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Abstract: A major problem in the field of adsorbents is that binders (kaolin clay, bentonite) introduced
to bind zeolites and ensure the needed mechanical strength, are not able to sorb gases like CO2 and
N2, and decrease the overall adsorption capacity. To solve this problem, one of the pathways is to
introduce a binder able to sorb such gases. Thus, in this study, the physical and mechanical properties
of a novel binder based on metakaolin and its composite with zeolite 4A in the granular form were
studied. Metakaolin was used as a precursor for alkali-activated binder, which was synthesized
using an 8M NaOH activation solution. Raw materials were characterized using granulometry, X-ray
diffraction (XRD), and differential thermal analysis (DTA); and final products were characterized
using density measurements, a compressive strength test, XRD, Brunauer–Emmett–Teller (BET)
analysis, and scanning electron microscopy (SEM). Alkali-activated metakaolin was found to be
efficient as a binding material when data for morphological properties were analyzed. A relationship
was observed—by increasing the liquid-to-solid ratio (L/S), compressive strength decreased. Zeolite
granule attrition was higher than expected: 2.42% and 4.55% for ZG-0.8, 3.64% and 5.76% for ZG-1.0,
and 2.73% and 4.85% for ZG-1.2, measured at 4 and 5 atmospheres, respectively.

Keywords: alkali-activated binder; metakaolin; zeolite 4A; zeolite granules

1. Introduction

During this last decade, a shift has been seen toward more research dedicated to alkali-
activated materials [1–8], because of their applications and properties. One way to utilize
these kinds of materials is to use them as binders in a composition with other materials
to enhance the overall properties of the composite. Many researchers like Awoyera and
Rivera studied how alkali-activated binders could be incorporated with Portland cement [1].
Amrhein, Biel, and Takeda [9–11] researched the alkaline activation of kaolinitic clay and
fly ash, while Zhang researched the NaOH concentration effect on the overall properties
of alkali-activated material [4]. Nevertheless, the sustainability advantage is coupled
with its potentially enhanced properties, and due to the limitations of the use of alkali-
activated binders (AABs) in terms of their hardened-material properties for commercial
and large-scale production, as mentioned in Adesina’s study [12], those issues must be
overcome for AAB to be universally accepted and compete with other binders. As AABs
are categorized as zeolite-like materials [13], one of their potential uses is to combine them
with zeolites to increase the overall adsorption capacity, as well as to ensure the needed
mechanical strength.

The formation of zeolites with alkali-activated binders would improve overall mechan-
ical strength, as well as sorption capacity because it is proven that different types of zeolites
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in certain amounts (such as zeolite Na-A, hydrosodalite, zeolite X, faujasite, and analcime)
can be formed as secondary alkali-activation products in the structure of an alkali-activated
binder (AAB) [14–17]. Zeolites have a large surface area, a uniform pore size, and a good
physical sorption capacity [18], as they are polysilicate-type aluminum silicate minerals
consisting of tetrahedral silicon cations (Si4+) and aluminum cations (Al3+) surrounded
by four oxygen anions (O2−). Some of the zeolites must have high mechanical strength
for use in pressurized gas vessels as adsorbents, so they are blended with binders, which
improves their mechanical properties, but concurrently reduces sorption capacity [19,20].
Gleichmann and Chester reported a comprehensive study characterizing zeolites for ad-
sorbent purposes [2,21]. Thereby, the development of zeolite and alkali-activated binder
composites could become a promising direction in the development of modified adsorbents
with a wider range of applications than practically used adsorbents.

The aim and novity of this study are to produce granules with commercial zeolite
4A powder with the development of an alkali-activated binder, using metakaolin as a
base while finding an optimal granulation method of non-Newtonian fluid consisting
of metakaolin and alkali-activated solution. Both granules and binder must have high
mechanical compressive strength while exhibiting high crystalline phase intensity of zeolite
4A for the exploitation of granules in pressurized adsorption vessels.

2. Materials and Methods
2.1. Raw Materials

As an aluminum silicate source for the production of AAB, a commercially avail-
able kaolin clay from a local distributor SIA “Keramserviss” (Adazi, Latvia) was used.
The chemical composition of kaolin is given in Table 1. The kaolin was calcined to obtain
metakaolin (MK) in the laboratory using an “Uterna W-80” (Utena, Lithuania) electric
furnace. The calcination took place at 850 ◦C for 2.5 h with heat rate 10 ◦C/min (up to
100 ◦C) and 5 ◦C/min (up to 850 ◦C). A total of 99% of the kaolin had a particle size lower
than 45 µm. DTA thermograms showed phase change of materials at elevated tempera-
tures; for this study, a calcination temperature of 850 ◦C was based on the thermograms
shown in Figures 1 and 2. Figure 1 shows the DTA thermogram of metakaolin, Figure 2
shows the DTA thermogram for zeolite 4A, and Figure 3a shows an SEM micrograph of
used metakaolin.

Figure 1. DTA thermogram of kaolin.
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Figure 2. DTA thermogram of zeolite 4A.

Figure 3. SEM micrographs presenting the microstructure of the used raw materials at 5000× magnification: (a) MK;
(b) Zeolite 4A.

Table 1. Chemical composition of solid raw materials shown as weight percentage (unit%).

Compound SiO2 AL2O3 Fe2O3 K2O TiO2 Na2O LOI, 1000 ◦C

Kaolin 47.8 36.6 1.3 1.2 0.7 0.1 12.3

Sodium hydroxide flakes “Tiany Chemicals” (China) with a purity of 99% were used
to produce the alkali-activation solution (8M NaOH solution).

Zeolite 4A (China) with a purity of 99% was used. Granulometry showed that 100%
of the particle size of zeolite 4A was under 45 µm. Figure 3b shows the SEM micrograph of
used zeolite 4A.

2.2. Mixture Design and Sample Preparation

In this research, an AAB based on metakaolin was studied, as well as alkali-activated
zeolite granules.
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2.2.1. Mixture Design and Sample Preparation of Alkali-Activated Binder

The mixture-design-related details of the AAB are provided in Table 2. In this research,
3 ratios of liquid/solid (L/S) (alkali-activation solution/metakaolin ratio in this case) were
studied—0.8, 1.0, and 1.2, respectively. Three different L/S ratios were used to determine
which ratio was more effective for the production of zeolite granules. These 3 ratios were
chosen based on previous experience. The blend of MK and the activation solution (NaOH)
was mixed for 5 min using a mechanical mixer. After that, molds (20 × 20 × 20 mm) were
filled and kept at room temperature (20 ± 2 ◦C) for 1 h. Molds were covered by a plastic
film to ensure humidity, and were put in a curing chamber and kept at 80 ◦C for 24 h.
After 24 h, samples were demolded and put in ambient conditions (atmospheric pressure,
20 ± 2 ◦C) for curing. Curing took place for the next 28 days.

Table 2. Composition of the studied alkali-activated binder.

Composition
Raw Materials, Mass Parts

8M NaOH MK

AAB-0.8 0.8 1.0
AAB-1.0 1.0 1.0
AAB-1.2 1.2 1.0

2.2.2. Mixture Design and Sample Preparation of Zeolite Granules

The mixture-design-related details of the zeolite granules are given in Table 3. For
production of zeolite granules, AABs with L/S ratios 0.8; 1.0; 1.2 were used. For zeolite
formation, the main oxide ratio is important (in this case, SiO2:Al2O3:Na2O). The theoretical
oxide ratio for zeolite 4A is SiO2:Al2O3:Na2O = 2:1:2. In our case, ratios in the AABs were
as follows:

Table 3. Composition of the studied alkali-activated zeolite granules.

Composition
Raw Materials Mass Parts

8M NaOH MK 4A H2O

ZG-0.8 0.133 0.167 0.700 0.400
ZG-1.0 0.150 0.150 0.700 0.400
ZG-1.2 0.164 0.136 0.700 0.400

AAB-0.8 SiO2:Al2O3:Na2O = 1.31:1.00:0.35
AAB-1.0 SiO2:Al2O3:Na2O = 1.31:1.00:0.44
AAB-1.2 SiO2:Al2O3:Na2O = 1.31:1.00:0.53
As zeolites in AAB are formed as an alkali-activation-reaction byproduct (along with

the main reaction product—N-A-S-H gel), the ratios are less important than the initial
hardening conditions, which cause the formation of zeolites.

A blend of MK and activation solution was mixed for 5 min using a mechanical mixer.
After that, zeolite 4A and water in small proportions were added to the mix. In this stage,
zeolite and water must be added in small proportions; if not, zeolite adsorbs water from the
blend and makes it harder to mix. After the blend had been mixed, the blend was extruded
through a mechanical extruder a few times to get a more homogenous mix. The blend
was extruded through a mechanical extruder, and green zeolite granules fell into a bed of
zeolite 4A, where they were coated. A bed of zeolite 4A powder provided the granules
with a layer of zeolite 4A, which helped them not to stick to each other and to absorb extra
water in granules.

The produced zeolite granules were fractioned to get different sizes of the granules.
Granule sizes were as follows: 4.0–5.6 mm; 2.0–4.0 mm; 1.0–2.0 mm; 0.5–1.0 mm; and
<0.5 mm. Granules of the same size were put in plastic sealable bags and transferred to a
curing chamber for curing. The curing chamber was set to 80 ◦C for 24 h; after that granules
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were cured for 28 days in ambient conditions (atmospheric pressure, 20 ± 2 ◦C). Samples
from the 2.0–4.0 mm fraction were analyzed in this study, as it was the biggest fraction
of all samples. Samples from granules were taken on days 14 and 28. On the 14th day, a
sample was taken and ground up for XRD analysis; on the 28th day, samples were taken
for XRD analysis and attrition tests.

2.3. Characterization Techniques

Samples of the AABs were mechanically tested on days 7, 14, and 28; for each test, 5
cubic samples were used to obtain accurate results. One sample cube on each test day was
left untouched for specific surface-area analysis (based on the Brunauer–Emmett–Teller
(BET) theory), and one of the cubes after the mechanical test was ground up for XRD
analysis.

The compressive strength of 5 parallel samples (cubic AAB specimens) of each
activation-solution ratio was tested on days 7, 14, and 28. The cubes with a rough di-
mension of 20 mm × 20 mm × 20 mm were tested by using a Zwick Z100 universal testing
system (ZwickRoell, Kennesaw, GA, USA) with a testing speed of 0.5 mm/min. The cubic
specimens were also measured before the crushing to determine the material density, which
was calculated by dividing the sample’s mass by the respective volume. Compressive
strength was calculated from force applied to the sample’s specific area.

Material density for granular material was calculated by impregnating granules with
water, and after complete impregnation, granules were placed in a measuring cylinder
with water and scaled; after that, calculations of volume and mass were made to obtain
the material density. Bulk and tapped densities were calculated before impregnating the
granules with water.

Attrition tests were carried out by weights that were put on a cylindrical press form,
with the form being full of zeolite granules. Weight on the press form was carried out for 5
min; after that weight was slowly taken off the press form. Remains of the press form were
sieved, and from the starting mass and produced fines, attrition was calculated

The XRD characterization of the AAB powders was performed with a BRUKER-AXS
D8 ADVANCE X-ray diffractometer (Bruker, Billerica, MA, USA), using CuKα1 and CuKα2
radiation at a 2θ range of 5–65◦.

The specific surface area and the porosity of the AABs were studied via N2 sorption
and desorption based on the BET theory. The specific surface area was measured using
the QUADRASORB SI (Quantachrome Instruments, Boynton Beach, FL, USA) equipment.
Degassing was performed to free the surface of the specimens from moisture and other
contaminants, according to the International Union of Pure and Applied Chemistry (IUPAC)
guidelines. The degassing was performed for 20 h at 80 ◦C using Autosorb Degasser model
“AD-9” (Quantachrome Instruments, USA).

The scanning electron microscopy (SEM) of the AABs and ZGs microstructures was
performed using a “Mira/LMU” (Tescan, Czech Republic).

3. Results
3.1. Alkali-Activated Binder Based on Metakaolin

The material densities and compressive strength of the monolithic AABs are shown
in Table 4. According to the obtained results, the material densities of the AABs ranged
from 1.052 to 1.198 g/cm3 (Figure 4), depending on the liquid-to-solid ratio (L/S) and
curing time. As seen in Table 4, the samples of series AAB-1.2 exhibited lower material
densities (1.052–1.062 g/cm3) compared to samples of series AAB-0.8 (material density:
1.193–1.198 g/cm3) depending on curing day. The samples of series AAB-1.0 exhibited
material densities of 1.127–1.178 g/cm3 depending on time.
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Table 4. Density and compressive strength of the produced AABs.

Composition Testing Day Material Density,
g/cm3

Compressive Strength,
MPa

AAB-0.8
7 1.198 ± 0.02 12.55 ± 0.45
14 1.193 ± 0.02 11.22 ± 0.47
28 1.197 ± 0.02 9.01 ± 0.80

AAB-1.0
7 1.178 ± 0.01 6.64 ± 0.49
14 1.121 ± 0.01 7.15 ± 0.61
28 1.127 ± 0.01 7.00 ± 0.94

AAB-1.2
7 1.062 ± 0.01 3.38 ± 0.28
14 1.061 ± 0.01 4.58 ± 0.68
28 1.052 ± 0.01 4.56 ± 0.70

Figure 4. Material density of obtained alkali-activated binders.

As seen in Table 4 and Figure 5, the studied AABs had a compressive strength ranging
from 3.38 to 12.55 MPa, depending on the L/S ratio and curing time. Mechanical properties
are very important for zeolite granules due to abrupt gas and packing movements and
other mechanical influences in the adsorption bed during the long operational period (at
least 3–5 years) [22,23]. Typical zeolite granules should have compressive strengths of at
least 10 MPa for the gas adsorption-pressure vessels [24]. The compressive strength of most
of the obtained binders reported in this work was not above this compressive-strength
threshold.

All samples were cured at ambient pressure and temperature (20–23 ◦C). Sample
series AAB-0.8 presented the highest compressive strength: 12.55 MPa on day 7 and 9.01
MPa on day 28. The AAB-1.2 samples had the greatest L/S ratio and exhibited the lowest
compressive strength: 3.38 MPa on day 7 and 4.56 MPa on day 28. AAB-1.0 samples
exhibited 6.64 MPa on day 7 and 7.00 MPa on day 28.

Among the three obtained series, series AAB-0.8 exhibited the highest compressive
strength, although the strength dropped by 3 MPa from day 7 to day 28. AAB-1.0 exhibited
the most stable compressive strength in the curing timeframe, increasing its value from
6.64 MPa on day 7 to 7.00 MPa on day 28, but the overall compressive strength was lower
than needed for adsorbent granules.

When looking at Figure 5, we can see that when increasing the L/S ratio in the
activation solution, compressive strength decreased.
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Figure 5. Compressive strength of produced alkali-activated binders.

The results shown in Table 4 can be compared with the results from a study by Liang
Chen [25], who did a similar study of preparation and property assessment of alkali-
activated metakaolin. In that research, a compressive strength of 26.42 to 37.40 MPa was
achieved, using elevated temperature for curing and sodium silicate solution as part of the
mixture design.

Figure 6 shows the X-ray diffractograms for the produced AABs taken on day 28 of
production. According to the data, an alkali activation reaction took place because the
X-ray diffractograms show a halo shift of the amorphous phase (curvature at 15–30◦) to
the right (curvature at 20–35◦), and the main product of the alkali activation reaction—N-
A-S-H gel—was obtained. The effect of the L/S ratio on the mineralogical composition
was observed.

As seen in Figure 6, crystalline phases of quartz (SiO2) and muscovite (KAl3Si3O10(OH)2)
could observed after an alkali-activation reaction. In addition to the L/S ratios affecting
observation, alkali-activation byproducts—zeolites—were obtained. Following the analysis
of the data, zeolites contained in the AABs corresponded to zeolite 4A (Na12Al12Si12O48).
Increasing the L/S ratio increased the crystalline phase intensity of zeolite 4A. Zeolite 4A
crystalline phase intensities for AAB-0.8 and AAB-1.0 were quite similar, which could be
due to the lack of water in the system to initiate the crystallization process [26], but the
crystalline phase of 4A in AAB-1.2 was significantly more intensive. The effects of L/S on
the formation of zeolites in the AABs consisted of both increased Na2O levels and increased
quantities of H2O, i.e., by adding more activation solution, more water entered the system
as a whole, which helped the raw materials and formed more zeolite 4A [27].

The specific surface area was determined for the AABs (Table 5.) to see how the L/S
ratio influenced surface area. Samples were degassed in order to free their surfaces so it
would be possible to obtain more accurate results for their surface areas. The largest surface
area was for the AAB-1.0 sample, which was 5.138 m2/g, while AAB-0.8 was second, with
5.088 m2/g. AAB-1.2 exhibited the lowest surface area of all samples, with 2.487 m2/g.
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Figure 6. X-ray diffractogram (XRD) of the studied alkali-activated binders on the 28th day.

Table 5. The surface areas of the alkali-activated binders.

Composition Surface Area, m2/g

AAB-0.8 5.088
AAB-1.0 5.138
AAB-1.2 2.487

Samples of AAB were subjected to scanning electron microscopy to study their mi-
crostructure. For AAB samples, images were taken at magnifications of 5000× and 15,000×,
as shown in Figure 7. According to the XRD results, crystals of plate-like formations
corresponded to N-A-S-H gel, and crystals of cubic structure corresponded to zeolite 4A.

When looking at Figure 7a,c,e, we can see that there were not many pronounced
cubic crystal structures that corresponded to zeolite 4A, but when looking at Figure
7b,d,f, showing images that were captured at greater magnification, we can see the crystal
formation of a cubic structure much clearer. As shown in Figure 7, without monocrystalline
cubic crystals, polycrystalline formations formed from zeolite 4A monocrystals.

When comparing Figure 7b, Figure 7d, Figure 7f and data obtained from the XRD, the
previously mentioned relationship between the L/S ratio and crystalline phase intensity
was confirmed, because as we can see in Figure 7b, there were fewer cubic crystals than
those shown in Figure 7f.

3.2. Alkali-Activated Zeolite Granules

Table 6 contains material, bulk, and tapped densities that were measured for the
produced zeolite granules. The Hausner ratio was measured by dividing tapped density
with bulk density; this was important because it measured granule flowability. If the ratio
is lower than 1.25, granules have a great flowability, meaning granules will flow freely and
will not block the feeder; if the ratio is greater than 1.50, the flowability of granules is poor.
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Figure 7. SEM micrographs presenting the microstructures of the studied AABs: (a) AAB-0.8, 5 kx; (b) AAB-0.8, 15 kx;
(c) AAB-1.0, 5 kx; (d) AAB-1.0, 15 kx; (e) AAB-1.2, 5 kx; (f) AAB-1.2, 15 kx.

Table 6. Densities and attrition of produced ZG.

Composition ρ, g/cm3 ρbulk, g/cm3 ρtap30, g/cm3 Hausner Ratio Attrition 4
atm,%

Attrition 5
atm,%

ZG-0.8 1.500 ± 0.007 0.703 ± 0.012 0.781 ± 0.005 1.11 2.42 ± 0.06 4.55 ± 0.26
ZG-1.0 1.494 ± 0.010 0.657 ± 0.003 0.722 ± 0.005 1.10 3.64 ± 0.20 5.76 ± 0.15
ZG-1.2 1.472 ± 0.005 0.685 ± 0.014 0.753 ± 0.007 1.10 2.73 ± 0.10 4.85 ± 0.06

To obtain information about granule strength, an attrition test was conducted for two
levels of pressure—4 and 5 atm.

Tapped density was measured by tapping the granules with the shock table used
in the ASTM C143 standard. Thirty handle revolutions were used for compacting the
granules. The highest material density (1.500 g/cm3) was measured for granules ZG-0.8,
with bulk densities in free and compacted states of 0.703 and 0.781 g/cm3, respectively.
The material density of ZG-1.2 was 1.472 g/cm3, with bulk densities in free and compacted
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states of 0.685 and 0.753 g/cm3, respectively. Bulk densities in the compacted states were
higher than in the free states because the granules filled more voids between granules
when compacted, thereby occupying a smaller volume. Material densities were greater
than both bulk densities because the values for the material densities were for the materials
without pores and voids.

Data that we obtained from the attrition test showed how much fines were produced
under each pressure, which should be as low as possible. If fewer fines are produced
from adsorbents, then the equipment will work properly for a longer period. If a lot of
fines are produced, it will clog the compressors and the reactor will have to shut down for
maintenance, and that can be expensive. Attrition was measured for a 2–4 mm fraction of
produced zeolite granules at atmospheric pressures of 4 and 5. ZG-0.8 attrition was 2.42% at
4 atmospheric pressures and 4.55% at 5 atmospheric pressures. ZG-1.2 also showed similar
attrition results: 2.73% and 4.85% at 4 and 5 atmospheric pressures, respectively. ZG-1.0
exhibited 3.64% and 5.76% attrition at 4 and 5 atmospheric pressures, respectively. Attrition
was affected by several factors, such as particle size and shape, chemical composition,
and mechanical compressive strength. Higher attrition resulted in lower mechanical
compressive strength. From data obtained in this study, these granules were not suitable
for adsorption above 4 atmospheric pressures; however, they could be used in some reactors
that operate at a lower pressure.

Figure 8 shows an X-ray diffractogram for the ZG-0.8 samples, in which we can assess
the crystalline phase’s development over time. When comparing the 14th- and 28th-day
diffractograms, it could be assessed that zeolites kept developing through time, because
the 28th-day diffractograms show a more intense zeolite 4A crystalline phase.

Figure 8. X-ray diffractogram (XRD) of the studied zeolite granules (L/S 0.8) on days 14 and 28.

The ZG-1.0 sample X-ray diffractograms are shown in Figure 9. When comparing
these diffractograms, we could assess similarities with the ZG-0.8 samples, i.e., on the 28th
day, the crystalline phase of zeolite 4A was more intense than on the 14th day.
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Figure 9. X-ray diffractogram (XRD) of the studied zeolite granules (L/S 1.0) on days 14 and 28.

Figure 10 shows the ZG-1.2 X-ray diffractograms on the 14th and 28th days. Using
an L/S ratio of 1.2, it was possible to create a material that, compared to AAB-0.8 and
AAB-1.0, did not show a sharp change in crystalline phase intensities during the curing
process, which means that zeolite granules made with an L/S ratio of 1.2 could develop a
more intensive zeolite 4A crystalline phase in a shorter period.

Figure 10. X-ray diffractogram (XRD) of the studied zeolites granules (L/S 1.2) on days 14 and 28.
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X-ray diffractograms of the studied zeolites are shown in Figure 11. According to the
data, an alkali-activation reaction occurred, because the amorphous phase (curvature at
15–30◦) was offset to the right (curvature at 20–35◦) in the X-ray diffractogram, and the
main product of the alkali-activation reaction—N-A-S-H gel—was obtained. The L/S ratio
affected the mineralogical composition.

Figure 11. X-ray diffractogram (XRD) of the studied zeolites granules on the 28th day.

In Figure 11, we can observe that in the ZG-1.2 sample, the crystalline phase of zeolite
4A was slightly more intense than those of the ZG-0.8 and ZG-1.0 crystalline phases. There
were no significant changes between ZG-0.8 and ZG-1.0, but the ZG-1.0 crystalline phases
were slightly more intense than the ZG-0.8 crystalline phases. From this data, we can assess
a regularity that increasing the L/S ratio led to a more intensive crystalline phase of zeolite
4A in the ZG samples.

Table 7 shows the surface area of the ZG samples. Zeolite granule samples exhibited
similar values for the 0.8 and 1.2 L/S ratios (3.841 and 3.635 m2/g, respectively), but the
ZG-1.0 sample showed the highest surface area, 4.314 m2/g.

Table 7. The specific surface area of zeolite granules.

Composition Surface Area, m2/g

ZG-0.8 3.841
ZG-1.0 4.314
ZG-1.2 3.635

Figures 12–14 show the microstructures of the zeolite granules at 1000×, 5000×,
and 15,000×. Figure 12 illustrates the microstructures of the zeolite granule samples, in
which their appearance on the surface may be observed. In this image, suitable particle
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distribution and homogenous pore placement can be observed. The SEM micrographs
were taken with broken zeolite granules to assess their cross-section’s inner structure.

Figure 12. SEM micrographs of ZG samples (cross-section) at 1000× magnification: (a) ZG-0.8; (b) ZG-1.0; (c) ZG-1.2.

The produced zeolite granule microstructure, at a magnification of 5000×, can be
observed in Figure 13. The figure shows a large number of cubic crystalline formations,
corresponding to the results of the XRD for zeolite 4A, as well as plate-like formations
corresponding to the N-A-S-H gel.
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Figure 13. SEM micrographs of ZG samples (cross-section) at 5000× magnification: (a) ZG-0.8; (b) ZG-1.0; (c) ZG-1.2.

Figure 14 shows formations of cube-shaped crystals corresponding to zeolite 4A and
plate-like crystals formations corresponding to N-A-S-H gel. There is also a pronounced
polycrystallinity on the surface of zeolite 4A, expressed as growth on new zeolite 4A
crystals on the surface of existing zeolite 4A crystals.
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Figure 14. SEM micrographs of ZG samples (cross-section) at 15,000× magnification: (a) ZG-0.8; (b) ZG-1.0; (c) ZG-1.2.

4. Discussion

For granular adsorbents, a sufficient mechanical performance is a critical parame-
ter [11,28–30]. In this study, physical and mechanical characteristics of MK-based alkali-
activated binders and zeolite granules were studied and linked to the microstructures and
mineralogical compositions of the final products. The liquid-to-solid ratio (L/S—0.8; 1.0;
1.2) of the 8M NaOH activation solution and the curing time had crucial roles that resulted
in varying properties of the obtained products.

By looking at the material densities of the AAB samples, we can assess that the L/S
ratio affects density. By increasing the L/S ratio, material density decreases, and this can be
explained by the water content in the sample [10,31]. AAB-1.2 had the most water content
inside the sample, and as the sample cured (ambient conditions), water evaporated, thus
resulting in a lower material density at the end of curing. AAB-0.8 exhibited a material
density of 1.197 g/cm3 at the end of curing, AAB-1.0 exhibited 1.127 g/cm3, and AAB-1.2
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exhibited 1.052 g/cm3. Curing time did not affect the material density, and all the material
density changes can be explained by water evaporation from samples.

For good mechanical performance in gas adsorption under pressure applications,
typical zeolite granules should reach at least 10 MPa [24] in compressive strength. In this
study, only the AAB-0.8 sample showed the closest value, with 12.55 MPa on the 7th day
and 9.01 MPa on the 28th day. AAB-1.0 samples showed 6.64 and 7.00 MPa on the 7th
and 28th day, respectively; and AAB-1.2 showed 3.38 and 4.56 MPa on the 7th and 28th
day, respectively. Looking at all samples, we can assess that there was a linear relationship
between mechanical properties and the liquid-to-solid (L/S) ratio; when increasing the L/S
ratio, compressive strength in the AAB samples decreased. The strength drop of AAB-0.8
can be explained by the low formation of zeolites and more N-A-S-H gel formation at initial
curing. With high N-A-S-H gel formation at the start of curing, the material gains tension
in later phases of curing when zeolites are formed from the existing N-A-S-H gel, and
as the zeolites form, the structure of the material is damaged, resulting in a compressive
strength drop. The increase of the L/S ratio promotes more intensive zeolite formation
at the start of the curing by filling the voids, which form when N-A-S-H gel transforms
into zeolites. As the material cures, these voids are filled with zeolites, resulting in an
increased material-to-void ratio and an increase of compressive strength in later phases of
curing. To support this hypothesis, a quantitative XRD study and longer curing times will
be conducted.

When evaluating the XRD diffractograms, it could be concluded that the crystalline
phases of zeolite 4A were more intense than ZG-0.8 and ZG-1.0 in sample ZG-1.2. No
significant changes in the intensities of the crystalline phases were observed between the
sample series ZG-1.0 and ZG-0.8, but ZG-1.0 had a slightly higher intensity of these phases.
From this, it can be assessed that by increasing the L/S ratio, a more intense crystalline
phase of zeolite 4A can be observed. Examining the intensity of crystallization over time in
all series of ZG samples, it was concluded that zeolite 4A in zeolite granules also develop
over time [32], because on the 28th day, the diffractograms showed crystalline phases of
higher-intensity zeolite 4A.

BET values were low because the test was carried out using nitrogen as the adsorbate
gas. Nitrogen molecules are bigger than CO2 molecules, and cannot travel through the
zeolite’s small pore structure. Zeolite 4A forms a smaller pore structure, resulting in a
smaller space for adsorbate molecule, and as the nitrogen is bigger than the pore, zeolite
does not adsorb it, and the BET value is low. To support this hypothesis, a more pronounced
adsorption study, including CO2 adsorption, will be conducted. CO2 adsorption is the
target adsorbate for future study. An L/S ratio affecting surface area can be described
similarly to the strength drop of AAB-0.8.

When assessing the SEM images at 1000× magnification, it was observed that a good
particle distribution and homogeneous pore arrangement had been formed; at 5000×
magnification, large and pronounced cubic zeolite 4A crystals and plate-like metakaolin
crystals could be observed. At a magnification of 15,000×, the presence of polycrystallinity
on the surface of zeolite 4A crystals could be observed [33].

5. Conclusions

• The AAB-0.8 sample showed the highest compressive strength and density: 9.01 MPa
and 1.197 g/cm3, respectively.

• The highest crystalline phase intensities of zeolite 4A were observed in sample
AAB-1.2.

• The largest surface area for alkali-activated binders was observed in sample AAB-1.0,
with 5.138 m2/g.

• In SEM micrographs of AAB samples, it could be observed that without monocrys-
talline cubic crystals representing zeolite 4A, polycrystalline formations had formed
as well.
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• Similar to the AAB samples, ZG-0.8 showed the highest densities: 1.500 g/cm3,
0.703 g/cm3, and 0.781 g/cm3, representing material density, bulk density, and tapped
density, respectively.

• The ZG-0.8 sample exhibited the lowest attrition: 2.42%, and 4.55% at 4 and 5 atmo-
spheres, respectively.

• As in the case of crystalline phase intensities of zeolite 4A in AAB-1.2, ZG-1.2 exhibited
the same correlation in which it had the highest crystalline phase intensities, which
means that with an L/S ratio of 1.2, a more pronounced crystallinity of zeolite 4A
could be achieved.

• The largest surface area for ZG samples was observed in ZG-1.0, with 4.314 m2/g,
meaning that with an L/S ratio of 1.0, a more pronounced surface area could be
achieved.

• The ZG SEM micrographs exhibited good particle distribution, as well as polycrys-
tallinity similar to the AAB samples.

When evaluating the results for the obtained granules, from the point of view of
density and friability, the series samples with L/S 0.8 were perspective, because the
advantage with this ratio was the high density and low friability. From the point of view of
the intensities of the crystalline phases, the most advantageous L/S ratio was 1.2, showing
more pronounced crystalline phases of zeolite 4A in a faster period of time. From the BET
point of view, the best results were with an L/S ratio of 1.0, giving the advantage of a
large surface area. The L/S ratio had a major impact on the outcome of the AABs and
the granules. By increasing this ratio, material mechanical properties decreased; however,
crystalline phase intensities of zeolite 4A increased, and vice versa.
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