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Abstract: The acidity characteristics of zeolite are highly significant, and understanding the acidic
properties is essential for developing new types of zeolite catalysts. Zeolite membranes were synthesized
using metakaolin, sodium hydroxide, and alumina with a molar ratio of 6Al;SiyO7:12NaOH:2Al,03 as
the starting ingredients. X-ray diffraction, scanning electron microscopy, and infrared spectroscopy
were used for this study. N, adsorption measurements determined the surface areas of the SOD
zeolite membrane (115 m?/ g) and the LTA membrane (150 m2/ g). The units of absorbed water vapor
were 40 and 60 wt% for the SOD membrane and the LTA membrane, respectively. The strength
and number of acid sites of the synthesized LTA and SOD zeolite membranes were determined by
temperature-programmed desorption of ammonia. As a result, the value of the total acidity of the

0'° units/m? while that of the sodalite membrane is

LTA zeolite membrane is in the range of 0.08 x 1
an order of magnitude lower and is 0.006 x 10'” units/m?. The apparent activation energy values for
desorption of ammonia from LTA and SOD zeolite membranes were calculated using data on the
kinetics of desorption of ammonia at different heating rates. It was found that at temperatures below
250 °C, the degree of conversion of the activation energy values is no more than 35 kJ /mol, which
corresponds to the desorption of physically bound ammonia. An increase in the activation values up
to 70 kJ/mol (for SOD) and up to 80 k] /mol (for LTA) is associated with the desorption of chemically

bound ammonia from the samples.

Keywords: zeolite membrane; temperature-programmed desorption; acid-base properties; selectivity;
activation energy

1. Introduction

Zeolites and membranes based on them are widely used in various separation pro-
cesses of mixtures and gases in pressure swing adsorption (PSA) processes [1,2]. The
use of zeolite membranes in PSA processes is determined by their capacity to separate
at the molecular level [3]. The study of the economic feasibility of PSA on zeolites when
obtaining oxygen in air separation units showed that the energy intensity of this process is
significantly lower than in liquid air rectification units of the same efficiency [4,5]. However,
under the conditions of PSA processes, zeolites tend to exhibit variability in capacitance
characteristics and a strong dependence of the adsorbent properties on the preparation,
storage, and use [6-9]. Therefore, one of the main indicators is the properties of the surface
of the adsorbent, which play an essential role in predicting their use in PSA processes.

The developed acidic properties of zeolites arise due to the inclusion of an aluminum
atom in the tetrahedral region of the framework; the acidity depends on the zeolite frame-
work microstructure, including the presence, number, and size of cavities. Zeolite mem-
branes are among the most promising materials used on an industrial scale due to their
unique properties, such as a high uniformity and pore size and high thermal and chemical
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stability. Zeolite membranes are the only membranes capable of performing separation at
the molecular level [10,11]. In this case, the study of zeolite membranes is carried out for
further prediction and use in low-cycle adsorption processes, and for gas separation and
pervaporation. The factors determining the use of zeolite membranes in these processes
include the acid-base properties of the surface and the structural features of the assembly
of the zeolite framework.

Among the variety of methods used for measuring surface acidity, due to the avail-
ability, speed, and good visualization of results, the most popular method is temperature-
programmed desorption (TPD) [11-13]. The use of TPD makes it possible to record the
energy spectrum of samples by desorption of probe substances, and to quantify the concen-
trations of active centers and the activation energies of desorption of probe substances in
various forms of desorption [11-13].

Thus, the purpose of this study was to investigate the surface properties of materials
based on zeolites and their further use in pressure swing adsorption processes.

2. Materials and Methods

Powder X-ray diffraction (XRD) patterns were recorded on a Bruker D8 X-ray diffrac-
tometer (Bruker, Billerica, MA, USA). Copper Ka radiation (A = 0.15406 nm, Ni-filter) was
used with a 40 kV and 20 mA power supply. The scan rate was 1 min~—!, and the scanning
step was 0.01. The crystalline phases in the XRD patterns were identified by comparison of
the calculated interplanar spacings (4 = A/2 sin ®, where A is the wavelength and © is the
diffraction angle) with those taken from the ASTM database.

Since the LTA and SOD zeolites used in this study have a cubic structure, the zeolite
lattice parameters were calculated as:

1 K+ +1?
i M
where 1, k, and [ are Miller indexes.

Broadening of the X-ray diffraction profile allows one to determine both the dimension
of the coherent scattering region (CSR) and the value of mean-square micro deformations
(MDs). For this purpose, we used the modified Scherrer’s equation [14,15]. The modified
Scherrer’s equation (so-called Scherrer-Selyakov equation) can be written as:

A

= _— " 1+ 4¢tan® 2
Py DCSRCOS@+ etan @
or in a linear form: A
Bpncos© = + 4etan @ 3)
Dcsr

where B, is the physical component of the broadening, DCSR is the CSR dimension, ¢
is the mean-square MD value, and © is the position of the profile centroid of the sample.
The value of By, can be extracted from the total broadening profile using a Gaussian
distribution as:

Bs = Bpi” + Bst? @)

where B is the integral half-width of the sample profile and S is the integrated half-width
of the standard sample. It was assumed that for the standard sample (Ecolab, Moscow,
Russia), the measured broadening is equal to the instrumental broadening only and is
associated with both the device characteristics and exposure conditions.

The Fourier transformed infrared (IR) spectra were measured using an Avatar 360
FT-IR ESP spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) in the range of
4000-400 cm~!. The samples were prepared using the KBr method with a sample-to-KBr
ratio of 1:100.

In this study, ammonia was used as a probe to investigate the acid-base properties of
zeolite structures. The choice of ammonia is due to its high degree of basicity, which makes
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it possible to determine strongly acidic centers and weak centers by the small size of the
given molecule [11,13].

The concentration of acid sites in the investigated samples was identified by the units
of ammonia desorbed at the moment of fixation of the desorption peaks. The accuracy of
determining the units of desorbed ammonia by gas chromatography was £5%.

Temperature-programmed desorption of NH; was performed using a Setaram DSC
111 differential scanning calorimeter (Caluire, France) consisting of a flow measurement and
switching system and a cylindrical oven controlled by a linear temperature programmer
(Omega CN 2010). A mass spectrometer (MS, Thermostar from Pfeiffer, Afilar, Germany)
was used as a detector.

The adsorption of NHj estimated the total surface acidity of the samples by the
number of chemisorbed molecules. The heating rate was 10, 15, 20, 25, and 30 °C/min. The
following formula determined the number of active centers:

6-10% - S(Tmaxi) vV

= 5
' 22,400 Sp - ¥ S(Tnaxj) - m ©)

where 6.022 x 103 is Avogadro’s number; S(T,,) is the area under the corresponding
maximum on the thermal desorption curve, mm?; Sy, is the specific surface of the support
samples, m?/g; G is the weight, g; and S (T,,,y;) is the total area of peaks on the thermal
desorption curve, mm?; mL. The number of moles of desorbed ammonia was calculated by
V' /22,400, where V is the desorbed volume of ammonia (mL, NTD).

Samples for TPD were loaded into a quartz glass tubular reactor, and the resulting
layer was fixed with quartz wool. Before taking the TPD values of ammonia or carbon
dioxide, the sample was heated to 650 °C for 60 min in a He flow (30 mL/min) to remove
adsorbed components, such as H,O. The adjusted pretreatment temperature provided
reproducible TPD conditions and avoided sintering effects. Then, the sample was cooled to
50 °C. The adsorption of ammonia was carried out from an ammonia-gel mixture with a
concentration of 10 vol.% NHj. After saturation, it was washed with He.

N, adsorption-desorption isotherms were measured at 77 K on a Sorbi-MS analyzer
(Novosibirsk, Russia). Samples were outgassed at 573 K before the adsorption measure-
ments. The specific surface area was calculated from nitrogen adsorption data in the relative
pressure range from 0.05 to 0.2 using the BET (Brunauer-Emmett-Teller) equation. The total
pore volume was estimated from nitrogen adsorbed at a relative pressure of about 0.99.

The scanning electron microscopy (SEM) measurements were taken with a JSM—6460
LV microscope (JEOL, Ltd., Tokyo, Japan).

To synthesize the zeolite membrane, we used kaolin for the perfume industry (Prosko
Resursy, Dnipro, Ukraine). The content of the kaolinite phase was 97.7 wt%. Metakaolin, in
the form of an amorphous fine-dispersed white powder, was prepared by the calcination
of kaolin at 700 °C for 4 h. Moreover, commercial sodium hydroxide (Kaustik, Volgograd,
Russia) in the form of flakes was used. The NaOH content was 99.5 wt%. Commercial
aluminum hydroxide (SUAI, Shelekhov, Russia) was used. The aluminum hydroxide
contained 98.8 wt% gibbsite. Aluminum hydroxide was converted to y-Al,O3 as an
amorphous fluffy white powder during the calcination process at 550 °C for 4 h.

To synthesize membranes, amorphous matrices based on porous anodic alumina
separated from an aluminum support (10 X 10 nm matrix, 20 nm diameter, 20 um thickness;
manufactured by Nelan-Oxide Plus, Petrozavodsk, Russia) were used as a support.

In the first step, to fix the components on the support surface, the support was
immersed in the initial suspension and subjected to USP (ultrasonic-assisted processing)
for 10 min. The molar ratio of the mixture ingredients was Al,Si;O7/NaOH/y-Al,O3 = 6:
12: 2. This ratio was selected to ensure sodium aluminate formation in the first step of LTA
and SOD zeolite membrane synthesis. For this purpose, excess y-Al,O3 was additionally
introduced into the initial reagent mixture. The optimal y-Al,O3 excess is 2 mol alumina
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per 6 mol metakaolin (33.3 mol%). Suspensions with a mass weight ratio of solid to liquid
(S/L) of 5: 1 (with distilled water as a solvent) were prepared from the initial mixture.

Zeolite membranes were synthesized by solution crystallization without seed crystals.
The crystallization step utilized a 2 mol/L and 8 mol /L NaOH solution in appropriate units
to ensure S/L = 10: 1 (volume ratio). Al,O3 supports with a pre-applied layer of sodium
aluminate/aluminosilicate precursors prepared in the previous USP step were dried at
60-80 °C and calcined at 650 °C before they were immersed in the solution. Crystallization
was carried out with two solutions by conventional heating in a 2 and 8 mol/L NaOH
solution (pH 14) at 80-90 °C for 2 h, for the synthesis of the LTA and SOD zeolite membrane,
respectively.

3. Results and Discussion

The main factor determining the selectivity of zeolites and the main distinguishing
feature from other materials is the shape and size of the pores and cavities in their structure.
Considering membranes based on LTA and SOD zeolites, the optimal parameters for their
production were defined in [8,9].

The main characteristics of the obtained membranes are shown in Figures 1 and 2.
We can see that the pore size of the crystal lattice a of the obtained samples is close to
theoretical values and corresponds to SOD = 8.88 A, LTA = 24.76 A. The crystal lattice
deformation level is insignificant and does not exceed 0.15%. The calculated values of
the coherent scattering region (Dcsr) are 462 nm for SOD (Table in Figure 1) and 780 nm
for LTA (Table in Figure 2), which is natural and takes into account the differences in the
arrangement of the sodalite structures of these samples. In the case of sodalite, cuboctahedra
are linked through simple four-membered rings (Figure 1e), whereas with LTA zeolite, they
are linked through double four-membered rings (Figure 2e). The cuboctahedra link forms a
system of regular large x-cavities with a diameter of 1.1 nm (LTA zeolites), connected by
rings 0.4-0.5 nm in diameter. Such rings are spaces that open access to the volume in which
molecules are adsorbed. Similar to amorphous adsorbents, rings are identified with pores.
LTA zeolite is characterized by small micropores 0.3-0.45 nm in size [14].

The total surface acidity of the samples was estimated from the adsorption of NHz and
the number of chemisorbed molecules, based on the assumption that each probe molecule
occupies one acid-base center on the surface [13,15-19]. At the same time, regardless of
the type of membranes, gas desorption was fully completed with the temperature increase
in the reactor to 600 °C. In general, if the desorption of physically adsorbed molecules
does not require thermal activation, it is heating that contributes to the beginning of the
desorption of chemisorbed probe molecules. Desorption takes place from the same centers
in a specific temperature range, and, consequently, the typical maximum temperature
characterizes the bond strength (acid-base strength of the surface center).

When identifying acid sites on the surface of metal-containing samples by the TPD
of ammonia, the choice of a temperature of 200 &= 50 °C was proposed as a conventional
boundary [13]. Thus, below this value, desorption of ammonia is associated with weak
Bronsted centers in the form of OH-NHj3 adducts (surf). At a higher temperature, molecules
held on the surface by stronger (Lewis) acid centers are desorbed. Lewis acid and basic
centers are coordinatively unsaturated surface cations and anions, respectively. This
phenomenon is characterized by vacancies in the coordination sphere and a strong covalent
bond with an NHj3 molecule [17-19]. At the same time, the acid sites in zeolites cannot be
explained only by the presence of hydroxyl groups. An investigation into the adsorption of
pyridine on zeolite, shown in [20], revealed that after heating the sample with adsorbed
pyridine at 200 °C, the formation of pyridinium ions was observed in the spectra, which
indicates the presence of Bronsted centers in the zeolite. It is not clear whether these
centers are formed during the rearrangement of the zeolite framework and the migration
of traces of water in the zeolite under calcination or whether they are formed as a result
of decomposition of the adsorbed pyridine. A schematic representation of the process of
desorption of ammonia is shown in Figure 3.
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Figure 1. X-ray diffraction pattern (CuKo radiation) (a), IR spectrum (b), SEM image (c) cross-section,
(d) top view), and (e) SOD zeolite membranes structure.
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Figure 2. X-ray diffraction pattern (CuKo radiation) (a) IR spectrum; (b) SEM image; (c) cross-section;
(d) top view; (e) LTA zeolite membranes structure.
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Figure 3. Schematic illustration of desorption of weakly bound ammonia molecules from acid sites
upon heating.

It was found that the TPD spectra of ammonia desorbed from the surface of the
sodalite membrane (Figure 4) exhibit four desorption temperature maxima (T1-T4). They
can be conventionally ranked as weakly acidic (T, Tp) and moderately acidic (T3), and
strong (T4). In this case, the desorption of ammonia was completely accomplished when
the temperature in the reactor increased to 500 °C. From the data of the TPD spectra
recorded at different heating rates, it can be clearly seen that the heating rate does not
significantly affect the position of the peaks. The low-temperature region up to ~200 °C is
characteristic of the desorption of physically adsorbed ammonia molecules adsorbed on
unsubstituted cationic sites (100-120 °C), and the desorption of ammonia from weak acid
sites (150-170 °C) [18,19,21]. The high-temperature region at 250-500 °C corresponds to
the desorption of ammonia adsorbed on medium and strong acid sites.

T,=275

NHj;, detector signal, conv. units

50 100 150 200 250 300 350 400 450 500
Temprature, °C
10 deg/min —15 deg/min 20 deg/min —25 deg/min —30 deg/min

Figure 4. Thermal desorption spectra of NH; on SOD membranes: (a) 10 °C/min; (b) 15 °C/min;
(c) 20 °C/min; (d) 25 °C/min; (e) 30 °C/min.

The TPD spectra of ammonia desorbed from the surface of an LTA zeolite membrane
(Figure 5) differ from the TPD spectra on a sodalite membrane and have five temperature
maxima. Tq, T, and T3 also belong to the low-temperature region, which is characteristic
of the desorption of physically adsorbed NHj3 molecules [22]. Ammonia is adsorbed on
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acid sites, which most likely have electron-withdrawing properties, based on the structural
features of LTA zeolite (NajpAlySi12O4g), which are tetrahedral compounds. Thus, desorp-
tion on the LTA membrane in the region of weak acid sites is more complex (multistage).
The intensity of the high-temperature peak during desorption on the LTA membrane is
higher than that of sodalite, but the peak in the region of medium acidity is, on the con-
trary, less intense. In addition, with an increase in the crystal size, the maximum of the
high-temperature peak shifts from 360 to 400—430 °C. This is explained by the fact that,
under the condition of possible desorption of ammonia after removal from the acid site,
the position of the peak maximum is influenced by both the structural features of the pores
and the total number of acid sites [18,19,21,22]. Therefore, with a more significant number
of acid sites of the same type, the maximum of the corresponding peak shifts towards
higher temperatures.

T,=263

NHj, detector signal, conv. units

0 100 200 300 400 500 600
Temprature,°C
~—10 deg/min ——15 deg/min 20 deg/min =25 deg/min =30 deg/min

Figure 5. Thermal desorption spectra of NHz on LTA membranes: (a) 10 °C/min; (b) 15 °C/min;
(c) 20 °C/min; (d) 25 °C/min; (e) 30 °C/min.

From the obtained TPD spectra recorded on both types of membranes, it is possible to
draw some conclusions about the effect of the heating rate; namely, at a higher heating rate,
30 °C/min, the units of desorbed NHj increases compared to 10 °C/min, since the system
receives more energy, which allows for more efficient desorption. These results agree
with the available literature data [23]. Moreover, at higher heating rates, the desorption
maximum shifts towards a higher temperature, especially for an LTA membrane. This
behavior is often associated with restrictions on mass transfer within particles [23].

Investigation of the IR spectra of ammonia (Figure 6) adsorbed on the surface of the
LTA and SOD zeolite membranes showed the presence of absorption bands in the range
3302-3307 and 3329-3331 cm™!, which were assigned to asymmetric valence and deforma-
tion vibrations of the adsorbed ammonia, respectively, which forms a coordination bond
with the proton centers of the surface [24]. Weaker absorption bands were attributed to the
ammonium ion remaining on the surface of the zeolites. Molecular adsorption of ammonia
occurs during the specific interaction of ammonia molecules with the surface of the zeolite
with the formation of a bond. The absorption bands of molecular adsorbed ammonia
were observed at about 3401-3423 cm™! on both types of membranes. The absorption
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band of ammonia molecules with a frequency of 3336 and 3342 cm™! is characterized by
a coordination bond with a Lewis center. These bands were interpreted as asymmetric
valence deformation vibrations of an ammonium ion [25-31]. The absence of absorption
bands at 3650 and 3680 cm™ indicates that the corresponding hydroxyl groups are acid
sites. Moreover, they confirm the presence of Lewis acid centers in the samples along with
the Bronsted centers.

S4R

IR adsorption

D4R

TO,

o~
o
@
™

T T T T T i T T T T
3434 3400 3366 3332 3298 1550 1240 930 620 310 0

Wavenumber, v, cm™'

Figure 6. IR spectra of adsorbed ammonia on LTA (a) SOD; (b) zeolite membranes.

In this study, the acidity of each center was calculated, and the total acidity for both
membranes was determined (Tables 1 and 2). For the LTA zeolite membrane, its values
are in the range of 0.08 x 10! units/m? while for the sodalite membrane, its value is
substantially lower at 0.006 x 10 units/m?. At the same time, the reliability of the results
obtained is indicated by the fact that the total acidity does not depend on the heating rate
of the samples; all the results are within the experimental error.

Table 1. The content of the acid sites on the surface of the SOD zeolite membrane, determined by the
method of temperature-programmed desorption of NHj.

Heating R Acidity C di N % 10-19 Total Acidity,
eaglgﬁniite B Temperature Maximum, T; cidity orresgr(:?ts;:g to Ny x 1075, Corresponding to
ZN(F") x 10~19, Units/m?

T 106 Ny 0.00012 - 0.000012
T, 161 NA 0.00029 + 0.000029

10 T, 270 N3 0.0033 + 0.00033 0.006 + 0.0006
T, 366 N, 0.00229 + 0.000229
T 108 Ny 0.0001 + 0.00001
T, 163 N, 0.0003 + 0.00003

15 T 265 N 0.0036 + 0.00036 0.0065 =+ 0.00065
T, 362 N, 0.0024 + 0.00024
T, 107 N, 0.0001 + 0.00001
T, 162 N, 0.0003 + 0.00003

20 T 261 N; 0.0035 + 0.00035 0.0063 = 0.00063
T, 360 Ny 0.0023 + 0.00023
T, 105 N, 0.0001 + 0.00001
T, 161 N, 0.0003 + 0.00003

25 T, 266 N3 0.0033 + 0.00033 0.0059 = 0.00059
T, 365 N, 0.0022 + 0.00022
T 108 Ny 0.0001 + 0.00001
T, 162 N, 0.0003 + 0.00003

30 T, 275 NA 0.0035 + 0.00035 0.0062 + 0.00062

Ty 368 Ny 0.0023 + 0.00023
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Table 2. The content of acid sites on the surface of the LTA zeolite membrane, determined by the
method of temperature-programmed desorption of NHj.

Total Acidity,
Heating Rate S, . ' Acidity Corresponding to N; x 10~19, Corresponding to
°C/min Temperature Maximum, T; Units/m? P N(ifj) % 1019,
Units/m?
Tq 82 N; 0.0120 £ 0.00120
T; 130 N, 0.0210 £ 0.00210
10 T3 160 N3 0.0185 £ 0.00185 0.08 £ 0.008
Ty 251 Ny 0.0155 £ 0.00155
Ts 395 Ns 0.013 £+ 0.0013
T, 85 N, 0.0121 + 0.00121
Ty 135 Np 0.0394 £ 0.00394
15 T3 170 N3 0.0118 £ 0.00118 0.079 £+ 0.0079
Ty 255 Ny 0.0058 £ 0.00058
Ts 405 N5 0.0099 =+ 0.00099
Ty 95 Ny 0.0036 £ 0.00036
T, 140 N, 0.0333 £ 0.00333
20 T3 187 N3 0.0279 £ 0.00279 0.0773 £ 0.00773
Ty 263 Ny 0.0027 £ 0.00027
Ts 425 N5 0.0098 £ 0.00098
Tq 101 N; 0.0058 £ 0.00058
Tp 150 N, 0.0312 £ 0.00312
25 T3 200 N3 0.0253 £ 0.00253 0.0801 £ 0.00801
Ty 275 Ny 0.0081 £ 0.00081
Ts 430 Ns 0.0097 £ 0.00097
Tq 105 N; 0.0067 £ 0.00067
Ts 150 N» 0.0363 £ 0.00363
30 T3 201 N3 0.0235 £ 0.00235 0.083 £ 0.0083
Ty 280 Ny 0.0076 £ 0.00076
Ts 435 N5 0.0089 =+ 0.00089

The TPD spectra of ammonia for LTA and SOD zeolites (Figure 7) have the same
number of temperature maxima, nature, and number of peaks, but the total number of acid
sites is 20-25% less compared to zeolite membranes of the same type. Various authors have
studied the kinetics of ammonia desorption on zeolites [32].

An essential characteristic determining the sorption and catalytic properties of zeolites
in acid-base reactions is the binding energy of ammonia with the sample surface [25,26].

Let us consider a more detailed calculation of the activation energy using the example
of the most pronounced peak on the TPD curve for the LTA zeolite membrane (Figure 8) and
the SOD membrane (Figure 9), the location of which depends on the removal rate in the tem-
perature range of 350-500 °C. The temperature maxima for the LTA membrane, recorded
at different heating rates of the spectra, are located as follows: T; (10 °C/min) = 395 °C,
T, (15 °C/min) = 405 °C, T3 (20 °C/min) = 425 °C, T, (2? °C/min) = 430 °C, and T;

T
min) = . Using the Kissinger coordinates (In % ot - ), We O tained a linear
(30 °C/min) = 435 °C. Using the Kissing di (In 4 or 4), we obtained a

dependence, and the tangent of the slope angle of a given curve allowed us to calculate
the activation energy [27,28]. For this case, Ea = 52.18 + 2.42 k] /mol. The calculation of
the high-temperature peak for the sodalite membrane, the activation energy of which is
49.94 & 3.99 k] /mol, was carried out similarly.
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—zeolite NaA —zeolite SOD

T,=161 T,= 205 Nyaa ¥1079=0.065+0.0065 (units/m?)

NH,, detector signal, conv. units

Naop ¥1079=0.00047£0.000047 (units/m?)

50 100 150 200 250 300 350 400 450 500 550
Temprature, °C

Figure 7. Thermal desorption spectra of NHz on SOD and LTA zeolites, recorded at a heating rate of
30 °C/min.
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Figure 8. The results of studying the thermal desorption of ammonia on the LTA membrane at
different heating rates. The inset in the left corner shows the temperature dependence (in Kissinger
coordinates) of the maximum TPD peak on the heating rate.
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Figure 9. The results of studying the thermal desorption of ammonia on the SOD membrane at
different heating rates. The inset in the left corner shows the temperature dependence (in Kissinger
coordinates) of the maximum TPD peak on the heating rate.

The data resulting from the calculation of the activation energies for all TPD curves
of the SOD and LTA zeolite membrane are summarized in Tables 3 and 4, respectively. It
is worth noting that a directly proportional relationship between the strength of the acid
sites and the activation energy values is observed [29]. For the LTA zeolite membrane in
the temperature range of 50-200 °C, the activation energies are 20-35 kJ/mol (Table 4).
This corresponds to the desorption of ammonia from o«-cages. A further increase in the
activation energy of the ammonia desorption to 70-80 k] /mol is associated with the removal
of ammonia from the less accessible 3-cages of the LTA zeolite.

In contrast, the simpler and close-packed structure of the SOD membrane in the same
temperature ranges shows lower values of the activation energy; namely, 10-20 kJ /mol
for the processes of physical desorption of ammonia from the membrane surface, and
30-70 kJ/mol for the high-temperature regions (Table 3).

The data obtained are in good agreement with the fact that surface phenomena occur
only when there is an excess of free energy in the boundary layer or in the presence of
surface energy, which decreases proportionally to the surface area of the zeolite mem-
brane [11,16,18]. Consequently, the qualitative characteristics of zeolite materials are
directly proportional to changes in their surface area and structure [10,18]. Thus, the large
specific surface area of the LTA membrane (150 m?/g) concerning the SOD membrane
(115 m?/g), and the presence in the first case of the ccand f cavities in the sample, providing
access to OH groups, determines the increased content of Bronsted acid sites.
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Table 3. Acidic properties of the SOD zeolite membrane obtained by NHj desorption.

SOD Membrane Temperature
Heating .Rate, Maximum Tax, °C E,, kJ/mol
°C/min
10 106
15 108
20 Ty 107 12.74 £+ 1.02
25 105
30 108
10 161
15 163
20 T> 162 18.04 £ 1.26
25 161
30 162
10 270
15 265
20 T3 261 323 +1.715
25 266
30 275
10 366
15 362
20 Ty 360 69.94 4+ 3.99
25 365
30 368

Table 4. Acidic properties of the LTA zeolite membrane obtained by NH; desorption.

LTA Membrane Temperature
Heating .Rate, Maximum Trax, °C E,, kJ/mol
°C/min
10 82
15 85
20 Ty 95 20.24 +1.21
25 101
30 105
10 130
15 135
20 Ty 140 28.31 +1.98
25 150
30 150
10 160
15 170
20 T3 187 35.72 + 1.88
25 200
30 201
10 251
15 255
20 Ty 263 74.26 + 491
25 275
30 280
10 395
15 405
20 Ts 425 78.18 +2.42
25 430

30 435
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If we link the data on the content of the acid-base groups with the properties of
adsorption/desorption of water vapor on these types of membranes, then we can say
that the isotherms display hysteresis and belong to type IV, which indicates the presence
of capillary condensation in the zeolite membranes (Figure 10). The maximum moisture
capacity of the LTA zeolite membrane is about 60 wt%, which is 1.5 times that of the SOD
membrane. These facts are explained by the presence of SOD in zeolite only as 3-cavities
while LTA zeolite also has «-cavities with a higher adsorption capacity. Consequently, it is
not the developed surface of the sorbent that is critical for the adsorption process but the
presence of regular cavities in the zeolite framework. A similar pattern for LTA and SOD
zeolites is also observed regarding the processes of adsorption/desorption of water, which
was confirmed in a previous study, where it was shown that the increased characteristics of
LTA zeolite compared to sodalite are associated with the presence of alpha and beta cells in
the structure of the first one [33].

desorption LTA a
adsorption LTA
desorption SOD
adsorption SOD
b
‘,,....---.-,.,......
',‘ --------------
o{“‘ —
0.2 0.4 0.6 0.8 4

P/Py

Figure 10. Adsorption and desorption curves of water vapor on LTA (a) SOD; (b) zeolite membranes.

4. Conclusions

In the course of this study, a comparative analysis of the acidic properties of the
surface of LTA and SOD zeolite membranes was carried out. The membranes were obtained
using ultrasonic treatment by applying a zeolite layer on Al,O3 supports and subsequent
hydrothermal crystallization of the precursors obtained on the substrate surface. As a
result of synthesis, defect-free well-crystallized membranes were formed. The surface
area and the shape of the “assembly” of sodalite cages are the factors determining the
presence of Bronsted acid sites on the surface of the samples and consequently, their
reactivity is due to the surface area and the shape of the “assembly” of sodalite cages.
The increased content of acid sites on an LTA membrane is determined by the presence
of x and 3 cages in the structure, which facilitates access to additional OH groups in the
sample and contributes to increased sorption characteristics when studying the properties
of membranes for adsorption/desorption of water vapor.

The study results were confirmed by processing kinetic data based on the use of the
Kissinger model. The apparent activation energy values for the desorption of ammonia from
zeolite membranes with LTA and SOD were calculated. It was found that at temperatures
below 250 °C, the degree of conversion, the activation energy is no more than 35 kJ/mol,
which corresponds to the desorption of physically bound ammonia. An increase in the
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activation values up to 70 kJ /mol (for SOD) and up to 80 kJ/mol (for LTA) is associated
with the desorption of chemically bound ammonia from the samples.

Author Contributions: Conceptualization and validation, R.N.R.; methodology, A.AL; software
and mathematical processing, I.A.A.; formal analysis, K.S.K.; writing—review and editing, writing—
original draft preparation T.N.B.; project administration, visualization, and interpretation, N.E.G. All
authors have read and agreed to the published version of the manuscript.

Funding: The synthesis of zeolite membranes was funded by the Ministry of Science and Higher
Education of the Russian Federation (Project No. FZZW-2020-0010). The study of TPD of ammonia
and adsorption/desorption of water vapor on zeolite membranes LTA and SOD was carried out with
the financial support of the Russian Foundation for Basic Research (research project No. 20-33-90075).
This work was carried out using the resources of the Center for Shared Use of Scientific Equipment of
MGUPT (with the support of the Ministry of Science of Russia, grant No. 075-15-2021-671).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Riboldi, L.; Bolland, O. Overview on pressure swing adsorption (PSA) as CO, capture technology: State-of-the-art, limits and
potentials. Energy Procedia 2017, 114, 2390-2400. [CrossRef]

2. Jacobs, J.H.; Deering, C.E.; Lesage, K.L.; Stashick, M.].; Marriott, R.A. Rapid cycling thermal swing adsorption apparatus:
Commissioning and data analyses for water adsorption of zeolites 4A and 13X over 2000 cycles. Ind. Eng. Chem. Res. 2021, 60,
7487-7494. [CrossRef]

3.  Daniel, F; Marta, B.; Patrick, B.; Roger, D.W.; Adélio, M. Two-Stage Vacuum Pressure Swing Adsorption Using AgLiL.SX Zeolite
for Producing 99.5+% Oxygen from Air. Ind. Eng. Chem. Res. 2016, 55, 722-736. [CrossRef]

4. Cai, L.X,; Wen, P.C; Wen, M.H,; Jing, HM.; Rui, EL. CH4/N; Adsorptive Separation on Zeolite X/AC Composites. ]. Chem. 2019,
2019, 2078360. [CrossRef]

5. Kosinov, N. High-Silica Zeolite Membranes for Gas and Liquid Separation High-Silica Zeolite Membranes for Gas and Liquid Separation;
Eindhoven University of Technology: Eindhoven, The Netherlands, 2014.

6.  Melkon, T.; Gunther, M.; Stefan, K. Henninger, Relation of water adsorption capacities of zeolites with their structural properties.
Microporous Mesoporous Mater. 2018, 264, 70-75. [CrossRef]

7. Kakavandi, I.A.; Shokroo, E.J.; Baghbani, M.; Farniaei, M. Dynamic modeling of nitrogen adsorption on zeolite 13x bed. Fluid
Mech. Res. Int. 2017, 1, 20-24. [CrossRef]

8. Gordina, N.E.; Rumyantsev, R.N.; Borisova, T.N.; Kolobkova, A.E.; Tsvetova, E.V.; Afanas’evaa, E.E.; Severgina, E.S.; Prokof’ev, V.Y.
Use of combinations of ultrasonic treatment and microwave crystallization to intensify the synthesis of LTA zeolite membranes.
Pet. Chem. 2021, 3, 292-298. [CrossRef]

9. Prokof’ev, V.Y.; Gordina, N.E. Preparation of granulated LTA and SOD zeolites from mechanically activated mixtures of metakaolin
and sodium hydroxide. Appl. Clay Sci. 2014, 101, 44-51. [CrossRef]

10. Fang, J.; Yang, C.E; Guiying, W.; Ming, Y. Modified Brensted type equation with ammonia as probe molecule: Quantitative
acidity-activity relationship for pyridine synthesis with ZSM-5 catalyst. React. Kinet. Mech. Catal. 2018, 123, 517-527. [CrossRef]

11. Hisao, L; Chie, A.; Yasuhisa, H. Development of Ammonia Selectively Permeable Zeolite Membrane for Sensor in Sewer System.
Membranes 2021, 11, 348. [CrossRef]

12.  Prokof’ev, V.Y;; Gordina, N.E.; Zhidkova, A.B. Investigation of mechanochemical synthesis of zeolite NaA made of metakaolin in
the mills with shock-shear type of strain. Russ. . Appl. Chem. 2012, 85, 1077-1082. [CrossRef]

13.  Miki, N.; Naonobu, K. New Method for the Temperature-Programmed Desorption (TPD) of Ammonia Experiment for Characteri-
zation of Zeolite Acidity: A Review. Chem. Rec. 2013, 13, 432-455.

14. Gordina, N.E.; Prokof’ev, V.Y.; Borisova, T.N.; Elizarova, A.M. Synthesis of granular low-modulus zeolites from metakaolin using
mechanochemical activation and ultrasonic treatment. Izv. Vyss. Uchebnykh Zaved. Khimiya I Khimicheskaya Tekhnol. 2019, 62,
99-106. [CrossRef]

15.  Ahmad, M.; Mohammad, R.F.; Mohammad, R.M. Modified Scherrer Equation to Estimate More Accurately Nano-Crystallite Size
Using XRD. World ]. Nano Sci. Eng. 2012, 2, 154-160. [CrossRef]

16. Deng, C.; Zhang, ].; Dong, L.; Huang, M.; Li, B; Jin, G.; Gao, J.; Zhang, F,; Fan, M.; Zhang, L.; et al. The effect of positioning
cations on acidity and stability of the framework structure of Y zeolite. Sci. Rep. 2016, 6, 23382. [CrossRef] [PubMed]

17.  Abee, M.W,; Cox, D.F. NH3 chemisorption on stoichiometric and oxygen deficient SnO,(110) surfaces. Surf. Sci. 2002, 520, 65-77.

[CrossRef]


http://doi.org/10.1016/j.egypro.2017.03.1385
http://doi.org/10.1021/acs.iecr.1c00469
http://doi.org/10.1021/acs.iecr.5b03535
http://doi.org/10.1155/2019/2078360
http://doi.org/10.1016/j.micromeso.2017.12.031
http://doi.org/10.15406/fmrij.2017.01.00004
http://doi.org/10.1134/S096554412103021X
http://doi.org/10.1016/j.clay.2014.07.008
http://doi.org/10.1007/s11144-017-1309-5
http://doi.org/10.3390/membranes11050348
http://doi.org/10.1134/S1070427212070142
http://doi.org/10.6060/ivkkt201962fp.5725
http://doi.org/10.4236/wjnse.2012.23020
http://doi.org/10.1038/srep23382
http://www.ncbi.nlm.nih.gov/pubmed/26987306
http://doi.org/10.1016/S0039-6028(02)02247-1

Membranes 2022, 12, 147 16 of 16

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Bernd, H.; Matthias, H.; Louis, A.C.; Randall, Q. Snurr Characterization of Acidic OH Groups in Zeolites of Different Types: An
Interpretation of NH3-TPD Results in the Light of Confinement Effects. J. Phys. Chem. B 2002, 106, 3882-3889. [CrossRef]

Miki, N.; Shinji, N.; Naonobu, K. IRMS-TPD of ammonia for characterization of acid site in b-zeolite. Microporous Mesoporous
Mater. 2005, 82, 105-112. [CrossRef]

Rabo, J.A. Zeolite Chemistry and Catalysis; American Chemical Society: Washington, DC, USA, 1976; p. 506. ISBN 0841202761
9780841202764

Shu, Y.; Ma, D.; Xu, L.; Xu, Y.; Bao, X. Methane dehydro-aromatization over Mo/MCM-22 catalysts: A highly selective catalyst for
the formation of benzene. Catal. Lett. 2000, 70, 67-73. [CrossRef]

Verdoliva, V.; Saviano, M.; De Luca, S. Zeolites as Acid/Basic Solid Catalysts: Recent Synthetic Developments. Catalysts 2019, 9,
248. [CrossRef]

Kouva, S.; Kanervo, J.; Schubler, F.; Olindo, R. Sorption and diffusion parameters fromacuumm-TPD of ammonia on H-ZMS-5.
Chem. Eng. Sci. 2013, 89, 40—48. [CrossRef]

Ben Younes, N.; Ortigosa, ].M.; Marie, O.; Blasco, T.; Mhamdi, M. Effect of zeolite structure on the selective catalytic reduction of
NO with ammonia over Mn-Fe supported on ZSM-5, BEA, MOR and FER. Res. Chem. Intermed. 2021, 47, 2003-2028. [CrossRef]
Suhasaria, T.; Thrower, ].D.; Zacharias, H. Thermal desorption of astrophysically relevant molecules from forsterite (010). Mon.
Not. R. Astron. Soc. 2017, 472, 389-399. [CrossRef]

Holba, P; Sestak, J. Imperfections of Kissinger evaluation method and crystallization kinetics. Glass Phys. Chem. 2014, 40, 486—495.
[CrossRef]

Li, X.; Guo, H.; Chen, H.-M. Determination of the Activation Energy for Desorption by Derivative Thermogravimetric Analysis.
Adsorpt. Sci. Technol. 2006, 24, 907-914. [CrossRef]

Nechaev, Y.S. On the nature, kinetics and limiting values of hydrogen sorption by carbon nanostructures. Phys. Usp. 2006, 49,
563-591. [CrossRef]

Klepel, O.; Hunger, B. Temperature-programmed desorption (TPD) of carbon dioxide on alkali-metal cation-exchanged faujasite
type zeolites. J. Therm. Anal. Calorim. 2005, 80, 201-206. [CrossRef]

Denisova, K.O.; II'in, A.A.; Rumyantsev, RN.; II'in, A.P.; Smirnov, N.N. Acid-Base Properties of Cobalt Ferrite Surface Examined
by Different Physicochemical Methods. Theor. Found. Chem. Eng. 2020, 54, 1306-1313. [CrossRef]

Takeuchi, M.; Tsukamoto, T.; Kondo, A.; Matsuoka, M. Investigation of NH3 and NH?** adsorbed on ZSM-5 zeolites by near and
middle infrared spectroscopy. Catal. Sci. Technol. 2015, 5, 4587-4593. [CrossRef]

Borodin, D.; Rahinov, I.; Galparsoro, O.; Fingerhut, J.; Schwarzer, M.; Golibrzuch, K.; Skoulatakis, G.; Auerbach, D.].; Kandrat-
senka, A.; Schwarzer, D.; et al. Kinetics of NH3 Desorption and Diffusion on Pt: Implications for the Ostwald Process. J. Am.
Chem. Soc. 2021, 143, 18305-18316. [CrossRef]

Prokof’eva, V.Y.; Gordina, N.E.; Zakharova, O.N.; Borisova, T.N.; Kolobkova, A.E.; Tsvetova, E.V. Study of the kinetics of
adsorption and desorption of water vapor on low-silica zeolites. Pet. Chem. 2020, 60, 550-556. [CrossRef]


http://doi.org/10.1021/jp012688n
http://doi.org/10.1016/j.micromeso.2005.03.002
http://doi.org/10.1023/A:1019079603279
http://doi.org/10.3390/catal9030248
http://doi.org/10.1016/j.ces.2012.11.025
http://doi.org/10.1007/s11164-020-04382-7
http://doi.org/10.1093/mnras/stx1965
http://doi.org/10.1134/S1087659614050058
http://doi.org/10.1260/026361707781421960
http://doi.org/10.1070/PU2006v049n06ABEH002424
http://doi.org/10.1007/s10973-005-0636-3
http://doi.org/10.1134/S0040579520050309
http://doi.org/10.1039/C5CY00753D
http://doi.org/10.1021/jacs.1c09269
http://doi.org/10.1134/S0965544120040155

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

