-A-S-H gel that formed during the curing process of the pAAM. Although samples with MK had
higher water absorption than samples with FA (which provided better water contact with the pAAM
porous surface), they did not have a higher amount of OH− leaching from the structure, resulting from
contact with the water (Figure 11).

The total initial OH− ion leaching rate for samples with FA was higher than for samples with MK
or MK + FA (Figure 11). However, because the EDX (Figure 8) clearly shows that samples with MK
and MK + FA had more sodium in their structure to provide ion exchange, it was concluded that the
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samples based on MK can be considered as a material that can ensure high pH in water media for a
long period of time.

The leaching results showed that zeolites 4A and analcime could prolong and equate OH− ion
leaching over time; MK_0 and MK + FA_0 showed a more equal leaching rate of OH− for 30 days.
The behavior of the leaching rate of OH− of FA_0 containing chabazite showed that in the first five
days the OH− leaching was more intense compared with other samples and that leaching intensity
reduced significantly after day 5. A meaningful indicator for the description of leaching behavior is
the leaching rate of OH− ions out of the pAAM over a prolonged period of time, but the dynamics of
OH− leaching were not an appropriate indicator in this case.

In addition to the chemical composition, the zeolite formation process can also be controlled by pressure,
temperature, the time of the synthesis process, and the pH of the solution (mineralizer amount) [48].
The time, temperature, and pressure in this case were the same for all the samples but the amount of sodium
silicate (mineralizer) was different. Raw materials (chemical and mineralogical composition) impacted the
type of zeolites formed during the pAAM curing.

It can be argued that heat treatment impacted leaching behavior, mainly depending on the L/S
ratio (Table 2) because leaching relied strongly on the chemical composition of pAAM. Higher amounts
of the activator used for pAAM production provided a higher number of alkalis that can be leached.

4. Conclusions

The bulk density of the pAAM depended on the aluminum silicate source used. The pAAM made
of fly ash had a higher bulk density (up to 750 kg/m3), while that of pAAM made of metakaolin was
lower (up to 490 kg/m3).

The compressive strength of the pAAM mainly depended on its bulk density and
mineralogical composition. Following immersion in water for seven days, it was discovered that
there was an increase in the compressive strength of the pAAM and softening of the material did
not occur. This provides an advantage in using it in water treatment systems for prolonged periods
of time. Zeolites increased the pH-stabilizing capacity of the pAAM to ensure longer and more stable
pH adjustments in water media. Therefore, there is scope for further study on these two issues.

The chemical composition of raw materials (aluminum silicate sources), as well as SiO2/Na2O
and Al2O3/Na2O ratios, could influence the rate of formation of zeolites in the structure of the pAAM,
along with their type, size, and amount.

Heat treatment did not have an impact on the mineralogical composition and structural properties
of the pAAM, but it did change the leaching ability of alkalis from the material structure.

The leaching of OH− ions from the structure of the pAAM could be described by the
following properties: The type of aluminum silicate source (FA, MK, or MK + FA); the liquid/solid ratio
that directly impacts upon the amount of Na+ pore solution of the pAAM; and the obtained zeolite type,
size, and amount during the alkali-activation process. The pAAM with FA only, due to its mechanical
and leaching properties, was not suitable for water treatment systems as a passive pH-controlling system,
but potentially could be used as a lightweight, self-supporting construction material.

The pH stabilization in various water systems is important for the efficient operation (chemical and
biological treatments). To consider pAAM as acceptable as pH stabilizers for water media, material has
to provide stabile alkaline water media for a prolonged time period. As the heat treatment of the
pAAM containing MK or MK + FA promotes the leaching of OH− ions for prolonged periods of
time, this quality, in combination with a relatively high pH (10.5 after a 30-day leaching test period),
makes MK_200 potentially usable in water treatment systems as a passive pH-controlling method,
ensuring a pH of 10.6–10.8 for 30 days.
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