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Abstract. This paper presents the possibility of receiving the granular forms of a zeolitic material of the Na-P1
type obtained from high-calcium fly ash in a semi-technical scale by means of three compacting techniques. The
compaction process was carried out using cement, molasses and water glass as binders. Each of the proposed
compacting methods affected the textural parameters of the obtained granular zeolite forms, as well as the binders
used. In comparison to the other binders it was found that the cement binder had the smaller impact on the values
of the textural parameters of the obtained compacted zeolite forms. The surface area for the zeolite Na-P1 was
98.49 m* g, for the cement as a binder was 69.23 m*g”, for the molasses was 52.70 m*g" and for the water
glass was 40.87 m*g". For this reason, the briquetting and extruding tests were carried out using cement as
a binder.
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1. Introduction

Fly ash is a by-product of coal combustion. Its storage in landfills or in wetlands is
particularly troublesome for the environment, due to the necessary precautions to prevent



the blowing out of silty fractions and insulating the soil before the migration of any kind of
impurity from the fly ash (Mehra et al. 1998).

Currently, fly ash is used in the production of building materials (cement and concrete),
the remediation of post-mining excavations or geotechnics. Among the various new fields
of application for this type of waste, studies have been carried out on the possibility of their
practical use in the production of geopolymers and zeolites (De la Varga et al. 2012; Franus
et al. 2014; Matsi, Keramidas 1999; Mehra et al. 1998; Swanepoel, Strydom 2002; Sumer
2012; Yang et al. 2012).

Minerals such as zeolites are porous, hydrated, crystalline aluminosilicates of mainly
alkali or alkaline earth elements, having a three-dimensional lattice composed of
tetrahedrons [AlO,] and [Si0,] connected by their corners (Merrikhpour, Jalali 2012). Their
structure is characterized by a regular construction of channels and chambers, which gives
them a number of unique qualities including large sorption capacity, ion-exchange,
molecular-sieve and catalytic properties. Due to their many useful properties, zeolites from
fly ash are widely applied in environmental protection (Misaelides 2011; Perego et al.
2013; Vignola et al. 2011) for sludge and water purification from heavy metals and
ammonium ions (Czurda, Haus 2002; Franus, Wdowin 2010; Merrikhpour, Jalali 2012;

Zhang et al. 2011) or radionuclides (Chatupnik et al. 2013; Remenarova et al. 2014). They

also find application in the purification of flue gases from SO, CO, and volatile Hg
removal (Morency et al. 2012; Wdowin et al. 2012; Wdowin et al. 2014; Wdowin et al.
2015), as well as in the removal of organic compounds from aqueous systems or industrial
gases (Bandura et al. 2015; Bowman 2003; Kim, Ahn 2012; Northcott et al. 2010; Simpson,
Bowman 2009; Szala et al. 2015).

However, regardless of the fly ash F class applied and the methodology of its
conversion, synthesized zeolites are obtained in the form of fine, crystal powder material.

For this reason, it is necessary to compact them to suitable sizes or shapes in order to
ensure proper mechanical strength and water resistance (Gara et al. 2008; Pietsch 2004).

The compaction of fine, powdery materials depends to a large extent on the
physicochemical properties (moisture, particle size distribution and the shape of the grains)
of the compacted material (Gara et al. 2008; Knight 2001; Lipkind 1987; Manikandan,
Ramamurthy 2007; Srb, Ruzickova 1988).

Additionally, in order to obtain a granular form, most of the fine materials require the
use of a suitable binder (Yoo, Jo 2003). In the case of the granulation of zeolite, clay
minerals (mainly montmorillonite and kaolinite) are most commonly used as a binder
(Charkhi 2012; Lipkind et al. 1987). However, such a process does not provide adequate
mechanical strength or resistance to water for the granular zeolite forms (Ejsymont et al.
1975; Jagielska et al. 1988; Sochon, Salman 2010; Wajszel 1982). As a result, after
completing the step of compaction with a binder, the obtained granulate is subjected to
burning at a temperature ranging from 550°C to 600°C, in order to give it the required
mechanical properties and water resistance (Ejsymont, Witek 1986; Ejsymont et al. 1981;
Ugal et al. 2008).

In the range of burning temperature, not all the zeolite materials are thermally stable.
This includes Na-P1 zeolite among others, which is the most common industrially produced
zeolite from fly ash (Franus 2012; Majchrzak-Kucgba 2011; Wdowin et al. 2014). Due to



its poor thermal stability, it is necessary to search for other binders that would provide
compacted forms of this zeolite with the slightly changed textural parameters, and the
required other properties, without the need for a thermal treatment process (Atkins et al.
1995; Tharnzil 1997).

The aim of this paper was to obtain compacted forms of zeolite Na-P1 using the
techniques of tableting, briquetting and extrusion, and the selection of the most suitable
binder from the three applied (molasses, water glass and cement). Additionally, as there is
no available data in the literature, the influence of storage time on the texture of the
compacted forms of zeolite was also studied.

2. Experimental
2.1. Materials

The starting material for the preparation of compacted forms was a synthetic zeolite Na-
P1 type. The zeolite was prepared from fly ash with a high content of CaO through the
process of hydrothermal reaction with the addition of sodium hydroxide. The fly ash used
for synthesis came from the Rybnik power plant. The reaction conditions for the
preparation of zeolite at pilot-scale were as follows: 20 kg of fly ash, 12 kg of NaOH, 90
dm® of water, temperature of 80°C, and reaction time of 24 h (Franus 2012; Franus et al.
2014; Wdowin et al. 2014).

2.2. Binder Study

In the compaction process of Na-P1 zeolites, molasses, water glass, and blast furnace
cement were used as binders. The molasses was obtained from the Ropczyce S.A. sugar
factory, the water glass from the Rudniki S.A. chemical plant, and the blast furnace cement
(CEM 11I/A32.5N) from the Ozaréw cement plant.

2.3. Compaction study

The compaction process was carried out according to the scheme shown in Figure 1. At
the first stage, the tableting technique was used due to the fact that this method is the
easiest, most commonly used, and requires little material for compaction. The binders were
added in the amount of 10% by weight, relating to the weight of the zeolite under
compaction. Approximately 7-8 g of the zeolite material with a moisture content of 22%
was mixed with the selected types of binders. In order to obtain a mixture susceptible to
compaction in the stamp press, the tested material was humidified to a moisture content of
30% for all the binders used.

2.4. Seasoning study

The tableting process was carried out in a ZDM-1 stamp press with a closed cylindrical
die with an inner diameter of 20 mm, using the following conditions: pressure stamp of
press - 40 MPa, time of tableting - 5 sec. The obtained tablets were tested after 48 h of



seasoning under air-dry conditions and after 72 h seasoning in water. After choosing the
best binder (in this case cement), a briquetting and an extrusion of Na-P1 zeolite was
carried out. Then, the textural properties were determined after a period of 48 h and 360
days of seasoning of the compacted forms under air-dry conditions. In addition, for the
tableting process with cement binder, studies in the dry-air condition after a period of 360
days were also conducted.
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Fig. 1. Schematic diagram of the compaction processes

Briquetting was performed using an LPW 450 laboratory roller press equipped with
saddle-shaped rings. Sample preparation consisted of the addition of 10% cement in
relation to its weight, mixing and adding a quantity of water. The material subjected to the
compaction process had a humidity in the range of 30.3-31.8%.

During the first 2 h of the seasoning process, the resulting material was humidified by
spraying with water several times, aiming to obtain humidity similar to that in the
compaction process in the press stamp (tableting). After an established period of time, the
compacts (as in the case of tableting) were subjected to crushing in the disintegration
process.

Extrusion (pressing) was performed in the piston provided with the outlet having
a diameter of 5 mm. The material for the extrusion experiment was taken from the mixture
prepared for briquetting. The resulting compacts were seasoned and mechanically crushed
analogically to the case of the briquetted samples.

The abbreviations of zeolite Na-P1 samples obtained through all the tested processes are
presented in Table 1.



TABLE 1

Abbreviations of tested samples in the compaction processes

Symbols Compaction process

Na-P1 No compaction

Na-P1-M Tableting with molasses (time of seasoning 48h dry conditions)
Na-P1-S Tableting with water glass (time of seasoning 48h dry conditions)
Na-P1-C Tableting with cement (time of seasoning 48h dry conditions)
Na-P1-E Extrusion with cement (time of seasoning 48h dry conditions)
Na-P1-B Briquetting with cement (time of seasoning 48h dry conditions)
Na-P1-M 72h H,0 Tableting with molasses (time of seasoning 72h in water)

Na-P1-S 72h H,0O Tableting with water glass (time of seasoning 72h in water)
Na-P1-C 72h H,0 Tableting with cement (time of seasoning 72h in water)

Na-P1-C 360 Tableting with cement (time of seasoning 360 days dry conditions)
Na-P1-E 360 Extrusion with cement (time of seasoning 360 days dry conditions)
Na-P1-B 360 Briquetting with cement (time of seasoning 360 days dry conditions)

2.5. Characterization methods

The mineral composition of all compacted forms as well as the parent zeolite material
was determined by X-ray diffraction (XRD) using X pert (Panalytical) with a PW 3050/60
goniometer, CuKo radiation, and a graphite monochromator. The analysis was carried out
within the angle range of 5°-65° (2 Theta). Panalytical X Pert Highscore software (High
Score Plus v. 4.1) was used in order to process the diffraction data. The identification of
mineral phases in the zeolite was based on the PDF-2 Release 2010 database formalized by
the ICDD.

The morphological forms, microstructure, and the chemical composition of the tested
zeolites were determined by means of a scanning electron microscope (SEM) FEI Quanta
250 FEG (FEI, Hilsboro, OR, USA), equipped with a system of chemical composition
analysis, based on energy dispersive spectrometry (EDS) X-ray-EDS from the EDAX
company (EDAX Inc., Mahwah, NJ, USA).

The thermal analysis (DTA/TG) was performed on a Jupiter STA 449 F3 Netzsch
coupled with a quadrupole mass spectrometer Acolos QMS 403C in an air atmosphere at
a temperature range of 25°C—1000°C with the heating rate raised at 10°C per minute.

The elemental composition of the investigated Na-P1 zeolite was determined by energy
dispersive X-ray fluorescence by means of a spectrometer Epsilon 3 Panalytical. The tests
were carried out at range of Na-Am on apparatus equipped with a lamp with a 9W Rh,
50 kV, 1 mA anode.

Measurements of the particle size of the zeolite material and cement used as the binder
were carried out by laser diffraction method on a Malvern Mastersizer 2000 apparatus. The
measurements were performed in distilled water having a refractive index of 1.33 as



a dispersion liquid. The samples were treated with ultrasound at approximately the
maximum power, for a total of 4 min. The ultrasound was derived from an ultrasound probe
having a maximum power of 300 W. For the calculation of the particle size, the Mie theory
was adopted (Bieganowski et al. 2012).

For the liquid binders (molasses and water glass), the viscosity and density were
determined using a Hoppler viscometer.

The textural parameters (specific surface area, surface area, volume of micropore and
mesopores, and pore distribution) were determined based on the progression of low-
temperature adsorption/desorption isotherm of the nitrogen vapor at a temperature of -
194.85°C. The sample before the test had been degassed under a controlled temperature
(200°C for a period of 12 h) and the pressure had been reduced to 0.2 Pa. To calculate the
specific surface area, the BET theory was used. The volume and surface parameters of the
micropores and mesopores were determined with the "t" method (Lippens, de Boer 1965;
Lippens et al. 1964). For the textural studies, an ASAP 2020 apparatus from Micromeritics
was used.

3. Results and discussion

3.1. Characteristics of raw Na-P1 material and binders

The major zeolite phase in the process of compaction was zeolite Na-P1, obtained in
rectangle/parallelogram rosette-like forms, as seen in Figure 2. The particle size distribution
and its statistical parameters of zeolite material are shown in Figure 4 and Table 3. The
presence of a zeolite phase type Na-P1 was recognized as the characteristic reflections dpy
= 7.10A, 5.01A, 4.10A, and 3.18A. The quantitative zeolite content calculated from the
XRD was 75wt%.
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Fig. 2. SEM microphotograph of zeolite Na-P1 and spectrum of chemical composition (EDS)
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Fig. 4. Particle size distribution curves of Na-P1 zeolite and cement used as a binder in the
compaction process

Thermal analysis (DTA/TG) and X-ray phase analysis after thermal treatment showed
that the tested zeolite was thermally unstable (Fig. 3). At a temperature above 450°C,
collapsing of the structure took place, as well as silica recrystallization.

The chemical composition of the obtained zeolite material was as follows (in wt%):
Si0, 38.55; ALLO; 14.59; Fe,O3 5.26; MgO 1.307; CaO 14.15; K,0 0.93; Na,O 8.78; SOs
0.065; LOI 24.7. The dominant components of the zeolite phase were SiO, and Al,O; (at



a ratio of approx. 2.64), accompanied by a significant amount of CaO, as confirmed by the
EDS spectrum (Fig. 2). The different Si/Al ratio in the zeolites determines their properties.
Low silica zeolites are characterized by increased acid resistance and stability at higher
temperatures and hydrophilicity. On the other hand, high silica zeolites are characterized by
a high degree of ion exchange.

TABLE 2
Physicochemical parameters of molasses and water glass
Parameter Molasses Water Glass
dynamic viscosity n?° [cP] 10015 249.909
kinematic viscosity n°%/d**[cSt] 7321.585 167.257
density [g/cm’] 1.3679 1.4942
TABLE 3

Grain size distribution for cement and Na-P1 zeolite - statistical parameters

Parameter Na-P1 Cement
Median — D50 [um] 14.238 18.281
Mode [um] 24.144 25512
D10 [um] 3.134 3.781
D90 [um] 60.016 58.323
SCUM [m*g!] 0.839 0.75

Table 2 shows the physical and chemical parameters of the liquid binders used, which
vary significantly from each other.

Figure 4 and Table 3 show respectively the particle size distribution and its statistical
parameters for a solid binder and the Na-P1 zeolite. They clearly show that both materials
are very similar to each other in terms of particle size and distribution, which is an
important factor in the compaction process. Similar particle size distribution of the "blends"
under compaction increased the packing density by minimizing the void space between
grains, and decreased the binder amount added. This reduced the energy and time needed to
dry the obtained contacts.

3.2. Preliminary compaction study (tableting)

3.2.1. Binder selection

Compacted materials in the form of tablets and their mineral composition are shown in
Figure 5. The XRD analysis of the phase composition of the tablets directly after the
compaction and seasoning for 48 h in the air-dry state and after 72 h seasoning in the water
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showed that in the case of the addition of the liquid binders (molasses and water glass),
there was no change in the phase composition. In turn, minor changes in mineral
composition were observed for the tablets obtained with the cement. An increase of calcite
content and amorphous phase was noted. Such changes are the result of the hydration
processes of the clinker phases of cement (Kurdowski 2010; Scrivener, Nonat 2011).

A

Na-P1C

5 10 15 20 25 30 35 40 45 50 55 60 65
[°2Theta] (Cu)

Fig. 5. Bonded zeolite samples: molasses (a), water glass (b), cement (c), and their mineral
composition

11



The textural studies showed that regardless of the nature of the binder, their addition
caused a decrease in the specific surface area (Sggr), the surface of the mesopores (Sies.)
and the micropores (Spic) in the tableted form of zeolites. The smallest changes in these
parameters, compared to the starting zeolite, were in the case of using cement as a binder
(decrease of approx. 30%;Table 4). In the case of the micropore surface, the differences in
the decrease of these values were similar, regardless of the type of binder used. The lowest
decrease in micropore surface area was recorded for water glass. The highest influence on
the surface of the mesopores was observed for the molasses and water glass binders, which
reduced this value by 48% and 65%, respectively.

TABLE 4

The textural parameters for Na-P1 zeolite and their tableting forms using various binders

Parameter Na-P1 Na-P1C Na-P1 M Na-P1 S
Sper [m*g™!] 98.493 68.231 52.701 40.871
Smicdm*g] 17.694 11.904 10.873 14.142
Sumes [m>g'] 88.382 62.051 45.960 30.470
Vinieem® g 0.006 0.004 0.004 0.005
Vinest [em™g™'] 0.2957 0.2085 0.1970 0.189
Viglem® g 0.302 0.212 0.201 0.194
Des [nm] 13.381 13.210 17.144 24.739
Dy [nm] 11.382 11.490 14.144 17.007

The changes in the surface area values were accompanied by changes in the volume of
the pore size. The total pore volume decrease from 30% to 38%, with a similar decrease
observed in the case of the meso- and micropores volume (form 16% to 33% for
micropores volume V ., and from 29% to 36% for mesopores volume V ).

As a consequence of the changes in the values of the surface and volume parameters,
there were changes observed in the calculations of their basis values: the average mesopore
diameter and total pore volume. Mainly, the smallest changes were observed in the case of
cement (approximately 1% for both the average diameter of the mesopores and total pore
volume). In the case of the molasses and water glass, the average mesopore diameters
increased by 28% and 84%, while the average diameters of the total pore volumes increased
by 25% and 50%, respectively. This may be related to the density of glass and molasses
(Table 2) that were added as a liquid binder.

The adsorption/desorption isotherms of nitrogen vapor for all tested materials are shown
in Figure 6.
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Fig. 6. Adsorption/desorption isotherms of nitrogen for Na-P1 zeolite and their bonded forms

The adsorption isotherms represent a type II (according to IUPAC), but the hysteresis
loops have a different size and shape. The nitrogen sorption isotherm for zeolite Na-P1 has
a higher position relating to the isotherm for the compacted materials. This is due to
a decrease in the specific surface area parameters. For zeolite Na-P1, the hysteresis loop
corresponds to the type of H2/H3. This may indicate the presence of mesopores between
the agglomerated zeolite particles about irregular, close-to-spherical shapes (Sarbak 2002).
Compacted materials are characterized by narrower hysteresis loops, which can be
attributed to the H3 type of hysteresis. Such a loop is characteristic for materials with plate
crystal structure and accompanied by the formation of slit pores (Klinik 2000). Probably,
the course and shape of the hysteresis may be the result of the reordering of the grains of
the bonded material due to the applied pressure during the tableting process.

The smallest changes in the texture parameters of the tested zeolite samples were
observed in the case of the application of the cement binder, which can be explained by the
fact that cement was added in a fine form, of which the statistical parameters, determined
from the particle size distribution, are similar to the corresponding parameters of the
particle size distribution for the Na-P1 zeolite (Fig. 4; Table 3).

As the two remaining binders were added to the compacted zeolite in liquid form, it is
most likely that by surrounding the grains of compacted zeolite the solutions of binder
created a different number of pores of different diameters between them, as well as being
caused meso- and micropore blockages in the zeolite grains, which explains the observed
changes in the textural parameters (Table 4).

3.2.2. Initial stability study

The bond strength of the cement in time is dependent upon the amount of added water
(ratio H,O/concrete), which causes phase changes that affect the textural parameters of the
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bonded form (Singh et al. 2002). In the case of the other two binders, on the other hand,
variable amounts of water may cause diffusion of the liquid binder to the grain structure of

the zeolite. For this reason, additional tests were performed for the tablet samples seasoned
for 72 h in water.

Analysis of the mineral composition diffraction curves of each zeolite with the addition
of the three tested binders (Fig. 7) showed that seasoning in water did not affect the phase
composition of them in comparison to the tablets seasoned under air-dry conditions.
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Fig. 7. The XRD diffraction patterns of the mineral composition of the zeolite compacted with
cement, water glass and molasses after 72 h seasoning in water

In turn, from analyzing the textural parameters of the tablets seasoned for 72 h (Table 5)
it can be concluded that the seasoning in water for 72 h, compared to the seasoned forms in
air-dry conditions, increased the specific surface area (Spgr), and the surface of the
micropores (Syc.) and mesopores (S.¢). In relation to the forms unseasoned in water, the
increase of the total surface area was the smallest for the sample compacted with cement
(approximately 26%), while in the case of the two other binders it was 1.5 times greater
than that of the cement. The micropores’ surface area for all the tested binders increased by
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an average of 60%, and the highest increase was observed for the cement binder. An
increase in the mesopore surface area was also observed, which was the smallest for the
cement (approximately 10%), while for the remaining binders this was approximately 40%.
Accordingly, the micropore volume (V.. increased by approximately 50% for the
molasses and water glass, and by 66% for the cement. The mesopore volume (V ,.s,) and
total pore volume (V) increase was insignificant in the case of the cement (at a few
percentages), while in the case of the other binders this was approximately 16%.

TABLE 5
Compacted zeolite materials after seasoning in H,O for 72 h

Parameter Na-P1-C 72h H,0 Na-P1-M 72h H,O Na-P1-S 72h H,0O
Sger [m*g ] 93.221 94.630 80.023

Smic: [M*g] 35.670 25.792 30.964

Smest Mg 68.401 77.402 58.290

Vinier [em® g 0.013 0.010 0.011

Vinest [em™>g ] 0.211 0.232 0.215

Vi [em*-g ] 0.224 0.241 0.226

Dines [nm] 12.360 11.981 14.720

Dineq [nm] 8.610 9.349 10.108

Consequently, the average diameter of the mesopores (D,,.s) decreased, with the lowest
in the case of cement by 7%, while the highest was for the other two cases by 43% for the
molasses and 68% for the water glass. The average pore diameter decreased by 33% for
cement, molasses by 51%, and water glass by 68%.

Fig. 8. Zeolite material after the process: (a) briquetting, (b) extrusion
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Fig. 9. The adsorption/desorption isotherms for the starting Na-P1 zeolite and the three tested
compacts with cement

In conclusion, the seasoning of the tablets in water for a period of 72 h resulted in
changes in the textural parameters, but did not change the phase composition (Fig. 9). It can
be assumed that in the case of molasses and water glass, such a phenomenon is caused by
the improved dissolving of binders, exposing the porosity of the zeolite material. We can
also suspect the formation of secondary phases in the cement, but their insignificant content
and the degree of crystallinity did not allow their identification using the adopted methods.

Furthermore, while for cement the 72 h seasoning in water increased the strength of the
tablets, in the case of water glass and molasses the reverse trend was observed.

These observations were confirmed by testing the mechanical strength and thermal
resistance. The mechanical strength was evaluated by dropping (Pietsch 2004), whereas
thermal resistance was evaluated by burning the sample for 3 h in a muffle furnace at
250°C, which is below the temperature of the collapse structure of zeolite. For each of the
tests undertaken, the zeolite bonded by molasses and water glass disintegrated. Therefore,
for further tests (briquetting and extrusion processes) cement was selected as the binder.

3.3. Compaction study (briquetting and extrusion processes)

Obtained from the briquetting and extrusion processes, the compacts were subjected to
the seasoning process for 48 h in an air-dry state (Fig. 8a, b) and textural tests.

The nitrogen adsorption/desorption isotherms for samples after the briquetting (B),
extrusion (E) and tableting (C) processes are shown in Figure 9, while the textual
parameters are collected in Table 6. The nitrogen sorption isotherm for Na-P1 zeolite is
located above the isotherm of zeolite compacted by all the techniques used. All the
measured isotherms for the samples compacted with cement are of the type II (according to
IUPAC), while the accompanying hysteresis loops are of the H2/H3 type, which indicates
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the presence of mesopores between the agglomerated zeolite particles of irregular shapes
similar to spheres, regardless of the compacting method.

As can be seen from the data in Table 6, all compacts receiving the three tested
compaction methods (i.e. briquetting, extrusion and tableting with the same percentage of
cement) exhibit integrated forms (Fig. 9) with different textures (Table 6). This is a result
of differences in the applied pressure during compaction by those three methods and the
amount of added water, which is also related to the technique used. This data correlates
well with the data in Table 5, where after seasoning in water, the value of the specific
surface area for the tablets compacted with cement is approximately 100 m* g'. This
applies in particular to the briquetting, as the briquettes were seasoned for 48 h, and
supports the previously presented idea of creating a secondary texture by the reaction of the
cement components with the fly ash residues.

TABLE 6

Textural parameters of Na-P1 zeolite compacted by the three tested techniques after 48 h

Parameter Na-P1 48C Na-P1 48B Na-P1 48E
Sger [m*g'] 68.232 100.073 52.690
Smicm>g"] 11.903 31.826 15.941
Smesdm>g "] 62.050 78.698 41.421
Vimielem®g ] 0.004 0.011 0.005
Vinest [em* ] 0.209 0.230 0.221
Vilem® g 0.2125 0.241 0.227

Dines [nm] 13.213 11.679 21.341
Dined [nm] 11.492 8.723 15.970

3.3.1. Further stability study of bonded materials

Due to the high content of CaO in the fly ash from the Rybnik power plant, this ash
changes its phase composition and properties over time (Wista-Walsh 1999). Therefore, to
check the stability of the texture of the Rybnik fly ash-derived Na-P1 zeolite compacted
forms obtained by the tableting, briquetting and extrusion methods, nitrogen sorption
isotherms were measured after one year.

In Figure 10, adsorption/desorption isotherms measured after one year and obtained by
the materials compacted by the three tested methods are shown, while the textural
parameters are presented in Table 7.
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Fig. 10. The adsorption/desorption isotherms of samples prepared by the three discussed methods of
compaction after seasoning for 360 days

TABLE 7

Textural parameters of Na-P1 zeolite compacted by the three tested techniques after 360 days

Parameter Na-P1 C360 Na-P1 B360 Na-P1 E360
Sger [m*g '] 52221 57.872 46.801
Smicdm*g"] 15.113 15.161 13.243
Smesdm* g 40.610 49.980 36.891
Vinieem® g™ 0.006 0.005 0.005

Vines [em> g 0.205 0.194 0.222
Vilem® g 0.211 0.199 0.227

Djnes [nm] 20.233 16.481 24.031

Dyneq [nm] 15.224 12.811 18.091

By comparing the data in Table 7 it is clear that the zeolitic material, obtained from
Class F fly ash containing desulphurization products, compacted with cement has an
unstable texture in time, independently of the conditions of the preparation of the
compacted forms (i.e. compaction technique and moisture content). The specific surface
area decreases by approximately 20% for the tablets with cement binder, and by
approximately 40% for the briquettes with the same binder. The same tendency is seen in
the case of the values of the mesopores’ surface area. However, after one year the surface
area of the micropores increases for the tablets, while it decreases for the two other tested
samples, which can increase CO, sorption (tests are under investigation) (Panek et al.
2016). To conclude, it is possible to control to a limited extent the values of the texture
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parameters by selecting the method of compaction and seasoning condition (Gara et al.
2008).

4. Conclusion

Na-P1 zeolite is not thermally stable, and therefore to obtain a compacted form it
requires a binder other than those commonly used (kaolinite and bentonite), as well as the
specific techniques of compaction.

From among the three tested binders (molasses, water glass and cement), only cement
provided adequate mechanical strength and resistance to water of the obtained granular
zeolites forms.

The use of a granulation process (compaction and crushing to an appropriate fraction) of
the Na-P1 zeolite material for the three compaction techniques of briquetting, extrusion,
and tableting (with the same percentage of cement used as the binder) resulted in the
formation of compacted forms with different textures. This is a result of both the
differences in the applied pressure during the compaction process, and the amount of water
added. This was particularly observed in the briquetting of material where green compacts
were seasoned over 48 h, showing the formation of the secondary texture as a result of the
reaction of the cement components with the fly ash residues.

Zeolite material obtained from Class F fly ash containing desulphurization products and
compacted using cement as a binder has an unstable texture over time. It is dependent on
the method used for the preparation of the compacted forms, including not only the
technique, but also the amount of water added.

By comparing the changes in values of the textural parameters for the tableted and
briquetted forms of the Na-P1 zeolite material with a cement binder, it may be concluded
that these parameters are established at a similar level after one year, and that they are
marginally higher for the briquetted form. This is associated with the different amounts and
methods of adding water to achieve the required mechanical strength, resulting at different
times in the formation of the new binding phases in the cement.

It is worth mentioning that seasoning of the tableted zeolite with cement over a longer
period of time increased the micropores surface, which can increase sorption of CO,.

The decrease in the value over time of the specific surface area and the surface of
micro- and mesopores was followed by an increase in the average radius of the mesopores
and the average radius of the total pores.

Based on the obtained results, both the impact of the type of binder as well as the
method of compaction on the textural properties of the resulting granulates were
established.
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