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Acid treatment of natural zeolites is considered to be an effective method of “improving” their structure and
properties, among which thermal stability occupies a special place, especially for catalytic applications of zeolites.
The influence of hydrochloric acid solutions with concentrations up to 2 mol/L and calcination at temperatures up to
1100 °C on the structure and properties of heulandite-containing tuff from the Georgian Dzegvi-Tedzami deposit,
selected for the creation of new bactericidal zeolite filter materials for purification and desinfection of water from various
sources, was studied by the X-ray energy dispersion spectra, diffraction patterns and thermal analysis, as well as by
adsorption of water, benzene and nitrogen methods. It has been found that an acidic environment leads to significant
dealumination (Si/Al molar ratio increases from 3.6 to 9.5) and decationization (total charge of metal ions per Al atom
decreases from 1 to 0.68) of the sample, solutions of hydrochloric acid do not lead to amorphization of the zeolite
microporous crystal structure, but gradually dissolve it. As a result of acid treatment, there is also a sharp increase in
the volume of micropores available for large molecules (from = 7 to 80-90 mm’/g) and surface area (from = 13 to
120-175 m?/g), as well as changes in the mesoporous system, leading to the prevalence of pores with a diameter of up
to 4 nm. Heulandite heating leads to stepwise dehydration proceeding up to = 800 °C, amorphization starting at
= 250 °C, and structural changes: the transition to methastable heulandite B phase at = 340 °C is not fixed, but at
= 500 °C wairakite (Ca(ALSi,O,)-2H0) is formed, at temperatures above = 1000 °C, amorphous aluminosilicate
contains crystalline inclusions of cristobalite (polymorph of SiO;), a-quartz, albite (Na(AlSi;Os), hematite (Fe>O3) and
magnetite (FeO-Fe;03); heating-induced changes in micro- and mesopore systems are insignificant. It is also shown
that heat treatment increases the acid resistance of heulandite, which is expressed in a decrease in the degree of
dealumination after acid treatment of calcined samples. Thus, acid and heat treatment of heulandite make it possible
to obtain materials with different sorption and ion-exchange properties.
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INTRODUCTION from alternating SiO4 and AlO4 tetrahedra,
forming open framework uniform structures with
cages and channels, and to improve the
performance of the zeolite, its structure can be
changed by neat or chemical treatment. For
example, acid treatment makes it possible to
increase the surface area of the adsorbent and the
effective porosity of the original natural zeolites
[2-4], since exchangeable cations M located in
channels and cavities throughout the zeolite
structure sometimes block the channel system [5].
However, concentrated acid solutions at high
processing temperatures can cause significant
aluminum  leaching (dealumination  with
formation of a hydroxyl nest according to the
reaction Al(Si—O") + H;O" + 3HCI — 4(OH-Si —
0) + AP’" + 3CI" + H,0) and even destruction of
the zeolite crystal structure.

Natural and synthetic zeolites, hydrated
microporous crystalline aluminosilicates of the
general formula My[ALSiyOrxiy]mH0 (M™ =
Na“, K, ... %Ca*, %Mg** ..), have a wide
application due to unique set of molecular-sieve,
sorption, ion exchange and catalytic properties
[1]. In general, synthetic zeolites are more
suitable for use as adsorbents (in particular, for
the sequestration of heavy metals in wastewater
treatment) due to the high uniformity of pore size
distribution and the presence of a single
compensation cation, while natural varieties,
although very attractive from an economic and
environmental points of view, demonstrate a
lower sorption capacity (including that with respect
to most heavy metals [2]). The problem is related
to the porous crystalline structure of zeolites, built
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Thus, the advantage of acid treatment is the
removal of cations, which occupy a significant
space in the micropores of zeolites, as well as
other impurities, resulting in the development of
new pores and active sites; the disadvantage of
acid treatment, which occurs at a high
concentration of acid, is dealumination, which
can cause partial or complete destruction of the
zeolite framework. As has been shown [6],
hydrochloric and nitric acids are more efficient
dealuminating agents than sulfuric and
phosphoric acids, not to mention weak organic
acids. The most widely used is hydrochloric acid,
its effect on the structure and properties of
zeolites is well studied for clinoptilolite rich
natural zeolites [7, 8].

On the other hand, heat treatment is also used
to improve the properties of natural zeolites [4].

The crystal structure of zeolites
MJAISixOx(1+x]nH,0) includes three
components: an aluminosilicate framework

[A1SixOx(1+x)], cations M that compensate for its
negative charge, and water molecules. When the
zeolite is heated, water molecules gradually leave
the crystal lattice, cations change their positions,
which can lead to changes in the structure of the
aluminosilicate framework. The stability of the
zeolite framework plays an important role, and it
can be assumed that preliminary heat treatment
can affect the acid resistance of the sample.

The purpose of this paper is to consider
changes in the structure and properties of
heulandite-containing tuff from the Tedzami-
Dzegvi deposit (Eastern Georgia) under influence
of acid and thermal treatment based on new and
previously published data on characterization [9],
dehydration and structural transformations [10],
acid [11, 12] and thermal [13] treatment, as well
as on acid resistance and ion-exchange capacity
[14] of this natural zeolite selected as a raw
material to create new bactericidal zeolite filter
materials for purification and desinfection of water
from various sources.

EXPERIMENTAL

Materials. Samples of heulandite-containing
tuff were collected in the southern section of the
Tedzami-Dzegvi deposit, FEastern Georgia.
According to the results of recent study [9], the
sample contains up to = 90 % of zeolite phase
consisting of high-silica heulandite mixed with
chabazite in a ratio of 8:1. Zeolitic tuff was
crushed on a standard crusher, fractionated to a
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particle size of 1-1.4 mm (14—16 mesh), washed
with distilled water to remove clay impurities, and
dried at a temperature of 95-100 °C.

Treatment. Acid treatment of samples was
carried out by mixing 10 g of sieved, washed and
dried original zeolitic tuff with 100 ml of 0.5, 1.0,
and 2.0 mol/L HCI solutions in a shaking water
bath (OLS26 Aqua Pro, Grant Instruments, US)
operating in linear mode at 75 °C. To achieve
maximum effect, acid treatment was carried out
in three steps: the first lasted 1 hour, the second —
2 hours, and the third — 3 hours, each step was
followed by washing with distilled water until no
CI" ions were detected in the washing water by
using AgNOs solution. The washed and dried
samples were weighed to determine the weight
loss (see Table 1).

Table 1. Weight loss (%) from acid treatment steps

Concentration of HCI solution

Step (mol/L)
0.5 1.0 2.0
I 9.75 12.8 15.4
2nd 7.05 7.8 7.95
3w 4.5 6.1 5.25

Calcination of prepared samples in the
temperature range of 200-1100 °C was carried
out in a muffle furnace B400/410 (Naberthem,
Carl Stuart Group). Zeolite samples were placed
in a muffle furnace in heat-resistant round-bottom
cups, subjected to heat treatment under static
conditions for 1 hour, and then, after a while,
these cups were placed in desiccators with
calcined CaCl, until complete cooling.

Characterization. Chemical composition of
samples was calculated from the X-ray energy
dispersive (XR-ED) spectra obtained from a
scanning electron microscope JSM-6490LV
(Jeol, Japan) equipped with an INCA Energy 350
XRED analyzer (Oxford, UK). Powder X-ray
diffraction (XRD) patterns were obtained from a
D8 Endeavor diffractometer (Bruker, Germany)
and a modernized Dron-4 (USSR) diffractometer
both employing the Cuk, line (4 = 0.154056 nm);
the samples were scanned in the 20 range of 5° to
68° with a 0.02° step at a scanning speed of
1°/min. Thermogravimetric analysis was based on
weight loss (TG), difference thermal analysis
(DTA) and difference thermogravimetric (DTG)
curves recorded on an STA 2500 Regulus thermal
analyzer (NETZSCH group) at the heating rate of
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10°C/min. The adsorption capacity for water and
benzene vapors was measured under static
conditions at room temperature; samples calcined
at 260-280 °C and then weighed on an electronic
analytical balance (FA 2204N, JOAN LAB,
China) were placed in a desiccator and kept for
96 hours at a constant pressure of water vapor
(relative pressure p/p, = 0.4 and saturated vapor
pressure p/p, = 1.0) and benzene (p/p, = 1.0) and
then the samples that absorbed the vapors were
weighed again. Nitrogen adsorption/desorption
isotherms were measured at 77 K using an ASAP
2020 Plus analyzer (Micromeritics, USA) on
samples vacuum degassed at 350 °C, data analysis
was carried out using Brunauer—Emmett—Teller

(BET) and Barrett-Joyner-Halenda (BJH)
models.
RESULTS AND DISCUSSION
Chemical composition. The results for

chemical composition of the acid-treated samples
calculated for 72 oxygen atoms in the unit cell are
given in Table 2 in terms of averaged empirical
formulas of dehydrated zeolites; the Si/Al molar
ratio shows the degree of dealumination.

An increase in the Si/Al molar ratio by more
than two and half times indicates a rather high
degree  of acid-mediated  dealumination.
Dealumination of acid-treated samples limits
their use as ion exchangers due to a significant
reduction in cation-exchange capacity (CEC),
calculated from XR-EDS data as the number of
milliequivalents of ionogenic groups per gram of
the ion exchanger fully converted to the H" form
(see Fig. 1).

The degree of decationization is shown in
Fig. 2 by a decrease in the total charge of the
compensating ions Na’, K+, Ca®" and Mg**, as
well as the share of each of these cations in
compensating the negative charge of the zeolite
framework as they are leached and replaced in the
framework by H'.

The total charge of metal cations per one
aluminum atom monotonically decreases from
~ 1 to = 0.68 with increasing acid concentration.
The contribution of Na" ions to compensate for
the negative charge on aluminum atoms
decreases, so that sodium is leached to the greatest
extent (its content decreased =~ 9 times after
treatment with 2.0 mol/L solution); Mg”" ions are
washed out to a lesser extent, the content of Ca**
ions decreased slightly (-7 %), and K" ions do not
take part in the decationization process. This
conclusion is consistent with the results of the
study of decationization and dealumination of
clinoptilolite tuff [7] where was also found that
natural clinoptilolite samples treated with HCI
solutions exchanged mainly Na® ions, followed
by Mg**and Ca®" ions, whereas K" ions from the
clinoptilolite practically did not participate in an
exchange process. However, our results do not
correspond to the data of work [8] that the
removal of monovalent cations, such as Na" and
K" ions, is insignificant for the temperatures of
25-100 °C and changed little with acid
concentration, but the results are difficult to
compare, since high-silica  clinoptilolite
(Si/Al = 6.22) was used in the study of Turkish
scientists.
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Fig. 1.
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Table 2. Chemical composition of original and acid-treated samples

Concentration of HCI

solution (mol/L) Empirical formula Si/Al
0 (Nay.96Ko.47Ca1 40Mgi 17)[Al7 8Si252072] 3.6
0.5 (Nap.62Ko.67Cao.71Mg0.47)[ Als.50S131 4072] 6.85
1.0 (Nap.47K0.40Ca0.65sMgo.46)[ Al 265131.7072] 7.45
2.0 (Nao.096K0.50Ca0.61Mg0.26)[Al3.43S132.6072] 9.5
1.0 9 A
= OTotal [JNa K HCa [[IMg
£ 0.8+ —
E 1 ] =
=
E 0.6 1
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é 0.2
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Fig. 2. Cationic charge per Al atom of native (0) and acid-treated samples
Table 3. Chemical composition of original and heat-treated samples
Calcination temperature (°C) 100 200 400 500 600 700 800
Si/Al 3.60 3.68 3.72 4.26 3.77 3.67 3.72
Na/Al 0.25 0.26 0.26 0.26 0.27 0.26 0.25
K/Al 0.06 0.07 0.06 0.07 0.07 0.06 0.07
Ca/Al 0.19 0.195 0.19 0.195 0.20 0.19 0.19
Mg/Al 0.15 0.145 0.15 0.155 0.15 0.14 0.15
[Na+K+2(Ca+Mg)]/Al 0.99 1.01 1.00 1.04 1.06 0.98 1.00

According to the XR-ED spectra, chemical
composition of the surface of the calcined
samples undergoes slight changes, which are
most reflected in the Si/Al molar ratio (see
Table 3) — after annealing at the temperature of
500 °C, dealumination is observed; at higher
temperatures, the modulus Si/Al returns to its
previous values.

The data presented in Table 3 indicate that, as
a result of heating, decationization of heulandite
does not occur, the negative charge of the
framework is completely compensated by
sodium, potassium, calcium and magnesium
cations.

Structure. Powder XRD patterns show no
changes after treatment with a dilute HCI solution
(0.5 mol/L), but treatment with concentrated
solutions leads to a change in the intensity of
some peaks (see Fig. 3, left).
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Thus, the intensity of the low angle peak at
20 = 9.85° (Miller indices Akl 020; d-spacing
8.98 A) decreases with increasing acid
concentration, the peak intensities at =~ 22° (hkl
131, 400, 330; ~ 4 A) first increase (at acid
concentration 1.0 mol/L), and then decrease
(2.0 mol/L), while the intensity of the weak peak
at = 28° (hkl —422 and/or —441; = 3.15 A) initially
decreased and then sharply increases with
increasing acid concentration to 2 mol/L. In
addition, some peaks decrease and disappear from
X-ray diffraction patterns with increasing acid
concentration, this applies to peaks at 20 = 13°
(hkl —201; 6.8 A), 15° (hkl 220; = 6 A) and =33°
(hkl -261 and/or 061; = 2.8 A).

No line broadening is observed, so that the
acid treatment does not cause amorphization of
the sample. The overall intensity of the XRD
pattern decreases slightly with increasing acid
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concentration, not correlating with the much
greater weight loss resulting from the treatment
shown in Table 1. Although the chemical
composition of the zeolites does not change in the

third step of the acid treatment, there is still a
slight weight loss, which indicates the gradual
dissolution of the samples by the acid.
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Fig. 3. Powder XRD patterns of dried at 100 °C sample (bottom, H — peaks of main heulandite phase, C — peaks of
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The result obtained does not contradict the
known ones, since in a recent work [6], the
amorphization of clinoptilolite recorded using
XRD patterns was noted only after treatment of
the zeolite with solutions with a high
concentration of hydrochloric acid (5 and
10 mol/L).

XRD patterns do not change in the
temperature range up to 200 °C, at higher
temperatures the peaks begin to broaden, than the
intensity of the heulandite peaks decreases, and at
~ 500 °C a broad band and a sharp peak of quartz
(20 = 26.6°) appear (Fig. 3, right).

Thermogravimetric curves (Fig. 4) show slow
endothermic peaks at relatively low temperatures
(DTA at 101.5 and 198.5 °C, DTG at 92.0 and
163.7 °C), but no sharp endothermic peak at
~ 340 °C, which is associated with the transition
to the structure of “sluggish” [15] heulandite B,
first described by Koizumi [16]. Probably, the
absence of a transition to heulandite B is
explained by the lower aluminum content in
Georgian heulandite (Si/Al = 3.6) than that in the
low-silica samples studied in works [15-17].

It is believed that when heulandite is heated,
the metastable phase of heulandite B exists in the
temperature range of 340-470 °C, and at
temperatures exceeding 500 °C a mixture of
quartz (SiO;) and minerals of the 9.GB.05 group
such as wairakite (Ca(Al>Si4012):2H,0) and/or
anorthite (Ca(Al>Si,Og)) starts to appear. The
XRD patterns cannot unequivocally confirm the
formation of these minerals, since the most
intense peaks for wairakite and anorthite (20 ~ 16
and 28°, respectively) overlap with the peaks of
chabazite (reflection with hkl = 113 giving an
intense peak at 20 = 16° [18]) and heulandite
((hkl = -422 at 20 = 28.1°, and hkl = -441 at
20 = 28.5°). However, the formation of wairakite
containing “zeolite water” is confirmed by
thermal analysis data: the measured total weight
loss (15.09 %) is in good agreement with the
calculated one (15.5 %) for 3 water molecules per
aluminum atom, most of the water (= 6 % of the
total weight loss or = 60 % of the total water
content) is continuously lost at temperatures
below ~ 250 °C, and then part of the remainder
(= 24 % of the total water content) is slowly
dehydrated up to 650 °C, complete dehydration of
the sample is achieved at =~ 800 °C; high-
temperature endothermic peaks are registered on
the DTA curve at 730.5 °C, on the DTG curve at
717.7 and 778.8 °C.
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Apparently, these endothermic effects are
associated with the formation of new crystalline
phases — the silica polymorph cristobalite, which
gives an intense peak at 20 = 26.6° in the XRD
pattern, and sodium feldspar albite (NaAlSizOs),
which gives intense peaks in a range of
20 = 22-32°. In the powder XRD pattern of the
Dzegvi-Tedzami heulandite sample calcined at
800 °C (Fig. 3, right, top), low-angle broadened
peak of chabazite is visible at 20 = 9.4° (Miller
indices hkl 100; d-spacing 9.4 A), but the main
part of the amorphized =zeolite phase is
represented by a wide band at 20 from 12 to 40°
superimposed by narrow lines of silica,
cristobalite and albite peaks. It should be noted
that the XRD pattern of calcium feldspar anorthite
Ca(Al,S1,03) is characterized by an intense peak
at 20 =~ 28° the XRD pattern of potassium
feldspar orthoclase K(AlSi3Os) shows peaks in a
range 20 = 20-35°, and these peaks may be
overlapped by albite peaks, although the
formation of orthoclase is unlikely due to the
relatively low content of potassium in the sample.
In addition, peaks of impurity oxides of iron,
hematite (Fe.Os, peaks in a range of
20 = 33-60°), and magnetite (FeO-Fe,Os, peaks
in a range of 20 = 30-65°) appear in the pattern
after calcination at high temperatures.

Complete amorphization of all zeolite phases
(heulandite, wairakite, and chabazite) is achieved
after calcination at 1000 ©°C; at higher
temperatures, the amorphous aluminosilicate
contains crystalline inclusions of cristobalite, a-
quartz, albite (and possibly also anorthite),
hematite and magnetite (see Fig. 5).

With an increase in the calcination
temperature, the intensity of the quartz peak
decreases, and the intensity of the cristobalite
peak sharply increases, the feldspar (albite and
possibly anorthite) peaks are preserved up to
1100 °C, and the peaks of iron oxides become
more distinct. Hematite melts at 1565 °C,
magnetite begins to decompose at 1950 °C [19],
and in the XRD patterns of sample calcined at
high temperature (1200-1300 °C), the ratio of
the intensity of the peak at 2@ = 35.8°, consisting
of the peaks of magnetite (75 %) and hematite
(x), to the intensity of the magnetite peak at
20 =33.2° (100 %) is approximately 2:1, which
allows us to estimate the relative content of
hematite (x) as 125 % of the content of
magnetite.
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Adsorption of water and benzene. Water
molecules have a small kinetic diameter of
0.266 nm and can freely pass through entrance
windows into heulandite channels, and the
adsorption of water vapor at a relative pressure
plpo = 0.4, corresponding to almost complete
filling of micropores, is a measure of their volume
available for small polar molecules [20], while
adsorption at saturated water vapor pressure
(p/po = 1) is a measure of the total pore volume.

The kinetic diameter of the benzene molecule
(0.585 nm) significantly exceeds the sizes of
micropores and channels, so that this non-polar
molecule can be adsorbed only on the zeolite
surface developed due to the presence of meso-
and macropores; benzene adsorption capacity is a
relative measure of surface area and its
hydrophobicity. Results of measurements are
shown in Fig. 6.
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Fig. 5. Assignment of peaks in powder XRD patterns of the Dzegvi-Tedzami heulandite sample calcined at 1000 and
1100 °C: q — 0-SiOs, ¢ — cristobalite, a — albite and anorthite, h — hematite, m — magnetite
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The volume of micropores accessible for
water molecules in native heulandite is about
60 % of the total pore volume. Adsorption in
micropores practically does not change as a result
of acid treatment and decreases with an increase
in the calcination temperature, reaching very low
values (< 0.3 mmol/g) at temperatures above
500 °C; it is in no way related to the aluminum
content, as was noted in studies of water vapor
adsorption on high-silica synthetic zeolites
reviewed in [20]. The adsorption capacity of all
pores with respect to water vapor in acid treated
samples changes nonmonotonically and decreases
with an increase in the calcination temperature.

The adsorption of benzene vapor after
treatment with a solution of hydrochloric acid
with a concentration of 0.5 mol/L increases,
which clearly indicates an increase in the

hydrophobicity of the surface, but with an
increase in acid concentration, this effect is
leveled; the heat treatment leads to decrease of
hydrophobicity.

Adsorption of nitrogen. In heulandite crystal
structure, a 10-membered ring (0.75%0.31 nm)
and one of the 8-membered rings (0.47x0.28 nm)
cannot accommodate a nitrogen molecule (kinetic
diameter 0.364 nm), which can pass only into one
8-membered ring (0.46x0.36 nm). The low-
temperature adsorption-desorption isotherms of
nitrogen on studied native, acid-treated and
calcined samples correspond to the filling of
micropores (Langmuir plot) at low relative
pressures (p/po < 0.3) and demonstrate a
hysteresis loop with a jump at p/po = 0.4-0.5
indicating the presence of developed system of
mesopores (see Fig. 7).
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Fig. 7. N adsorption-desorption isotherms on native Georgian heulandite («) and its thermal treated (800 °C, b) and

acid-treated (2.0 mol/L, ¢) samples

According to the so-called BDDT
classification of isotherms [21] adopted by
IUPAC, as well as the classification of hysteresis
loops [22], the obtained isotherms belong to type
IV (complete filling of pores) with a combined
hysteresis loop: H; (cylindrical pore channels) in
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the region of high relative pressures and Hj; (slit-
shaped pores) in the region medium pressures
0.4 <plp,<0.9.

The Brunauer-Emmett-Teller (BET [23])
model ideally describes the experimental data in
the range of relative pressures 0.01 < p/p, < 0.25,
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significant discrepancies between the BET
equation ({W[(p/po) — 11} = (WuC)™ + {[(C -
1)/WuC)] (p/po)}, where W is adsorption at
pressure p, Wy, is the monolayer volume on the

adsorbent surface, C is the ratio of the adsorption
equilibrium constant in the first layer and the
condensation constant) occur at relative pressures
P/po> 0.5 (see Fig. 8).

607 i 1 1 ]
0.10
T 0.08
1= s
T A 006
o owl| & A +
= = 0.04
z |2 ™
= J < ] g +
5 0+ 002! =
g 4 ] o +
< &
o 4 k}'”
E’ i 0.00 - e
T 2 0.0 0.05 0.10  0.15 0.20 0.25
= Tl b 5 e
3 1 Relative pressure (p/p,)
o
<+
i // *
] a .—"/ 4'++
] : v+ + 17
- .—-?"-q--r-‘—"
T e B B e e e
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Relative pressure (p/p,)

Fig. 8. BET isotherm plot (a, solid line — calculation according to the BET equation, crosses — measured values of

adsorption) and BET surface area plot (b)

Table 4. Porosity parameters of initial, acid treated and calcined samples

Concentration of HCI

Calcination temperature (°C)

Parameter Initial (mol/L)
0.5 1.0 2.0 400 500 600 700 800
Sger (Mm?%/g) 12.8 127 155 175 11.4 10.5 9.45 9.16 6.52
010 (cm¥/g) 57.89 48.8 55.8 68.1 57.64 60.0 53.14 50.40 54.16
Qo4 (cm¥/g) 4.184 35.0 423 48.2 3.879 3.668 3.286 3.207 2.258
V, (mm?/g) 89.5 109 113 126 89.2 92.8 82.2 78.0 83.8
Vin (mm?/g) 6.47 78.2 85.6 88.9 6.0 5.7 5.1 5.0 35
Dgjn (nm) 17.2 13.1 11.6 11.1 17.6 17.6 17.2 16.1 20.1
The constant C for a native sample is 369 + 64, [RTIn(po/p)/ET"}, where W, is total weight
for calcined samples C decreases to 170 + 10, for adsorbed, E is the characteristic energy, R — gas
acid-treated samples it varies within (1200-1400) constant, 7' — temperature) and obtained fractal
+ 350, so that in any case C >> 1 and the BET values of the heterogeneity parameter n for acid-
equation can be simplified to {W[(p/po) — 1]} ' = treated samples. In our case, there is no need to
[(p/po)/ Wr]. In this case, the constant C is no longer use the Dubinin-Astakhov or simplified
a parameter of the BET equation, the calculation of Dubinin-Radushkevich (n = 2) equations, since
C from the slope s and the intercept i of the BET the monolayer volume Wy, can be determined with
surface area plot (Fig. 6 b, C = s/i) is purely formal high accuracy (= 0.3-0.4 %) from the slope of the
(i—0) and has no physical meaning. BET surface area plot, from which the surface
Turkish researchers [6] processed data in the area Sper can be calculated using the formula
region of low relative pressures (p/po < 0.1) using Sger = WaNadx/M, where Na is Avogadro
the Dubinin-Astakhov equation (W = Woexp{— constant (6.023:10% mol ™), 4, — effective cross-
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V.G. Tsitsishvili, N.M. Dolaberidze, M.O. Nijaradze et al.

sectional area of N, molecule (0.162 nm?), M —
adsorptive  (nitrogen gas) molar volume
(22.414 mL/mol). The Sper values and other
porosity parameters calculated on the basis of
experimental adsorption-desorption isotherms on
initial, acid-treated and calcined samples are
given in Table 4.

The total volume of pores V, is calculated
from the maximum quantity adsorbed Qio,
measured at saturated pressure of nitrogen gas;
micropore volume Vi, is calculated from Qoa,
quantity adsorbed at relative pressure p/p, = 0.4.
Estimation of the mesopore size and calculation
of the pore size distribution was carried out by the
Barrett-Joyner-Halenda (BJH) method [24]
using the Kelvin equation, which provides a
correlation between the pore diameter and
condensation pressure, so that the BJH desorption
average pore diameter Dgjy is calculated as
Dpm = 2(rx + t), where the critical radius
r(A) = 4.15/[log(p./p)] for nitrogen desorption at
77 K, and the statistical thickness
t(A) = 3.54[5/log(p./p)]***, according to the
Halsey equation [25] and Faass correction [26].

The initial sample has a low surface area
(12.8 m?g), and the fraction of micropores
accessible to nitrogen molecules is only 7 % of
the total porosity. Under the influence of acid, the
surface area and the volume of micropores
accessible to nitrogen molecules increase sharply
and continue to increase with increasing acid
concentration in the treatment solution. A similar
effect was noted in [6] for acid-treated
clinoptilolite: (i) the volume of micropores
accessible to nitrogen in the studied original
clinoptilolite was only 0.005 cm®/g, which the
authors attributed to the blocking of most of the
pores by cations considered as impurities;
(i1) with an increase in the concentration of HCI
in the solution, the volume of micropores
increased by more than 12 times, up to
0.064 cm’/g for 3 mol/L HCI solution but with
further increase in the concentration, it decreased;
(iii) the outer surface area of the HCI treated
samples gradually increased with increasing the
Si/Al ratio from 3 m?/g and reached a maximum
of 33 m?/g after soaking in a 10 mol/L solution.
Akimkhan [27] observed no increase in the total
pore volume when clinoptilolite was treated at
room temperature with 3 mol/L HCI solution for
24 hours, the increase was about 2 times when the
concentration of acid was 12 mol/L, and over

528

3 times when the acid treatment was carried out at
96-98 °C.

According to the results obtained, the total
pore volume V, increases monotonically with
increasing acid concentration, while the diameter
of nanosized pores Dgjn sharply decreases. Silva
and coworkers [28] found that HCI treatment
decreased the zeolite pore diameter about

2.5 times and increased the surface area
approximately 16 times.
Wide hysteresis loop of adsorption-

desorption isotherms indicates broad pore size
distribution, and the curve V(D) (pore volume V
vs. pore diameter D, see Fig. 9, left) calculated
using BJH model from desorption isotherm
measured on original heulandite sample shows
the presence of mesopores up to 100 nm in
diameter.

As the pore size distribution curves V(D) of
acid-treated samples show, the shape of the curve
changes and the volume of mesopores decreases
as a result of acid treatment. Thus, the observed
slight increase in the total pore volume is mainly
due to the “opening” of micropores for nitrogen
molecules. According to the parameters given in
Table 4, after processing the sample in solutions
with a concentration of 0.5, 1.0 and 2.0 mol/L, the
specific volume of micropores increases to 72,
716 and 71 % of the total pore volume,
respectively.

Pore size distribution differential dV/dD vs.
pore diameter curves (Fig. 9, right) show that the
original heulandite is characterized by a wide size
distribution of mesopores from 2 to 50 nm in
diameter with a maximum at = 12 nm; as a result
of acid treatment, this maximum disappears, but a
sharp maximum at = 4 nm, which increases with
increasing acid concentration, appears. Taking
into account, albeit small, but still an increase in
the total pore volume with increasing acid
concentration, it can be concluded that after acid
treatment, small in size, up to 4 nm, pores become
predominant in the mesopore system of the acid-
treated heulandite. These effects of acid treatment
are most pronounced when using dilute solutions
of hydrochloric acid (with a concentration of less
than 0.5 mol/L), the pore size distribution curves
for samples treated with 1 and 2 normal solutions
practically do not differ.

Apparently, the described changed in the
distribution of mesopore sizes also lead to the fact
that the hysteresis loop for acid-treated samples
does not “close” (see Fig. 7) at a relative pressure
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p/po = 0.4, which is considered as a conditional
boundary between adsorption in micropores and
mesopores.

With regard to heat treatment, surface area
Sger decreases monotonically from 12.8 to
6.5 m?/g (see Table 4) with an increase in the
calcination temperature, the total volume of pores
varies insignificantly, reaching a maximum value
after calcination at 500 °C and a minimum after
annealing at 700 °C, while the volume of
micropores accessible to nitrogen molecules
decreases insignificantly up to 700 °C (from 6 to
5 mm?/g), and after annealing at 700 °C it drops
sharply to 3.5 mm?/g. Probably, the retention of
such a low adsorption capacity up to high

0.08- "

" 0
RENEE
’ e \

0.04 ] \'\

| RN
0.02 1.0 mol/LL “s

0.00

1 T T 50 10
Pore diameter (nm)

Pore volume (cm3/g)

et

=

temperatures is due to the existence of a heat-
resistant impurity phase of chabazite and the
formation of microporous wairakite.

The average mesopore diameter Dgju slightly
changes as a result of calcination, and as the pore
size distribution curves V(D) (see Fig. 10) show,
the volume of mesopores decreases, although the
difference between the distribution of mesopores
in samples calcined at 400 and 800 °C is
insignificant. The nature of the pore size
distribution (maximum at = 12 nm) remains the
same, and this is clearly seen in Fig. 11, which
shows the differential pore size distribution
curves dV/dD for heulandite calcined at different
temperatures.
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Thus, heat treatment does not lead to
significant changes in systems of micropores and
mesopores, but causes significant structural
changes in heulandite. According to measured
changes in the Si/Al molar ratio in samples
subjected to calcination and then treated with
hydrochloric acid solutions (see Fig. 12), such
pre-heat treatment significantly reduces the
degree of dealumination, especially for samples
amorphized by high-temperature calcination.

Perhaps these results are not of practical
importance, since at an annealing temperature of
600 °C and above, the corresponding samples lose
their adsorption properties, but the structure and
properties of the calcined and acid-treated
samples require further study and consideration.

CONCLUSIONS

Acid treatment leads to significant
dealumination and decationization of heulandite-
containing tuff from the Tedzami-Dzegvi deposit,
Eastern Georgia, without amorphization, sharply
increases the surface area and volume of

micropores available for large molecules, and
causes changes in the mesoporous system,
leading to the prevalence of pores with a diameter
up to 4 nm. Heat treatment causes dehydration
continuing up to 800 °C, amorphization starting
at 200 °C, formation of wairakite at 500 °C, and
does not lead to significant changes in pore
systems. Heat treatment increases the acid
resistance of heulandite by reducing the degree of
dealumination after the sample is treated with
hydrochloric acid solution. The results obtained
show the possibilities of obtaining effective
molecular sieves, adsorbents and ion exchangers
by modifying natural heulandite.
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Kucaorna Ta TepmiuHa 06podka NpUpPOAHOro redyIanIuTy
B.I'. Hinimsixi, H.M. Tona6epinze, M.O. Hixapanze, H.A. Mipa3sedi, 3.C. Amipinze, b.T. Xynumsixi

Hayionanvna axkademis nayk I'pysii
np. Pyemaseni, 52, Toéinici, 0108, Ipysis, v.tsitsishvili@gmail.com
Tuemumym ¢hizuunoi ma opeaniunoi ximii im. I1. Menikiweini Toinicokoeo depacasrHoco yHieepcumemy
syn. I'. Ilonimxoscwvkoi, 31, Toinici, 0186, I pysia

Kucnomna 06podxa npupooHux yeonimis 86axcacmscs eqpekmueHum memooom «ROTINUEHHY IXHbOI CmMpPYKmMypu
ma enacmugocmell, ceped SAKUX 0COOIUBe Micye NpuUnaoac mepmMoCmiuKicms, 0CoOAUBO O KAMATTMUUHO2O
sacmocysannsi yeonimis. J{oCHiONCEHO GNAUG PO3UUMIE CONSIHOI Kuciomu Konyenmpayielo 0o 2 mol/L ma
npooicaprosannst npu memnepamypax 0o 1100 °C na cmpyxmypy ma 61acmueocmi 2etaHOumeMiCHo20 myqy
2py3uncokoeo pooosuwja Jzeesi-Tedzami, 6i0ibpanoeo 0L CMBOPEHHsT HOBUX OAKMEPUYUOHUX YEOLTMOBUX
Ginompysanvnux mamepianie Ons OYUWEHHS MA 3HE3APAdCEHHsT 600U 3 DIZHUX Odicepell, O0CIOAHCYBaANU
PEHMEEHIBCOKUMU eHePeMUYHUMU OUCHEPCIIHUMU CReKMPamu, OUDPAKmospamam ma mepmivHumM auatizom, a
MAKoC A0COPOYIUHUMU MemOodamu 600U, OeH301y ma azomy. Bemarnoesneno, wo xucne cepedosuuye npuzeoouns 00
3HAUHO20 0edNtoMiHy8anHs (MonapHe ioHouenHs Si/Al spocmae 3 3.6 0o 9.5) ma dexamionizayii (cymapHuii 3aps0
ionie memany Ha amom Al 3menuryemovca 3 1 0o 0.68) 3paska; po3uuHu coOAAHOI KUCIOMU He NPU3B00AMb 00
amopghizayii MiKponopucmoi Kpucmaniunoi cmpykmypu yeonimy, a ROCMYNO80 posuuusAroms ii. B pezyrbmami
KUCTIOMHOT 06pOOKU MAKON#C PI3KO 30i16UlyEMbCA 00 €M MIKPONOp, OOCMYNHUX OJi 8eIUKUX MONEKYN (8i0 = 7 00
80-90 mm’/2) i nnowa nosepxnui (6i0 = 13 0o 120—175 M/2), a maxoxic 3miny Me30nopucmoi cucmemi, ujo npuszeo0sms
0o nepesadcants nop diamempom 0o 4 um. Hazpisanns setinanoumy npu3eo0ums 0o cmyninuacmoi oeziopamayii, ujo
mpusae 00 = 800 °C, amopgpizayii, nouunaiouu 3 = 250 °C, i cmpykmyphux 3min: nepexio y ¢azy memacmabiibho2o
eeunanoumy B npu = 340 °C ne ¢hikcyemocs, ane npu = 500 °C ymeopioemwvcs eaupaxim (Ca(ALSi,O1,)-2H,0), npu
memnepamypax suuje =~ 1000 °C amoppnuil anromocunikam micmume KpUCMAIiuHi GKIIOUEHHsT KPUCMOOANimy
(nonimopg Si0;), o-xeapyy, anwbimy (Na(AlSi;Os), cemamumy (Fe;O3) ma macnemumy (FeO-Fe;O3); suxiuxani
HA2PIBAHHAM 3MIHU MIKPO- Ma Me30n0posux cucmem nesunauni. Ilokasano makodic, wo mepmooopodka niosuuye
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KUCTIOMOCMIUKICIb 2eIAHOUMY, WO BUPANCAEMbCS 8 3HUNCEHHI CIYNeHs 0edIIOMIHY8AHHSA NIC/IA KUCIOMHOL 00poOKU
npodicapenux 3paskie. Takum yuHom, KUCIOMHA [ mepmiuna 006pobKa 2etnanoumy O0aioms 3Mo2y Ompumamu
Mamepianu 3 Pi3HUMU COPOYIUHUMU MA TOHOOOMIHHUMU 81ACTMIUBOCTNAMU.
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