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Reasons for Using Natural Zeolites of Georgia

V. Tsitsishvili*

1 Georgian National Academy of Sciences, 52 Rustaveli Av., Thilisi, 0108, Georgia
*E-mail v.tsitsishvili@gmail.com

Abstract. Zeolites, natural and synthetic hydrated crystalline aluminosilicates with an open three-dimensional framework that
forms cavities and channels, have molecular-sieve, sorption, ion exchange and catalytic properties, due to which they are widely
used in industry, agriculture, medicine and other sectors. Georgia is rich in natural zeolites, their occurrences have been studied
by geologists, and research into their rational use is ongoing. The article presents an overview of the results of studies conducted
by Georgian scientists in recent years on the possibility of using natural zeolites such as heulandite-clinoptilolite, analcime,
laumontite, mordenite, phillipsite and scolecite. It has been shown that Georgian zeolites can be used in agriculture as feed
additives and fertilizer components, as adsorbents for capturing antibiotics and volatile nitrosamines, as catalysts for the
synthesis of aspirin and methyl salicylate, as ion exchangers for wastewater treatment from heavy metals, as carriers of
biologically active metals for obtaining bactericidal fillers and filter materials, as well as in other industries.

Keywords: analcime, heulandite-clinoptilolite, laumontite, mordenite, phillipsite, scolecite
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399mygbgdol 33e93. LEGIEG05d0 FoMmdmagbomos Jos@mazgmo dg3bogMgdol Jogh dmm ergddo hodeMgdwymo
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5dM0500 bo@HMBd0b6gd0L olvFIM®, HMAMO G 35GIWODIBHMOJIO S130MHOBOLS s BxmOEL LogroowsEol
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9530530 Boloegdol Jobswgds, 0bg3zg HMAMOE Lb3s LEgHmgdTo.

Deposits and manifestations of zeolites in Georgia were

studied by famous Georgian geologists Alexander
Tvalchrelidze, Giorgi Gvakharia and Nikoloz Skhirtladze,

Introduction

The famous American geologist and mineralogist F.A.
Mumpton, in an article published at the end of the 20
century [1], called zeolites “La Roca Magica — a magic stone”
and predicted the rapid development of research and
applications of zeolites in the 21% century. Zeolites are
hydrated crystalline aluminosilicates of general formula
Mx[AlxSiyO2x+y) mH20 (where M* is compensating singly
charged ion), built from alternating SiOs4 and AlO4
tetrahedra and forming an open 3D framework with cages
and channels. Due to this structure, zeolites have a complex
of molecular-sieve, sorption, ion exchange and catalytic
properties. Today the Database of Zeolite Structures of the
International Zeolite Association [2] includes 256 different
types of frameworks, of which less than 40 occur in Nature,
the rest are obtained synthetically.

The scientist’s prediction came true, as evidenced not only by
numerous reviews of studies on the possibilities of using
natural and synthetic zeolites in industry, agriculture,
medicine, environmental protection and other fields, but also
by the actual implementation of the results of these studies in
practice and everyday life.

Georgia is rich in natural zeolites such as heulandite-
clinoptilolite, analcime, mordenite, laumontite and
phillipsite; scolecite, chabazite and others are also found.

the results were summarized in a monograph [3]. The
composition, structure and properties of natural zeolites of
Georgia have been studied since the 1960s under the
guidance of famous Georgian chemists Giorgi Tsitsishvili
and Teimuraz Andronikashvili, the results were included in a
review monograph [4].

The purpose of this publication is to analyze the results of
studies of Georgian natural zeolites obtained in recent years
mainly using samples of zeolite rocks from newly
investigated plots [5], including natural zeolites such as
heulandite-clinoptilolite, analcime, laumontite, mordenite,
phillipsite and scolecite.

Heulandite-Clinoptilolite

Heulandite-clinoptilolite with the crystal chemical data
Msg(H20)24[ AlgSi2s072]-HEU and structure shown in Fig. 1 is
the most common natural zeolite found mainly in
sedimentary rocks of volcanic origin.
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Fig. 1. HEU framework constructed from 10- and 8-
membered rings viewed along [001], and small 8-ring
viewed along [100].

Such deposits are of strong commercial interest because
heulandite-clinoptilolite tuffs are often quite pure and can be
mined by simple methods. At the turn of the century, in North
America and Europe, most production went into animal
hygiene applications, including cat litter and other animal
bedding, with the remainder divided between applications in
animal feed, fertilizers, and building materials (dimension
stones, pozzolanic cements and concrete, and lightweight
aggregates) [6]. Over the past twenty years, the consumption
of HEU tuffs for the production of animal feed, fertilizers and
cement has increased significantly, mainly due to the rapid
development of agriculture and construction in China and
other countries in the region.

A large deposit of sedimentary HEU zeolite-bearing tuffs is
located in the Tedzami River valley in eastern Georgia, its
reserves amount to at least 36 million tons, during the years
of liquidation of the consequences of the 1986 Chernobyl
disaster up to 120 thousand tons per year were mined there,
currently production is limited to several hundred tons and is
used for cement production. The properties of a typical
sample of zeolite-containing rock from the Tedzami deposit
are summarized in Table 1, the amounts of framework (Ti
atoms instead of Al atoms) and mineral (iron oxides and
calcium carbonate) impurities are given per atom of
aluminum.

Table 1. Properties of zeolite-containing rock from the
Rkoni plot of the Tedzami deposit.

Zeolite phase content, % 90

.. Nao.25K0.06Ca0.10Mgo.15
Empirical formula [AlSiz 60,2 3H.0
Framework impurity Tio.005
Mineral impurity Feo.2, Cao.is

According to the data of powder X-ray diffraction patterns,
the zeolite phase consists of high-silica heulandite
(Si/Al=3.6) and chabazite (|M12(H20)a0| [Al12Si24072]-CHA)
in a molar ratio of 1:8 [7].

It is important to note that this tuff fully complies with the
requirements of European legislation [8]: the content of the
zeolite phase exceeds 80%, and among the mineral impurities
there are no quartz or fibrous minerals, so that the tuff of the
Tedzami deposit can be used as feed for any kind of animal.
It is believed that zeolite additives provide an increase in live
weight by 8-12% and survival of young animals up to 99%
for poultry, cattle, etc. These results were obtained by
Georgian scientists who used both the zeolitic tuff from the
Tedzami deposit itself and its combination with methionine
complexes [9]. It was also established that Tedzami tuff can

be successfully used for long-term conditioning and
structuring of soil and substrates, mechanical support of plant
roots, pH optimization, as well as a water depot, to improve
ion exchange properties, prolong the action of nutrients, and
provide a favorable microbial background [10].

The feasibility of activating natural zeolite by its simple and
inexpensive modification, as well as combining tuff with
low-calorie brown coal, was demonstrated. Thus, if the
introduction of untreated tuff into the soil increased the dry
green mass of barley by approximately three times, then the
introduction of modified tuff led to an increase in mass by
approximately six times, while the simultaneous introduction
of modified tuff and brown coal increased the mass by more
than nine times [11].

By fusing Tedzami tuff with ammonium dihydrogen
phosphate NHsH2PO. and adding potassium nitrate and
microelements (Fe, Ca, Mn, Zn, Mg, Cu, Mo, Co, Sn), an
anionic zeolite nanomaterial was obtained, which was
successfully tested as an environmentally friendly complex
fertilizer with a prolonged action for wheat and other grain
crops [12].

The use of zeolites in construction has a long history, the
most extensive example being the construction of the 240-
mile Los Angeles Aqueduct early in the last century (1907-
13), when more than 25% of the required Portland cement
was replaced by inexpensive clinoptilolite-rich tuff quarried
near Tehachapi, CA [13]. However, Georgian scientists
managed to say a new word in this industry. Thus, it was
proposed to use clinoptilolite-containing tuff, saturated with
kiln gases of cement clinker such as CO2z, SOx, NOx, as
additives in building materials [14].

The molecular sieve properties of HEU were used in the
development of a method for the adsorption “capture” of
frequently used fluoroquinolone anti-biotics (moxifloxacin
and norfloxacin, see Fig. 2) from wastewater [15].

Norfloxacin

formulas of moxifloxacin and

Moxifloxacin

(o} (0]
P N

X

Fig. 2. Structural
norfloxacin.

Adsorption measurements were carried out under static and
dynamic conditions, using both natural tuff and its acid-
treated form as adsorbent. The highest static adsorption
capacities (2.7 and 4.14 mg/g for moxifloxacin and
norfloxacin, respectively) were observed at a low initial
concentration (0.2 mg/mL) of the antibiotic solution, the
highest dynamic adsorption capacities (1.2 and 2.1 mg/g)
were observed at a low flow rate (1.5 mg/mL) and low input
concentration (0.2 mg/mL). While untreated and
hydrochloric acid-activated tuff showed the same adsorption
capacity for capturing moxifloxacin and norfloxacin, B-
lactam broad-spectrum antibiotic ceftriaxone (see Fig. 3) was
captured from aqueous solutions more successfully using
acid-treated samples [16].
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| Ceftriaxone
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Fig. 3. Structural formula of ceftriaxone.

T

Natural heulandite has also been used to trap potent
carcinogens such as volatile N-nitrosamines from tobacco
smoke [17]. The experiments were carried out on the setup
shown in Fig. 4, and a validated gas chromatography-mass
spec-trometry (GC-MS, Agilent 6890/MSD 5975 system)
method for the quantitative assessment of volatile N-
nitrosamines such as N-nitrosodimethylamine (NDMA), N-
nitrosomethyl-ethylamine (NMEA), N-nitrosodiethylamine
(NDEA), N-nitrosodipropylamine (DPNA), N-
nitrosodibutyl-amine (NDBA), N-nitrosopiperidine (NPIP),
N-nitro-sopyrrolidine ~ (NPYR), N-nitrosomorpholine
(NMPA), N-nitrosodiphenylamine (NDPA) was developed.

Quartz tube for
burning tobacco

\ Air
T T ) 4

4 1!:(@7[‘ =il \
L Column with

~ \ zeolite
/
Bubbler with

organic solvent ~—

Vacuum
pump

Fig. 4. Equipment for production of tobacco smoke and
capture volatile N-nitrosamines.

Modified natural HEU zeolite successfully used as catalyst in
aspirin production [18]. Typically, aspirin (acetylsalicylic
acid, ASA) is produced in a two-step process called the
salicylic acid/acetic anhydride method [19]. In the first stage,
salicylic acid (SA) is obtained using the Kolbe-Schmitt
reaction; in the second stage, acetylation of SA with acetic
acid anhydride (AAA) occurs (see Fig. 6) either in a solvent
or in the presence of basic or acid catalysts; the most effective
acid catalysts are considered to be concentrated sulfuric or
phosphoric acid at 60-80 °C.

The widely used sulfuric and phosphoric acids have
extremely harmful and corrosive effects on the environment,
and heterogeneous low-temperature and completely
environmentally friendly new catalysts, namely decationized
and dealuminated forms of natural clinoptilolite (Si/Al=4.4)
from Dzegvi and heulandite (Si/Al=3.8) from Akhaltsikhe,
have been proposed as an alternative.

In the catalytic reaction of esterification of salicylic acid with
methanol to methyl salicylate (see Fig. 6), the best catalyst
was ultra-dispersed crystallites (300-325 nm) of the acid-
modified form of natural clinoptilolite from the Dzegvi
deposit, obtained by exposure to ultrasound H-CL(US). It
was found that the conversion of the salicylic acid and the
selectivity to methyl salicylate on H-CL(US) are 90 and
95 %, respectively, at 120 °C [20], which is which is higher

than the values obtained when using sulfuric acid (85 and
90 %, at 100Prepara °C), and significantly higher than the
results obtained on synthetic zeolites H-Beta and H-ZSM-5
(49, 44 and 82 %, at 135 °C).

sa AAA
O~ OH I
C
TN
OH + | CHs
c
Hie™ No
ASA
O c OH AA

CHs OH

Fig. 5. Scheme of reaction for obtaining of acetylsalicylic
acid, ASA.

decationized and
dealuminated forms of catalysts were
prepared by acid 1leaching of initial
zeolites. It was demonstrated using the
methods of gravimetric, UV, FTIR spectral
and HPLC analysis, also by catalysts acidity
measurements the symbatic change of ASA
yield in the amount of proton acid centers
(A1-(OH)-Si) of catalysts: H-CL
(Si/A1=10.7)> H-HEU (Si/Al1=5.4) > H-HEU-M
(Si/A1=4.1); yield of ASA on H—-CL was about
92% and on heulandites — 75% at 80 °C.

OH OH
O ! CHJ OH — C[ N HZO
COOH COOCH,

Salicylic acid Methyl salicylate

Simultaneously

Fig. 6. Scheme of reaction of the esterification of salicylic
acid with methanol into methyl salicylate.

By modifying natural clinoptilolite using
=Si-OH+BrCH2C00H->=Si—-0-CH.COOH+HBr and
=Si-OH+C1CH2CH2COOH >
=8i-0-CH>CH2COOH + HCI
reactions, crystalline ionites were obtained [21].

Natural zeolites can be used in the production of synthetic

zeolites as sources of silicon and aluminum. A synthetic

mordenite-type (J[Ms(H20)24] [AlsSia00g6]-MOR) zeolite
material was prepared from natural heulandite from the

Tedzami deposit by hydrothermal crystallization in the

absence of seeds and organic templates [22].

Recrystallization of HEU in MOR was carried out in the

following steps:

e  Preparation of raw materials included treating the tuff
with a 20% aqueous solution of HCI, rinsing with water
until the CI~ ions completely disap-peared, and drying in
an oven at a temperature of 100-105 °C;

e  Suspension was prepared at a solid to liquid ratio of 1:3;
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e  Gel formation: the prepared suspension was treated
with 10% aqueous NaOH solution, solid to liquid ratio
1:6, gel homogenization takes 30 minutes. Chemical
composition of the gel prepa-red for aging and
crystallization: SiO2/Al.0s = 9.8, Na.0/SiO2 = 0.08,
H20/Na20 = 250;

e  Aging of the gel at room temperature took 7 days;

e  Crystallization of the aged gel was carried out in Teflon
flasks at a temperature of 100-110 °C; the duration of
the process was up to 90 hours;

e  Separation of the obtained crystalline material was
carried out by filtration of the mother liquor, the solid
material was washed with water to pH 8.0-8.5 and dried
at a temperature of 90-100 °C.

The MOR-type framework of the obtained material is
confirmed by powder X-ray diffraction patterns, no
additional diffraction peak at 20 =16.3 indicating the
formation of analcime was observed. The developed
microporous structure of zeolite crystals in the synthesized
samples is also confirmed by the relatively high average
value (5.30 mmol/g) of water absorption capacity under static
conditions at “plateau” pressure.

The resulting prismatic mordenite crystals have a width in the
range of 0.15-0.45 um and a length of up to 3 um (see Fig.
7).

SEl  25kV WD14mm SS40 x19,000 1um

Fig. 7. Mordenite vertically striated prismatic crystals;
magnification — 19,000x.

The fibrous aggregates of mordenite obtained as a result of
rapid recrystallization are characterized by a fiber diameter
from 40 nm to 90 nm and a length of up to 10 um (see Fig.
8).

Thus, preliminary acid treatment of raw materials (tuff with
a zeolite structure NEU) provides the possibility of a
relatively fast and simple method for obtaining high-quality
crystalline material of various morphologies, both prismatic
crystals and nanosized fibrous aggregates.
Heulandite-bearing tuff from Tedzami deposit has a
relatively low silicate modulus (Si/Al=3.6) and can be used
as an ion exchanger. Silver-, copper- and zinc-containing
microporous materials were synthesized using ion exchange
reactions between acid-pretreated (0.025 mol/L HCI) zeolite
microcrystals and a salt of the corresponding transition metal
in the solid phase, followed by rinsing with distilled water
[27].

According to X-ray energy dispersive spectra, powder X-ray
diffraction patterns and Fourier transform infrared spectra,
the obtained materials retain the crystalline structure of HEU

zeolite and contain more than 130 mg/g silver, 65-72 mg/g
copper and 30-58 mg/g zinc. Prepared silver and copper-
containing materials show bacteriostatic activity towards
Gram negative bacterium Escherichia coli, Gram positive
bacteria Staphylococcus aureus and Bacillus subtilis, fungal
pathogenic yeast Candida albicans, and a fungus Aspergilus
niger; zinc-containing zeolite is active against Bacillus
subtilis, weak against fungi and inactive against E. coli and
staphylococcus. The most active is a silver-containing
zeolite, but from a practical point of view, the most promising
for applications is copper-containing heulandite.

Fig. 8. Mordenite fibrous aggregates; magnification —
33,000x (top), 60,000x (bottom).

It was later shown [28] that the bacteriostatic activity of
metal-containing samples is determined not only by the
bioactive metal ions released into the liquid medium, but also
by the type of zeolite. A synergistic effect was established:
against E. coli and hay bacilli, as well as against yeast and
black fungus, a mixture of zinc and copper forms of
heulandite is most effective, and against staphylococcus, any
binary mixture of silver, copper and zinc forms in a molar
ratio of 1:1 relative to metals [29].

The obtained metal-containing heulandite samples were
successfully tested as bactericidal fillers in the production of
paper under factory conditions; the introduction of zeolite
fillers was carried out on the paper web during the coating
process, by adding a zeolite suspension to a boiled starch
binder [30,31]. It was found that the introduction of copper-
containing (70 mg/g) filler in an amount of about 3 g/m?
makes the paper waterproof and gives it bactericidal
properties in particular against staphylococcus, and the
introduction of zinc-containing (50 mg/g) filler in the same
amount makes the paper bactericidal against E. coli.

The aim of the subsequent study [32] using the Tedzami
heulandite-bearing tuff was to establish the possibility of
imparting antimicrobial properties to packaging paper in a
simpler way by introducing into the paper pulp not ready-
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made zeolite fillers, but a mixture of zeolite and a salt of a
bioactive metal.

Zeolitic tuff was crushed, fractionated to a
particle size of less than 0.044 mm (325 US
mesh), washed with a hydrochloric acid
solution (0.025 mol/l) to remove clay
impurities and “open” micropores, and dried
to constant weight at a temperature of 95-
100 °C. The cation exchange capacity (CEC)
of the obtained sample was =3 mg—Eq/g; for
comparison, a partially amorphized sample
calcined at a temperature of 400 °C for one
hour was used, in which the CEC was reduced
to ~2 mg—-Eaq/g.

Paper samples were prepared in the laboratory from shredded
commercial tissue paper, which was placed in a glass
laboratory crystallizer, covered with boiling water, hand
shredded, and allowed to stand, after which boiled starch glue
was added to the resulting mass, the paper pulp and glue were
mixed, after which the resulting mixture was transferred to a
polyethylene mesh (18 US mesh), evenly distributed on it,
and dried at room temperature to constant weight. Metal salts
and/or zeolite were added to the starch glue and applied to the
surface of the wet paper.

It was found that the introduction of silver nitrate into the
paper pulp leads to the reduction of silver cations Ag*and the
formation of Ag® nanoparticles with an average size of 38 nm,
which is facilitated by the introduction of crystalline
(unheated) zeolite. Copper chloride dihydrate introduced into
the paper pulp forms both large (>200 nm) crystallites and
nanoparticles (<20 nm), zinc chloride forms nanoparticles.
The bacteriostatic properties of paper samples were studied
by the disk diffusion method using cultures of E. coli,
Salmonella enteritidis, Staphylococcus aureus and Bacillus
subtilis, as well as fungal microorganisms Candida albicans
and Aspergilus niger. Ag-containing paper without zeolite
fillers has the lowest activity, and with the introduction of
fillers, Zn-containing paper demonstrates the highest activity
with respect to all microorganisms. Crystalline zeolite filler
enhances the effect of silver with respect to Salmonella and
Bacillus subtilis, and amorphized filler enhances the effect of
zinc with respect to gram-positive bacteria and fungi; both
zeolite fillers weaken the effect of copper.

Thermally and acid-modified heulandite was also used as
carriers of bioactive metals. Acid treatment of natural zeolites
is considered an effective method of “improving” their
structure and properties, and under the influence of heat, the
zeolite loses water molecules and undergoes structural

changes.
It was found [33] that the acidic
environment leads to significant

dealumination (the Si/Al molar ratio
increases from 3.6 to 9.5) and
decationization (the total charge of metal
ions per Al atom decreases from 1 to 0.68) of
heulandite from Tedzami, while
hydrochloric acid solutions do not lead to
amorphization of the microporous
crystalline structure, but gradually
dissolve it. Acid treatment also results in a
sharp increase in the volume of micropores
accessible to large molecules (from =7 to
80—90 mm?3/g) and the active surface area
(from =13 to 120—-175 m?/g), as well as changes in the
mesoporous system, leading to the predominance of pores
with a diameter of up to 4 nm.

Heating of heulandite results in stepwise
dehydration occurring up to =800 °C,
amorphization starting at =250 °C, and
structural changes: the transition to the
metastable phase of heulandite B at =340 °C
is not recorded, but mineral wairakite
(Ca(Al:Sis012) 2H.0) is formed at =500 °C: at
temperatures above 1000 °C, the amorphous
aluminosilicate contains crystalline
inclusions of cristobalite (SiO2polymorph), a-
quartz, albite (Na(AlSisOs), hematite (Fe203), and magnetite
(FeO-Fe20s3); changes in the mesopore system upon heating
are insignificant. It has also been 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.

The enrichment of zeolite samples with biometals was carried
out by ion exchange reactions in solutions of silver nitrate,
copper chloride and zinc chloride; enrichment of untreated
heulandite yields samples containing over 240 mg/g silver,
about 43 mg/g copper and 60 mg/g zinc; in pre-treated
samples, the metal content is usually lower, with the
exception of pre-calcined samples, in which the copper
content is 65-80 mg/g. According to the results of tests
carried out by the disk diffusion method, pre-treatment does
not increase the bacteriostatic activity of samples enriched
with silver and copper, but acid treatment followed by the
introduction of zinc initiates inhibition of the growth of
Escherichia coli, Staphylococcus aureus and the fungal
microorganisms Candida albicans and Aspergillus niger, and
also slightly increases the activity with respect to Bacillus
subtilis, the activity with respect to Salmonella enteritidis
remains virtually unchanged [34].
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Fig. 9. Dependence of the diameter of the inhibition zones of the growth of microorganisms (1 — E. coli, 2 — Salmonella,
3 — Staphylococcus, 4 — Bacillus, 5 — Candida, 6 — Aspergillus) on the content of metals in pre-acid-treated samples;

arrows show the metal content in the untreated samples.

Analcime

Analcime is characterized by the crystal chemical data
Mi6(H20)16[Al16Sis2006]-ANA, its structure (see Fig. 10) is
built from irregular channels formed by highly distorted 8-
membered rings.

Fig. 10. Unit cell (left) and 8-membered ring (right) of
analcime, ANA.

Analcime deposits are found in many areas of Georgia.
Abundance of analcime associated with volcanogenic-
sedimentary rocks is observed in the Middle Eocene massifs
of the Achara-Trialeti folded system, starting from the
Mtskheta region, including the Borjomi Valley and to the
west in the Bagdadi and Vani districts. Stratified rocks
containing analcime are known in western Georgia in the
deposits of the Jurassic carbonaceous and non-ferrous suites
of the Kutaisi region [3]. Analcime from a basalt geode in the
vicinity of Thilisi, chemically crystallized analcime in
sedimentary rocks in the vicinity of Kutaisi, and analcime of
diagenetic origin in volcanogenic-sedimentary rocks of the
Akhaltsikhe deposit have been well studied and characterized
[3]. In addition, the properties of analcime-containing rocks
from newly explored plots of deposits have been studied [5]:
sedimentary analcime from the Chachubeti area of the
Tedzami deposit and volcanogenic-sedimentary analcime
from the Gelati deposit, Western Georgia.

Analcime is usually considered one of the most commonly
used natural zeolites, but its use is limited due to the
peculiarities of its crystal structure. Thus, the geometry of the
entrance windows to the analcime channels makes it difficult
for even such small molecules as water to pass through them,

and the adsorption capacity for water vapor of analcime is
quite low, at room temperature not exceeding 2 mmol/g.
Typically, to increase the adsorption capacity of zeolites, acid
treatment in dilute solutions is used, which allows the
removal of large cations "closing" the entrance windows and
an increase in the size of the windows due to moderate
dealumination. However, analcime is characterized by rapid
and significant removal of aluminum from the crystal
structure even at low acid concentrations, but a high degree
of dealumination (Si/Al>7) is unattainable even with long-
term treatment in highly concentrated acid solutions. The
removal of aluminum at an acid concentration of more than
0.5 mol/L can be expressed through the relative aluminum
content Cai(N) by empirical formula

Cai(N)= Dmax [L+kexp(-CN)],

where N is the normality of the solution, maximum degree of
dealumination Dmax=0.42+0.02, coefficients k=1.38+0.07,
€=0.204£0.02 [34]. The process of acid dealumination in
analcime is general in nature and does not depend on the
cationic composition, but the removal of alkaline and alkaline
earth cations is specific to samples of different origins. Figure
11 shows the dependence of water adsorption capacity of
acid-treated analcime samples on the acid concentration and
the number of treatments lasting one hour at room
temperature.
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Fig. 11. Water adsorption of acid-treated analcime
samples from Gelati (AGe) and Chachubeti (ACh).

For the sample from Gelati, the highest

adsorption capacity (=7 mmol/g) is achieved
after three treatments in a solution with a
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concentration of 0.1 mol/L, and for the
sample from Chachubeti after two
treatments in a solution with a
concentration of 0.5 mol/L [35].
Compared to heulandite, analcime has a higher specific
aluminum content and, therefore, a higher ion-exchange
capacity. The total ion exchange capacity for crude analcimes
from Gelati and Chachubeti was found [36] to be in the range
of 3.2-3.6 mEg/g and approx. 4.1 mEq/g for distilled water
washed samples, which is comparable to 4.3 mEqg/g for the
ideal ANA structure taking into account the zeolite phase
content (95 and 90% for washed samples from Gelati and
Chachubeti, respectively).

lon exchange isotherms for the sodium-enriched form of
analcime sample from Chachubeti Na-ACh with the
participation of monovalent (Li*, K*, NHs*, Ag*) and
divalent (Ca*?, Sr*?) ions are shown in Fig. 12.

1.0 T .

08{Ag " NHf £ 8

0.6—4 .~ S G Calt ?
CZ 0.4 Pl [

. b T T t s
0217 / Lit | 2
[} S— Lo | patee Sr2*

002040608 1002040608 19 02040608 1
CS CS CS

Fig. 12. lon exchange isotherms Cz = f(Cs), where Cz is
the ion concentration in the zeolite, and Cs is its
concentration in the solution, on Na-ACh at 20 °C and a
solid : liquid ratio of 1:20 [36].

The selectivity sequence for the sodium-rich form, derived
from ion exchange isotherms, is as follows:
NHs*>Ag*>Li*>Ca*?>K*~Sr*2. Na-ACh and sodium-rich
forms of other natural analcimes can be successfully used to
purify water contaminated with ammonium. Raw natural
analcimes have lower ion exchange capacity and also a
different selectivity series (Na*>K*>Ag*>NHs*>Ca*?>>
Sr*2>Li*, [36]), but they can also be used for ammonium
absorption.

In order to clarify the possibilities of agricultural use of
analcime-containing rocks and their modifications, the effect
of analcime, its ammonia-enriched form and their mixtures
with manure on the yield of cucumbers and scallop was
studied in comparison with the results of using mineral
fertilizers [37]. Good results were obtained using mixtures of
analcime with manure — the yield of cucumbers increases by
60-70%, and scallops — by about 100%, while the application
of mineral fertilizers increases the yield by 35 and 70%,
respectively. An increase in seed growth was noted in areas
with the introduction of zeolite, as well as an improvement in
the appearance and quality of plant products. In particular,
cucumber from such areas retains stable moisture during
long-term storage at room temperature. Thus, the use of
analcime mixtures with manure can be an alternative to the
use of mineral fertilizers, and both raw analcime and
analcime ion exchangers used to purify water contaminated
with ammonia can be used.

Preliminary acid treatment of natural analcime enables the
preparation of commercially valuable Linde Type A zeolite
(crystal chemical data |Nai2 (H20)27|s[ Al12Si12048]s-L TA) by
simple hydrothermal crystallization. Processing of the raw
material into the target material also includes the stages of

suspension of the treated analcime, gelation and aging
followed by crystallization at temperatures up to 90 °C.

The reaction mixture with the chemical composition
3.4Na20 : Al203: 1.1Si02 yields a product with
the molar ratio Si/Al=1 and characterized
by an XRD pattern (see Fig. 13) and IR
spectrum typical for the LTA framework: the
number of water molecules in the resulting
synthetic zeolite differs from that
established in the ideal LTA structure
(H20:Na=9:4) and depends on the crystallization conditions:
hydrated materials (H20:Na=9:5.5) are produced at low

temperature, high temperature results in dehydration
(H20:Na=9:3).
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Fig. 13. Powder XRD pattern of the material obtained by
the recrystallization of analcime; numbers in parentheses
are Miller indices (hkl).

Rapid crystallization produces nanosized crystals and
aggregates, whereas slow crystallization at relatively low
temperatures produces micrometric crystallites (Fig. 14).

Fig. 14. SEM images of micrometric (left, magnificatin
5,500x) and nano (right, 55,000x) crystals of LTA zeolites
recrystallized from analcime.

The resulting material has a fairly high ion exchange capacity
of 4.5 mEqg/g and can be used as a component in washing
powders and water softening tablets [38].

Analcime from Chachubeti was used as a carrier of
biometals, the materials obtained by the method of “dry” ion
exchange contain up to 180 mg/g silver, 50 mg/g copper and
62 mg/g zinc, the silver form showed bacteriostatic activity
against a wide range of microorganisms, the zinc form —
against Bacillus subtilis and Aspergillus niger, and the copper
form was inactive [39].

Synergism was found for mixtures of these forms of
analcime: a mixture of copper and zinc forms showed weak
activity against staphylococcus, a mixture of copper and
silver forms was active against bacteria and fungal
microorganisms, and a mixture of silver and zinc forms was
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characterized by increased activity with a twofold decrease in
silver content [28].

Laumontite

Laumontite (crystal chemical data |Ms (H20)16| [AlsSi1604s]-
LAU, see Fig. 15) is one of the most common zeolite
minerals known in Georgia; in some manifestations, its
concentration in rocks reaches 85-90%, while the thickness
of the laumontite layer exceeds 500 meters [3]. However,
laumontite did not attract much attention and its research
began only in the 21% century [39].

Fig. 15. Unit cell (left) and 10-membered ring (right)
forming 1D system of laumontite channels [100]-10.

The phase and chemical composition, as well as the
adsorption and ion exchange properties of seven samples of
laumontite-containing rocks collected in the vicinity of
Thilisi (Botanical Garden, Bagebi, Ponichala), in the Gupta
(Java region), Ateni Sioni, and the Khvedureti and
Chkherimela rivers gorges were studied. The highest content
of the zeolite phase was recorded in samples collected in the
Botanical Garden and the Ateni Sioni gorge, 60-90% and 60-
85%, respectively; in the first manifestation the capacity of
the rock is 25 m, in the second — up to 700 m.

Although powder X-ray diffraction patterns and IR spectra
confirm that the studied samples belong to LAU-type
zeolites, the Si/Al molar ratio significantly exceeds the
Si/Al=2 value accepted for this type. Probably, the high
silicon concentration is due to the presence of quartz
impurity, but X-ray diffraction does not provide the
possibility of quantitatively assessing its content, since the
quartz peak is overlapped by the intensive peak (002) at
20=25.2°. Chemical analysis also shows the presence of
impurities in the form of iron and manganese oxides. Calcium
predominates in the cationic composition of all samples,
although the sample taken in the Chkherimela gorge is
characterized by a fairly high sodium content, and the sample
taken in Gupta contains a significant amount of potassium.
Treatment in a dilute hydrochloric acid solution results in
significant dealumination of laumontite. Thus, after treatment
in a 0.1 mol/L solution, the aluminum content decreases by
1.4 times, while a further increase in the acid concentration
affects the removal of the remaining aluminum to a lesser
extent and after treatment in a 3 mol/L solution, the aluminum
content decreases by only 1.8 times. The crystalline
microporous structure of laumontite is preserved when
treated in hydrochloric acid solutions with a concentration of
less than 0.25 mol/L; at higher concentrations, the structure
is destroyed, while when treated in ammonium chloride
NH.CI solutions with a concentration of up to 3 mol/L, the
structure is preserved. When heated, the crystalline structure
of laumontite is preserved up to a temperature of 450 °C,

complete destruction of the structure occurs at 800 °C; acid
treatment reduces thermal stability and a change in structure
occurs at 310 °C.

The values of ion exchange capacity for different cations,
measured under static and dynamic conditions, indicate the
following selectivity series for single-charged cations
Cs*>Ru*>NHs">Li* and divalent cations
Ba*?>Srt2>Ca*?>Mg*?, and this allows laumontite to be
recommended for the extraction of radioactive cesium and
strontium.

Studies were conducted on the possibility of using laumontite
in plant growing [40], and it was found that the introduction
of laumontite-containing rocks into the soil has a significant
and dose-dependent effect of the introduced zeolite on the
growth of the yield of wheat grain and on the straw mass
output, and also, to a lesser extent, on the mass of wheat
grains. There is also an increase in the mass of plant roots and
an improvement in the biometric indicators of wheat.

Mordenite

Sedimentary deposits of mordenite (crystal chemical data
|[Mg (H20)24| [AlsSia0096]-MOR, see Fig. 16) are present in
many countries including Georgia. where the main explored
reserves of mordenite are concentrated in the Akhaltsikhe
deposit.

Synthetic mordenite is one of the “Big Five” zeolites (BEA,
FAU, FER, MOR, and MFI) used in the modern chemical
industry, in particular, conversions of petrochemical, for
instance, the production of gasoline and volatile, flammable
liquid hydrocarbons such as propylene, as well as aromatics
productions (for example, ethylbenzene and cumene).
Synthetic mordenite differs from natural
mordenite in that its channels allow ions or
molecules with a diameter of up to =0.7 nm
to pass through, while natural mordenites
adsorb molecules with a diameter of no more
than 0.45 nm.

0.26 nm

Fig. 16. Unit cell (left) and 8-, 12-membered rings (right)
forming 2D system of mordenite channels
[001]-12*¢>[001]-8***,

The industrial, agricultural and other uses of natural
mordenite have been reviewed by Colella [41]. Mordenite
crystallizes in the form of fibrous aggregates, masses and
vertically striated prismatic crystals, and handling fibrous
mordenite minerals may pose health risks similar to erionite
and asbestos [42, 43]. Therefore, mordenite-bearing
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sedimentary rocks should be carefully examined by SEM to
determine the crystalline morphology before use.

Mordenite has wider pores than heulandite, they can
accommodate spherical molecules or their fragments with a
diameter of up to 0.67 nm. Thus, mordenite can be used to
trap both antibiotics moxifloxacin and norfloxacin from the
aquatic environment [44] and N-nitrosamines from tobacco
smoke [45].

In both cases, the hydrochloric acid-treated form of
mordenite was shown to be a more effective adsorbent.
According to the authors [44], the increase in the adsorption
activity of mordenite as a result of its treatment with acid is
associated with an increase in pore size due to the unblocking
of the channels of the aluminosilicate framework of the
adsorbent during the dealumination process.

As expected, mordenite was found to be somewhat more
effective as a N-nitrosamine adsorbent [45] than heulandite,
although both zeolites were significantly more effective than
the conventional acetyl cellulose (ACC) filter (see Fig. 17).

Zeolite filter

ACC filter

Fig. 17. Model cigarette filter consisting of acetyl cellulose
and zeolite parts used in the study [45].

Thus, if after passing tobacco smoke through the ACC filter
the NDMA concentration is 1.88 pg/mL, then after passing
smoke through zeolite filters the NDMA content decreases to
0.65 and 0.56 pg/ml for H-HEU and H-MOR filters,
respectively.

PHILLIPSITE

Phillipsite  (crystalline  chemical data |[Me(H20)12|
[AlsSi10032]-PHI) is structurally built up of layers of 4- and
8-membered rings (see Fig. 18) forming double crankshaft
chains, the framework contains 3D system of systems parallel
to the crystallographic axes a, b and c: [100]-8* <> [010]-8*
<> [001]-8*.

0.38 nm

0.38 nm

Fig. 18. Unit cell (top, left) and three 8-membered rings
forming 3D system of phillipsite channels.

The applications of phillipsite are not as widespread as
heulandite-clinoptilolite, but it has been used for ammonia
adsorption [46] and removal of various heavy metals from
wastewater [47], Ca-enriched phillipsite have been found to
exhibit the ability to adsorb humic acids [48], and phillipsite
has been shown to be effective in removing picolines from
aqueous solutions over a wide range of concentrations [49].
Eocene rocks containing phillipsite were discovered in
Georgia, first on the northern edge of the Akhaltsikhe
Depression together with other zeolites, and then in the Guria
Range [3], near the village of Shukhuti. The content of the
zeolite phase in the rocks of the Akhaltsikhe deposit
fluctuates within 60-70%, the main impurities are chlorite
and montmorillonite; in the phillipsite-containing rocks of
Shukhuti with a high potassium content, the zeolite phase is
60-80%, the main impurity in yellow-green samples is
heulandite.

The chemical composition of phillipsite from the Akhaltsikhe
deposit PA is described by the empirical formula
|(Na1.36Ko0.70Ca0.70Mo.32) Meo.10| [Al4.2Si11.5032] -11.2H20, Me
= Y3Fe%*, 1%Cu?, %Mn?, etc., chemical composition of
phillipsite from Shukhuti PS corres-ponds to formula
|(Na1.30K2.0Ca0.30Mgo.25)Meo.10| [Alas0Si11.80032] 11.4H20.
The Si/Al ratio (2.6-2.7) and the relatively high sodium
content in both samples indicate a sedimentary origin of the
rock; the water content corresponds well to the accepted
crystal chemical formula with 12H20 molecules [50].

The total ion exchange capacity estimated from the results of
chemical analysis [50] is in the range of 2.6-3.3 mEq/g for
PA and 2.2-3.2 mEq/g for phillipsite from Shukhuti PS,
which is at least 30% lower compared to 4.5 mEq/g for the
synthetic P sample used in the preparation of the surfactant-
modified material [51] as a standard.

In surfactant-modified zeolites (SMZ) charge-balan-cing
ions M* located at the surface are replaced by high-
molecular-weight quaternary amines, typically
alkyltrimethylammonium halides, that form admicelles as a
monolayer or a bilayer, and change SMZ surface charge from
negative to positive. It is believed that SMZs are effective
sorbents for removing from water not only inorganic cations,
but also anions, as well as large non-polar organic substances
that do not pass through the micropores of zeolite [52].
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For the production of SMZ, clinoptilolite-containing tuffs are
usually used, while phillipsite is characterized by a higher
ion-exchange capacity and a developed mesopore system,
which can also be an important factor in terms of
immobilization of long-chain quaternary alkylamines on the
outer surface of the zeolite.

Modification of clinoptilolite from the Tedzami deposit and
phillipsite from Shukhuti was carried out in solutions of
cetyltrimethylammonium bromide  CieHs3(CHs)sNBr
(CTMA-Br) with a concentration of 0.45 to 60 mEg/L; the
solid-to-liquid ratio was 1:4; each sample was treated at room
temperature for 8 hours [51]. As a result of the conducted
study of the composition, structure and properties of the
obtained materials, it was established that when modifying
natural zeolites with surfactants, the microporous structure
and the properties of its cation exchange centers, which
determine the bond energy between organic molecules and
the surface, as well as the secondary porosity, which
determines the conditions for the formation of
monomolecular and double layers, are of greater importance,
while the total ion exchange capacity of the zeolite is of lesser
importance.

Thus, phillipsite is characterized by a stronger bond between
the cation exchange centers and the positively charged amine
heads of (CHs)sN* than in the case of clinoptilolite, but the
distribution and immobilization of hydrophobic organic
matter in the relatively small mesopores of phillipsite with a
diameter of less than 10 nm are associated with certain
difficulties, and SMZ based on phillipsite does not have any
particular advantages in trapping nonpolar organics
compared to SMZ based on clinoptilolite, which has
mesopores with a diameter of 20 to 100 nm [53].

On the other hand, the strong bond between the zeolite
surface and the surfactant may be an obstacle to the use of
phillipsite-based SMZs for water purification from
pathogenic microorganisms using the Bowman method [54],
but this issue requires further study.

The cation exchange capacities of sodium-, potassium- and
ammonium-enriched forms obtained from natural phillipsites
are given in Table 1; the PS sample, which is characterized
by a high potassium content in nature, demonstrates the
highest capacity not only with respect to potassium.

Table 1. Cation exchange capacities (CEC) of phillipsite
cationic forms.

CEC (mEg/g)
Sample Na-form K-form NHa-form
PA 15 1.9 2.2
PS 1.2 3.3 3.2

The PS sample was successfully used in agriculture: its
introduction into the soil in the amount of 200 g/m? led to
almost the same increase in the yield of cucumbers and
scallop as the introduction of mineral fertilizers [37].

The ion exchange isotherms obtained experimentally on PA
(equilibrium at 20 °C is justified by a constant solution
concentration, a solid to liquid ratio of 1:20) are shown in Fig.
19.
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Fig. 19. lon exchange isotherms Cz = f(Cs) on PA.

The selectivity sequences depend on the origin of zeolite: K*
> NHg4* >> Ca*2> Mg*? for PA with low content of potassium
and high content of calcium and magnesium, and NH4* > K*
> Na*>> Ca*?> Mg*? for PS with comparatively high content
of potassium.

In the temperature range of 140-180 °C, phillipsite loses
water and transforms into metaphillipsite, the thermal
stability of which strongly depends on the cationic
composition and silicate modulus Si/Al: calcium samples
with a low silicon content decompose at 300 °C, while
sodium-potassium samples with a high silicon content retain
the metaphillipsite structure up to 450-500 °C; after cooling,
metaphillipsite easily hydrates in air for several hours, and
the original structure is restored [4].

According to XRD patterns (three merging peaks at
20=12.35-12.5° of reflections 001, 020 and 110, as well as a
peak at 20=27.9° of reflection 041) and infrared spectra (the
intertetrahedral oscillation band at 615 cm™) of PA samples
heated for 4 hours, the content of the crystalline phase does
not change as a result of heating to 200 °C, but decreases by
10% after heat treatment at 300 °C, by 13% at 400 °C and by
40% at 500 °C. Treatment in a dilute solution (0.1 mol/L) of
hydrochloric acid at 90 °C for 2 hours at a solid to liquid
phase ratio of 1:40 causes minor changes in the XRD pattern
and IR spectrum, the content of the crystalline phase
decreases by 35% after treatment in a solution with a
concentration of 0.5 mol/L, by about 55-60% in a solutions
with a concentration of 1 to 2 mol/L, and by 85% in a 5 mol/L
solution [55].

Phillipsite from Akhaltsikhe PA and its acid-treated forms
have been used in the catalytic conversion of methanol in the
presence of oxygen, proceeding in the following directions:
dehydration to dimethyl ether (DME), dehydrogenation to
formaldehyde, and oxidation to carbon monoxide and carbon
dioxide. The experimental results are shown in Fig. 20 [55].

Untreated phillipsite is characterized by low dehydration
activity, methanol is mainly converted into formaldehyde and
carbon oxides. The highest dehydration activity is
demonstrated by the sample treated in a 0.5 mol/L
hydrochloric acid solution, the DME vyield is 80% at about
350 °C. The highest formaldehyde yield (40%) is provided at
a temperature of about 500 °C by phillipsite treated in a 0.1
mol/L solution. Despite the low content of the crystalline
phase for sample P-1, it is characterized by pronounced
dehydration and dehydrogenation activity: the DME yield is
55% at 350 °C and 30% formaldehyde at 450 °C [55].
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Fig. 20. Yield of DME (top) and formaldehyde (bottom)
vs temperature of catalytic reaction on untreated PA (P)
and acid-treated forms (P-concentration in mol/L).

Phillipsite  from the Akhaltsikhe deposit PA was
recrystallized to produce synthetic zeolite faujasite of the
FAU type (Mss(H20)240| [AlssSii340384]-FAU), one of the
“Big Five” zeolites [56]. Phillipsite powder was suspended in
Teflon flack placed in shaking water bath controlling
temperature at 90-95 °C; suspension was processed with a
12% hydrochloric acid solution at the rate of 5 mL/g of the
solid raw material; activated suspension was diluted with
water and treated by adding of a 25% sodium hydroxide
solution, followed by the formation of a homogeneous gel for
about one hour. The aging of the gel with the chemical
composition SiO2/AI203 =3.8, Na20/Al203=12 and
H20/Na20 = 55 was carried out at room temperature for four
days; crystallization was carried out in a temperature-
controlled water bath; the temperature (up to 95 °C) and
duration (up to 55 hours) were selected to obtain micrometric
single crystals with a diameter of 2-8 um, shown in Fig. 21.

The chemical composition of the obtained product
corresponds to the formula |Nass@)[Meli2q) (H20)2a8010)|
(Al7g(3)Si114(4)0384), Me=K, %Ca, Mg, %Cu and %2Zn,
Si/Al=1.46+0.07, so this product is attributed to FAU type
zeolite NaX, which is confirmed by the assignment of peaks
in the powder XRD pattern and its comparison with the XRD
pattern of commercial zeolite NaX (see Fig. 22).

Fig. 21. SEM image of FAU zeolite recrystallized from
phillipsite, magnification 5,500x.
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Fig. 22. XRD pattern of the phillipsite recrystallization
product; numbers in parentheses are Miller indices (hkl),
after the parenthesis are d-spacings (A).

The specific surface area of 589 m?/g calculated from low-
temperature (77 K) nitrogen adsorption-desorption isotherms
is comparable to 573 m?/g for zeolite X obtained from coal
fly ash [57] and is higher than the specific surface area of 453
m?/g reported for NaX obtained from diatomite [58].

The total pore volume of the prepared NaX is 0.578 cm3/g,
the volume of micropores with a diameter of less than 8 A is
0.301 cm?®/g, which is slightly higher than the micropore
volume in X zeolites obtained from coal fly ash (0.281 cm3/g,
[57]) and from diatomite (0.284 cm?®(g, [58]), and also
significantly higher than the micropore volume in NaX
zeolites synthesized using structure-forming reagents that
block part of the channels [59].

The mesopores have a volume of about 0.28 cm?/g, and their
filling is reflected in the nitrogen adsorption-desorption
isotherms as a very narrow hysteresis loop at high relative
pressures (from 0.9 to 0.99). Such a loop of the Hi type,
according to the Sing classification, indicates the presence of
well-defined cylindrical pore channels, the diameter of
which, calculated using the Barrett-Joyner-Halenda method
from the desorption isotherm, is 53 nm.

The loop observed in the synthesized zeolite NaX is
different from the wide hysteresis loops described for some
synthetic zeolites [58,60](Ltaief etal., 2015; Yao et al., 2018)
and corresponding to the filling of disordered pores (type H2)
or uniform slit-shaped (type Hs) intercrystal mesopores of
non-rigid aggregates of plate-like particles, ascribed to the
packing of zeolite crystals.

It has been shown previously [53] that raw natural phillipsite
from Shukhuti is inert to E. coli and Staphylococcus aureus,
while acid-treated samples exhibit high bactericidal activity.
It should be noted that back in the Soviet period, Pylev et al.
[61] reported the carcinogenicity of phillipsite, but later the
International Agency for Research on Cancer (IARC)
assessed their study as inadequate [62].

Recently, bactericidal phillipsites containing up to 230 mg/g
of silver, 66 mg/g of copper, and 86 mg/g of zinc silver and
zinc have been obtained using ion-exchange reactions
between grinded and washed by dilute HCI solution zeolite
and a salt of a corresponding metal in the solid phase
followed by washing with distilled water [63]. The obtained
silver-, copper- and zinc-containing phillipsites exhibit
bactericidal and bacteriostatic activity towards E coli
regardless of whether the amount of released bioactive metal
ions reaches the minimum inhibitory concentration in the
solution. The dry ion-exchange synthesis procedure increases
the dispersion of the material, but does not affect the
developed mesoporous system of phillipsite and the total pore
volume, which averages 0.285 cm?/g. The compliance of the
proposed method for obtaining silver-, copper- and zinc-
containing forms of phillipsite with high environmental
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standards is confirmed by its low Sheldon factor E compared
to similar indicators of green chemistry of traditional ion
exchange methods in solutions.

Later [28,29] biometal-enriched phillipsites were tested for
bacteriostatic activity against other microorganisms, and it
was found that copper- and zinc-containing phillipsites were
more active against hay bacillus than the silver-containing
form, and mechanical mixtures exhibited synergism. In
particular, a mixture of silver and copper forms was
maximally active against E. coli, and a mixture of copper and
zinc forms was most active against mold (see Fig. 23).
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Fig. 23. Inhibition of growth of microorganisms by silver-
(Ag), copper- (Cu) and zinc-containing (Zn) phillipsites
and their mixtures.

Scolecite

Scolecite is a tectosilicate mineral isostructural with the
sodium-calcium zeolite mesolite and the sodium zeolite
natrolite, that belong to the NAT type zeolites (crystal
chemical data [M1s (H20)16| [Al16Si24080]-NAT). Scolecite is
a common zeolite, but it is a hydro-thermal mineral of
secondary origin derived from low temperature alteration of
basalts and related rocks, and occurs with other zeolites in the
amygdaloidal cavities of weathered basalts, also in gneisses
and amphibolites, in laccoliths and dikes derived from
syenitic and gabbroic magmas, and in contact metamorphic
zones. Scolecite associated with other zeolites, calcite, quartz
and prehnite is widespread in Georgia, but a promising
manifestation for industrial use is found only near the village
of Kursebi, located in western Georgia, in the Tkibuli
municipality [64].

The framework of NAT zeolites (see Fig. 24) includes a two-
dimensional system of channels with narrow entrance
windows in the form of 8- and 9-rings with dimensions of
0.26 nm x 0.39 nm and 0.25 nm x 0.41 nm, respectively;
channels are variable due to considerable flexibility of
framework.

Fig. 24. Scolecite framework.

The relatively high aluminum content (Si/Al=1.5) allows
these minerals to be used as ion exchangers, and Brazilian
[65] and Sudanese [66] scolecites have been successfully
used to remove heavy metal ions from industrial wastewater.
It is also known that natural scolecite from India has proven
to be an effective catalyst for the one-pot synthesis of 2,4,5-
triarylimidazole derivatives via a three-component reaction
using benzyl or benzoin, aldehydes and ammonium acetate
[67].

In accordance with the results obtained [68], the chemical
composition of the aluminosilicate framework of the
Georgian scolecite from Kursebi is described by the
empirical formula Nao.oz2s(15) *Ko.015(8) ‘Cao.s03) [AlSi1.e80s.36],
so that the molar ratio Si/Al slightly exceeds the value
determined for the NAT-type zeolites, and the prevalence of
calcium in the cationic composition is fully consistent with
published data [65-68] on natural scolecites from different
countries.

The transformations of Georgian scolecite
when heated are similar to those described
by Peng back in 1955 [68]: at =350 °C, some
water molecules are lost and metascolecite is
formed by the reaction CaAl:Si3O10-3H20 >
CaAl2Siz010-2H20+H201, and at a temperature of 500-
520 °C, the framework loses the remaining H20 molecules
and is completely destroyed.

The same effect of microstructure destruction occurs as a
result of acid treatment of scolecite with concentrated HCI
solutions, and the decationization process is more intensive
than dealumination. Thus, after treatment in a solution with a
concentration of 3 mol/l, the content of calcium cations
decreases more than tenfold, while the content of aluminum
atoms decreases by 3.5 times [64].

lon exchange properties of Georgian scolecite were studied
under dynamic conditions in model solutions of alkali,
alkaline earth and some heavy metal chlorides. It was found
that the dynamic cation exchange capacity (DCEC) depends
on the solution concentration, the maximum DCEC value is
achieved at a concentration of about 1 mol/L, while scolecite
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absorbs strontium cations Sr?* to the greatest extent (DCEC
= 3-4 mEq/g), while doubly charged cations of heavy metals
(Co?*, Ni**, etc.) are absorbed to a lesser
extent (DCEC ~ 1.3 mEq/g); exchange
capacity for Cs+ ions at a flow rate of 5§
mL/min and room temperature is 2/5 mEa/g.
The DCEC increases with the temperature of
the solution passing through the zeolite-—
filled column, but insignificantly, so the
purification process can be carried out
quite effectively at room temperature. The
DCEC decreases with the flow rate of the
purified solution, the optimal flow rate
should be selected empirically.

CONCLUSION

Heulandite-clinoptilolite meets European safety standards
and can be used in livestock farming as a feed additive, as
well as in crop farming as a fertilizer component in
combination with organic waste or such cheap mineral raw
materials as brown coal. In construction, this zeolite can be
used as an additive to concrete, and in the pharmaceutical
industry as a substitute for sulfuric acid. Heulandite-
clinoptilolite effectively absorbs antibiotics from water and
volatile nitrosamines from tobacco smoke, can be used as a
carrier of biologically active metals, and also as an
aluminosilicate raw material for the production of synthetic
mordenite and ionites.

Acid treatment of analcime allows obtaining effective
adsorbents, the sodium form of analcime can be used to
purify water from ammonium, and a mixture of analcime
with manure can partially replace mineral fertilizers.
Laumontite can be used to purify water from heavy metals,
including radioactive ones, especially cesium ions Cs*.
Mordenite absorbs pharmaceutical  pollutants  (e.g.,
antibiotics moxifloxacin and norfloxacin) from water, and
after acid treatment it very effectively absorbs volatile N-
nitrosamines from tobacco smoke.

Phillipsite can be used in plant growing to replace mineral
fertilizers, as a catalyst for methanol conversion, as an ion
exchanger for water purification from ammonium, as a
carrier of biologically active metals, and also as an
aluminosilicate raw material for obtaining valuable synthetic
zeolite faujasite.

Scolecite can be used without any treatment to purify water
contaminated with radioactive elements such as cesium and,
in particular, strontium.
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Identification of Impurities in Paper Made from Waste Paper
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Abstract. Cardboard and paper made from waste paper contain various impurities along with the usual calcium carbonate filler.
Samples of paper made from recycled materials on the production line of a three-layer corrugated cardboard factory, as well as in
laboratory conditions, were studied. It has been shown that elemental analysis and elemental mapping using X-ray energy-dispersive
spectrometry allow the identification of crystalline and amorphous impurities that are not visible in powder X-ray diffraction patterns.

Keywords: elemental mapping, impurity, X-ray energy-dispersive spectrum.

3. 3030930¢0, b. 306dz9¢0, 6. EMESdYM0dY, 3. Bogocsdy, B. 5d060dy, 8. bryEodzomwo - bs®BYbIBdOLYE sIBIIdYE
Jomsedo obstrg3zgdol 0gbE0BoE0MYdS

6gbor0y. 353Gl sTBIIIMWO TMgom s Jowowro Fgogsgl bbgswalibgs dobstgagdl h3gmwgdmog
3903030l 39MRdMBsEOL G90s3Lgdgwmsb gBmoe. dgbfagarowo odbs Lsdrgbosbo gmBMOMIdMwo Fmysml Jo@bbol
Lofo®mdmm ba®by, sb9g39 WBMOIGHMMOWE 306HMdJT0, Fos3w)8s390wI0 Tolioegdolash ©sdbsgdmwo Jowswool
609mdgdo. bsbggbgdos, H®I gwgdgbGnmMo sbscrobo s gegdgbEmo Mmds MgbGHygbmwo godmlboggdol gbgMyool
©oL3gOLowo 139dGHMMIYEHOOOL J58mYgbgdom 0dwg3s 3MHOLEIMYIMHO S SFMOBLEO FobsMy39d0L 0I6EHOBOEOMIdOL

1539950 qdL, MM GdOE 56 BBl HYbEYIEME OGMsdEMAMFJdT0.

Introduction

During the coronavirus pandemic, demand for new antibacterial
and antiviral materials has increased, especially for polymer and
paper packaging for food and agricultural products, and this
interest continues in the context of the post-pandemic period. On
the other hand, the World Health Organization notes that
infectious diseases caused by various microorganisms lead to
millions of deaths worldwide, so interest in disinfectants is
constantly growing and research is being conducted in many
countries to create new liquid and powder antibacterial,
antifungal and antiviral substances [1].

Among these substances are bactericidal powder materials that
are used as fillers in the production of polymeric materials and
paper to protect their surfaces from microbial contamination. To
obtain such fillers, natural or synthetic zeolites (aluminosilicates
of the general formula Mx[ALSiyOzx+ y)l mH20) are used, in
which the cations of alkali or alkaline earth metals M are partially
replaced by ions of silver, copper, zinc or another biologically
active metal [2,3]. Bactericidal compositions with metal-
containing zeolites do not cause allergic and skin reactions in
humans, are non-toxic, odorless, and are considered
environmentally friendly [4-7].

Recently we have developed special zeolite fillers, containing up
to 130 mg/g of silver, or up to 72 mg/g of copper, or up to 58 mg/g
of zinc [8], and which give packaging paper bactericidal
properties against gram-negative bacterium Escherichia coli and
gram-positive bacterium Staphylococcus aureus [9]. Along with
testing the bacteriostatic activity, the physicochemical properties
of the obtained paper samples were investigated. The powder X-
ray diffraction (XRD) patterns of paper samples both with and
without fillers show broad peaks of cellulose in the range
12°<20<25° (double peak of reflections (101) and (10-1) at 20 =
15 and 16°, shoulder of (021) at 20=21° and intense peak of (002)
at 20=22.5°), as well as narrow peaks at large 20 angles (see Fig.
1).
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Fig. 1. Powder XRD pattern of paper.
According to the RRUFF database (see
https://rruff.info/Calcite/R050128), these

narrow peaks, the most intense of which is
detected at =29.5°, indicate the presence of
calcite (calcium carbonate CaCOs) in the paper
samples. Calcium carbonate is widely used in the paper industry
[10], and its presence in paper is not surprising, especially since
the filled papers were manufactured on the production line of the
paper mill of the GPM company (2 Akhvlediani str., line 10,
Thilisi, Georgia), producing paper and three-layer corrugated
paperboard from recycled waste.

As a rule, packaging paper and cardboard made from secondary
raw materials — waste paper, along with calcium carbonate
contain various amorphous and crystalline impurities, as
evidenced by a wide band at 20=9° and a narrow peak at 20=12°
in the powder XRD pattern, respectively (see Fig. 1).
Identification of impurities is a necessary and important task,
since they not only affect the quality of paper, but can also interact
with ions of biologically active metals. Therefore, the aim of this
study was to identify methods that can determine the nature and

22



Bodaoaammls 3ai3609M9d5m8 AOMmabmeo 5350098300L Bsi36n, d0dool Latos

chemical composition of impurities in paper made from waste
paper.

Experimental

During the production of paper samples on the production line,
the introduction of zeolite fillers was carried out on practically
dry paper, during the coating process, by adding a zeolite
suspension to a boiled starch binder, as shown in Fig. 2.

zeolite suspension
in cooked starch

|
L
»

paper web Reel

drum

calender rolls

|
I\

Fig. 2. Introduction of fillers on paper.

The paper samples for the study were also prepared in laboratory
from commercial tissue paper made from recycled paper. The
tissue paper, crushed to a size of 2 x 2 mm, was placed in a glass
laboratory crystallizer, poured with boiling water in a ratio of 1:20
by weight, manually ground and kept for 15 minutes, after which
boiled starch glue was added to the resulting mass (ratio of dry
starch and water 1: 12, the ratio of dry tissue paper to glue is 1:4),
the paper pulp and glue were mixed, after which the resulting
mixture was transferred to an 18 US mesh polyethylene mesh
measuring 30 x 30 cm, evenly distributed on it and dried at room
temperature until a constant weight was achieved.

Powder XRD patterns were recorded on a moder-nized Dron-4
diffractometer (USSR) employing the Cu-Kq line (A = 0.154056
nm); scanning was carried out in the 20 range from 5° to 68° in
steps of 0.02° at a scanning speed of 1°/min.

Scanning electron microscope (SEM) images and X-ray energy-
dispersive (XR-ED) spectra were obtained on a JSM-6510LV
scanning electron microscope (Jeol, Japan) equipped with a X-
Max 20 analyzer (Oxford, UK), which was also used for
elemental mapping, when an electron beam is two-dimensionally
scanned over a specimen area, and the characteristic XR-ED
spectra generated by the electron beam are acquired pixel by
pixel. Elemental mapping visualizes the distribution of
constituent elements in a sample by displaying characteristic X-
ray intensities or element concentrations in two dimensions.

Results & discussion

Scanning electron micrograph (SEM) images of the paper surface
show cellulose fibres ranging in thickness from a few
micrometers to about 50-60 micrometers and lengths up to 1-2
millimeters, as shown in Fig. 3, as well as relatively small
(ranging in size from fractions of a micrometer to several
micrometers) and large (tens of micrometers) objects of various
shapes, shown in the SEM images at different magnification
provided in the Appendix.

With the exception of calcium carbonate, which is present in large
quantities, powder XRD patterns of paper do not allow the
identification of other crystalline and, especially, amorphous
impurities, since the region of low-angle peaks (20 < 25°) is
covered by cellulose peaks. However, to identify impurities, one
should first turn to elemental analysis.

2025 . N 4

EC 20kV WD14mm

100 pm

Fig. 3. Typical SEM images of paper prepared on the
production line.

A typical XR-ED spectrum of unfilled paper contains intense
peaks of cellulose (CsH100s)n) carbon and oxygen, as well as
weak peaks of calcium and other elements contained in the
impurities, examples of XR-ED spectra showing peaks of silicon,
aluminum, etc., are given in the Appendix.

Since paper made from waste paper is not a homogeneous
material, the XR-ED spectra taken from different “sites” of the
paper sample surface shown in Fig. 4 as Spectrum 0, Spectrum 1,
etc., show different contents of impurity atoms; the results of
elemental analysis for calcium, silicon and other impurity atoms
are presented in Tables 1 and 2 in atomic percentages.

i

Fig. 4. SEM images of the paper surface indicating some of
the sites (0-9) selected for scanning XR-ED spectra, the
remaining sites (10-19) are shown in the Appendix.
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The XR-ED mapping of carbon and oxygen atoms is shown in
Fig. 5 in comparison with the SEM image; it can be seen that the
mapping follows the contours of the cellulose fibers, while the
oxygen-XR-ED-mapping image is characterized by a higher
contrast compared to the carbon-XR-ED-mapping image.

C-mapping

O-mapping

Fig. 5. SEM image (left) compared with C-XR-ED (middle)
and O-XR-ED (right) mappings of sites corresponding to
Spectra 0 — 4 (Fig. 3, top).

According to XR-ED elemental analysis, calcium is present in all
sites, but its content varies within very wide limits from 0.06 to
more than 11 atomic percent. A certain pattern is observed: for
ten sites the spectra show a calcium content of less than 1 atomic
%, and this corresponds to the usual content of calcium carbonate
as a uniformly distributed filler, while at five sites (Spectra 4, 6,
7, 11 and 12) the calcium content exceeds 5 atomic %.

Table 1. Content of calcium, silicon & aluminum in
paper prepared on the production line.

Spectrum _ Atomic %

No. Ca Si Al
0 0.50 0.2 0.1
1 0.24 14.0 11
2 0.50 0.1 <0.05
3 0.34 - -

4 5.28 2.7 2.3
5 0.50 0.19 0.13
6 7.81 2.88 2.85
7 114 0.27 0.36
8 0.92 0.21 0.16
9 1.13 0.30 0.22
10 0.56 0.24 0.16
11 9.74 — —
12 9.88 1.44 1.22
13 0.06 - -
14 0.72 0.14 0.16
15

16

17

18

19

Calcium-XR-ED mapping shows the non-uniform distribution of
calcium on the paper surface and allows the identification of
calcium carbonate conglomerates, marked by the circle and oval
in Fig. 5, which compares the SEM image with the calcium XR-
ED mapping result of the same area.

Fig. 5. SEM image (left) and Ca-XR-ED mapping (right) of
“sites” corresponding to Spectra 11 and 12.

Seventeen of the twenty sites contain silicon and aluminum atoms
on their surfaces, ranging in abundance from trace amounts to
approximately 3 atomic percent, with the exception of site 1,
which contains 14 atomic percent silicon (Spectrum 1).

The detection of silicon atoms indicates the possibility of the
presence of such impurities as quartz sand (0-SiO2) and glass
(SiO2nNa20'mCa0), as well as various silicates, natural chemical
compounds with a complex silicon-oxygen radical [SiO4]*, etc.
The simultaneous detection of aluminum atoms may indicate the
presence of such basic rock-forming minerals as feldspars.
However, in the presence of orthoclase (K[AISizOs]) or albite
(Na[AlSiz0sg]), the XR-ED spectra should show strong peaks of
potassium and sodium, respectively, which is not observed.

The presence of calcium atoms may indicate feldspar anorthite
(Ca[AlzSi20g]), in which case there should be matching points on
the Ca-, Si- and Al-mappings. Such points are indeed found at
two sites corresponding to Spectra 4 and 6, showing a relatively
high content of calcium atoms and approximately equal amounts
of silicon and aluminum atoms (see Table 1).

Apparently, the main silicon-containing impurities in paper are
micrometric particles of quartz sand and glass, marked with a
circle and oval in Fig. 7.

Fig. 7. SEM image (left) and Si-XR-ED mapping (right) of
sites corresponding to Spectra 0 — 4.

Detection of aluminum atoms may also indicate the presence of
aluminum oxide or metallic particles.
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Fig. 8. SEM image (left) and Al-XR-ED mapping (right) of
sites corresponding to Spectra 0 — 4.

The mapping of aluminum atoms (Fig. 8) shows a fairly uniform
distribution of these atoms, mainly in relatively small particles,
with larger aluminum particles highlighted by a circle.
Along with calcium, silicon and aluminum, XR-ED spectra at
some sites detect atoms of magnesium, iron and zinc (see Table
2).

Table 2. Content of magnesium, iron & zinc in paper
prepared on the production line.

Spectrum _ Atomic %

No. Mg Fe Zn
1 0.4 0.1 0.1
4 0.1 1.1 0.3
6 0.28 0.08 -
7 0.07 - -
11 0.23 - -
12 0.21 - -
16 3.13 - -
18 0.08 - -

High magnesium content is detected at only one site (Spectrum
16), where the SEM image (Fig. 9, top center) shows a large
particle (3-5  wide, 27 um long) between the fibers, as well as
other, slightly smaller impurity particles.

Mg-mapping

ﬂlpm Si-mapping

Al-‘mapping”

Fig. 9. SEM image (top, center) and Mg- (top, left). Si-(top.
right), Al- (bottom, left), Ca- (bottom, center)m and O-
(bottom, right) XR-ED mappings of site corresponding to
Spectrum 16.

Mapping of this area shows that the outline of the large particle is
reproduced by the Mg-, Si-, and O-XR-ED-mappings, indicating
that the chemical composition of this impurity corresponds to
silicate of magnesia (talc, (MgO)n(SiO2)m, used as a filler in
paper production [11]); other impurity formations at the left and
upper edges of the site are visible in the Ca-XR-ED-mapping.

Iron and zinc atoms appear in XR-ED spectra in trace or small
quantities; in XRD patterns, strong peaks of magnetite
FeO-Fe203, hematite Fe2Oz and zinc oxide ZnO at 20 = 36° are
not visible; XR-ED-mapping of iron and zinc atoms and,
consequently, localization of the corresponding impurities is not
possible.

Conclusion

The XR-ED spectra of the paper, in addition to the carbon and
oxygen atoms of cellulose and the calcium atoms of calcite, also
detect the presence of atoms of silicon, aluminum, magnesium,
iron, and zinc. XR-ED mapping combined with SEM images
allowed the identification of impurities such as quartz sand and
talc.

APPENDIX

The figures in the Appendix show the details of the study
conducted.

Fig. A1 SEM |mage of the paper surface at 270x

magnification.

Fig. A2. SEM
magnification.

image of the paper surface at 550x

F|g A3. SEM image of the paper surface at 1,000x
magnification.
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keV keV
Fig. A4. XR-ED spectra of sites of paper with a small content
of calcium impurity (left, Spectrum 3) and paper with a
particle of quartz sand (right, Spectrum 1); the spectra record
signals of contrasting gold atoms, but they are not taken into
account in the calculations of the specific content of the
elements.
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Abstract. The fuel cells operating in liquid phase stand back to the traditional ones, operating at high temperatures. This problem
is well manifested when oxygen is used as electron acceptor in the cathode space of the cell because of its low solubility in water
and low mass transfer rate. The present work aims to find ways to enhance the cathode process in aqueous fuel cell. This study
deals with the use of three different reduction processes and electrodes as cathode in a sulfide-driven fuel cell. First, metal titanium
is tested as cathode. Next, a catalyst, enhancing the oxygen reduction with graphite as electrode. The catalyst consists of compounds
of cobalt and manganese, embedded in activated carbon after pyrolysis of soot. Last, nitrate anions are used as oxidizer in a big
excess to the sulfide initial concentration with graphite cathode. It was shown that the highest electric current density is obtained
when catalyst was used. The excess of nitrate helps to increase the power density but nitrate are not compatible with
environmentally sensitive systems, like marine water. The use of cathode of high electric conductivity is not sufficient to
compensate the low oxygen solubility in aqueous media.
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Introduction

This research arose some years ago when experience
accumulated during the work on sulfide driven fuel cells.
Hydrogen sulfide can be used as a reductor (fuel) in this type
of operation. Its amount in the Black Sea waters was estimated
to be about 4.6 billion tons [1] with annual additions of at least
5 million tons [2]. Having in mind that the enthalpy of
oxidation of hydrogen sulfide to sulfate is 833.6 kd/mole at 25
°C, one can calculate that the total amount of hydrogen sulfide
for the Black Sea is equivalent to 33,000 TWh electric energy.
Some time ago a method for direct electricity production was
proposed [3,4. It is based on the direct oxidation of sulfide to
sulfite and sulfate in the anode compartment of aqueous fuel
cell.

Other application of fuel cells operating in gaseous phase is the
treatment of hydrogen sulfide released during oil
desulphurization [5]. The disadvantage in this case consists in
the elemental sulfur accumulation and the blockage of the
anode. There is a recent paper claiming the sulfide utilization
as electricity from sulfide containing caustic stream using gas-
diffusion electrode [6]. In this case, however, the alkalinity of
the feeding solution is very high, i.e. pH 13.9 and it is
inadmissible from environmental point of view. On the other
hand in this case the sulfide oxidation stops with elemental
sulfur as oxidation product.

Kim &Han [7] attained high current density in a liquid phase
sulfide fuel cell, but in very strong alkaline media, which is also
inadmissible for environmental purposes.

There are also efforts to use the sulfide-driven fuel cell for
hydrogen peroxide production based on the energy generated
by electrochemical processes [8].
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Some obstacles before the practical use of this type of fuel cells
are known. First, it is the low sulfide concentrations in natural
ponds, e.g. reaching almost 22 g/m3 in the Black Sea at biggest
depths. Another hinder is the low concentration of oxygen in
the cathode aqueous streams. In these cases the concentration
of oxygen is very low, i.e. 5-10 g/m3 at atmospheric pressure
and ambient temperatures. These factors together with the low
mass transfer rate in liquid phase lead to shortage in oxygen
supply and therefore sluggish kinetics of the cathode oxygen
reduction and low fuel cell efficiencies are expected [9] .
There are different methods to facilitate oxygen mass transfer
in cathode space of liquid phase fuel cell: to use pure oxygen
under pressure, to use cathodes of high electro-conductivity,
gas-diffusion electrodes [10], catalysts to enhance oxygen
reduction or to replace oxygen by other oxidizers at higher
concentrations, e.g. nitrate.
Ipsakis et al. [11] proposed an electro-catalytic membrane
reactor for hydrogen sulfide oxidation in agueous media using
solid electrolyte membrane.
The present work summarizes our efforts in these directions.
We present own experimental data on sulfide oxidation in
sulfide-driven fuel cell by these three cathode modifications:

e  Use of titanium as cathode;

e  Use nitrate at high concentration as oxidizer;

e Use of catalyst embedded in electro-conductive

support.

Materials and methods

1. Materials
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reagent >.98% (Sigma—Aldrich production) or ' o o

by sodium hydrosulfide, NaHS. As supporting s S0H-

electrolyte for the sulfide solution sodium
chloride aqueous solution (16 g dm—3), the
same as it is in the Black Sea water, was used.
The initial solution pH varied between 7.3 and
12.6 depending on the chosen sulfide
concentration from 20 to 240 mg dm=.

Sodium nitrate in the experiments with nitrate as oxidizer, was
used. The nitrate concentration was around 500 mg dm3, i.e. in
large excess compared to the sulfide concentration.

Two types of electrodes were used: square sheets of sintered
graphite of 100 sg. cm area and rectangular sheets of titanium
same size. The EDX-spectrum of the graphite plates showed
contamination of silicon only.

When catalyst in the cathode space was used, graphite plates as
electrodes were applied. The catalyst consisted of oxides of
manganese, iron and cobalt. It was prepared by pyrolysis of
waste soot of tires production, soaked by salts of the listed
metals. The obtained char particles were electro-conductive.
The cathode space was packed by these particles with size ca.
0.2 mm, thus to increase the contact area of the electrode. The
XRD-diagram of the catalyst is shown in the Fig. 1.

Zinc oxide, as well as sulfides, sphalerite and wurtzite were
detected too. Probably the zinc compounds are present as
components of the substrate.

2. Methods

The expected scheme of the fuel cell for the considered case is
shown in Fig. 2.

Both cases of anode reactions involving proton or hydroxylic
anion exchange are presented.

S042- + BH* + Be = S2-+ 4H,0 anode reaction

0; + 4H*+4e-= 2H,;0 cathode reaction
or
S042-+ 4H20+ 8e- = S2- + 80H- anode reaction
03 + H20 +4e- = 40H- cathode reaction

‘Z \Tklwwlw L
' : | ‘ 1 Ll

VI L WP Y VR AR T DO L LY |

1000 2000 2000 «00 5000 8000 7000 200 5000 100.00
Cuka1 (1540580 ) 2tnets

Fig. 1. A XRD-diagram of the prepared and used catalyst.

Fig. 2. Scheme of the operation mode of sulfide driven fuel
cell; (@) — proton exchange; (b) — hydroxylic anion
exchange.

Experiments were carried in a lab-scale fuel cell designed for
the present purpose (Fig 3).

Fig. 3. A picture of the lab-scale fuel cell

The cell consisted of two rectangular compartments with plane
electrodes separated by ion-exchange membrane. In all cases
anion exchange membrane (DSVN, a Selemion production,
Japan) was used. The slot of the anode compartment was 0.5
cm and of the cathode one — 0.8 cm. The cross section of each
compartment was 100 sg.cm.

The cathode space was fed by the same supporting electrolyte
preliminary aerated by air.

Both batch and continuous processes for the anode
compartment were studied. In the case of batch processes the
cathode electrolyte was supplied continuously by peristaltic
pump.

During the continuous experiments the sulfide solutions were
purged by nitrogen prior to supplying to the fuel cell to avoid
or at least to minimize the parasite bulk oxidation of sulfide.
The feeding was accomplished by peristaltic pump.

The current efficiencies were calculated from the measures

electric current according to the Faraday’s law and compared
to the converted sulfide according to the analysis.

m Mi M e,

—=— m=—| i.dt

t nF’ nF "rﬂ'
m Mi M ot ,
—=—,m= —f i.dt
t nF nF -0 1)
where:

o i—electric current, A; *
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m—mass of reacting substance, g;
t—time, s;

M-—molar mass of reacting substance, g;
n—number of exchanged electrons;
F=96,484 Cmol™?, Faraday constant.

The number of exchanged electrons n depends on the
reactions on the anode. In the case of sulfide oxidation these
reactions are very sensitive to the sulfide concentration and a
large variety of exchanged electrons for different
electrochemical reactions are possible. We shall constraint
ourselves to some of them, more probable at lower sulfide
concentrations, as it is in our case. Table 1, excerpt of broader
one [Suhotin, A.M. Guidebook on Electrochemistry (in
Russian); Himia: Leningrad, Russia, 1981] is shown below.

Table 1. Short excerpt of sulfide oxidation reactions, taken from [12]

No. Reversible anode reaction Number of Standard electrode
exchanged potential, 250C, V
electrons, n

1 $042-+ Hy0 + 26 = 5032~ + 20H- 2 -091

2 S03 2+ 3H;0 + 6e = §+ 60H- 6 -0.66

3 Syl +2e =25 1 -0.524

4 S+2e=8- 2 -048

5 $703 2~ + 6H* +8e = 25+ 3H;0 4 -0.006

Note, that the oxidation of sulfide to sulfate involving 8
exchanged electrons passes through two steps: first, oxidation
to sulfite involving 6 electrons and second, oxidation of sulfite
to sulfate, with 2 exchanged electrons.

3 Analyses

Samples from the solutions in the inlet and outlet solution were
taken regularly. They were analyzed for sulfide, sulfite and
sulfate. The pH values of the feeding solutions and the outlet
ones were measured by pH-meter. Sulfide was analyzed
quantitatively by photometry [13]. Sulfite was analyzed
iodometrically. Sulfate ions were analyzed qualitatively by
addition of barium chloride. Formation of polysulfides was
checked qualitatively by acidification of the reaction mixture
and deposition of elemental sulfur. The presence of thiosulfates
was checked qualitatively by ferric chloride yielding intensive
purple complex.

When nitrate as oxidizer was used, nitrate concentration was
determined photometrically using a method described in [14]

4. Polarization experiments

The polarization curves for the fuel cell performance were
evaluated varying the current by external Ohmic resistance and
measuring the corresponding cell voltage. The current was
calculated by the Ohm’s law from the measured cell voltage
and the current Ohmic resistance. Then the generated power
was calculated.

5. Experiments with fuel cell discharge
These experiments were carried out in a batch and continuous
modes. The generated electromotive force was discharged
through external ohmic resistance selected by the optimum
current density evaluated at the polarization experiments.

At the continuous process, both compartments were
fed by peristaltic pumps with a constant flow rate. In the case
of batch processes in the anode compartment the cathode

electrolyte was also supplied continuously to the cathode
compartment by peristaltic pump.

Results and discussion

1. Control experiments with dissolved oxygen
Example of polarization curve for control experiment is shown

in Fig. 4. In these cases, no catalysts were used, nor nitrate as
electron acceptor. Sintered graphite sheets served as electrodes.
It is seen that both current and power densities are extremely
low. The maximum current density is 0.03 A/m2 and the power
density is about 6 mW/mz2.

Fig.4
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o
o
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0,00 0,02 0,04 0,06 0,08 0,10 0,12

Current density, A/m2

—s—\/oltage — O —Power density

Fig. 4. Polarization curve for experiment when no catalyst,
no nitrate were added. Continuous process, feed flow rates
0.3 dm?hL for both compartments. Inlet sulfide concentration
202.4 g dm. Supporting electrolyte 16.5 g dm-3 NaCl for both
compartments.

2. Fuel cell performance at titanium cathodes

Some experimental results obtained by the use of titanium as
cathode are shown in Fig.5. The straight line on Fig.4b shows
that there are no overpotential at low current densities and no
mass transfer limitations at higher ones. There is a stable
continuous process of sulfide oxidation soon after the process
starts.

A comparison of the calculated oxidation rates to the
determined ones by analysis is shown in Table 2. One can see
that the reaction, involving polysulfide formation with one
exchanged electron (reaction 3) is not admissible. Reactions 1
and 4 seem suitable for the obtained results, with 67%
conversion rate. However, no elemental sulfur corresponding
to reaction 4 was observed, nor thiosulfate were observed. The
complete conversion of sulfide to sulfate, involving 8
exchanged electrons seems negligible, i.e. about 15% only.

A possible explanation of this result is that a parasite bulk
reaction of sulfate to sulfite oxidation may take place and that
the purging the inlet sulfide solution with nitrogen is not
sufficient.

Table 2. Comparison of the calculated by the Faraday’s law

and the determined by analysis oxidation rates with
titanium as cathode, mg ht
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Number of 1 2 4 6 8
exchanged
electrons
Analysis 1.83
Faraday's | - 2.4411.22 | 0.61 | 0.310.15
law, Eq.(1)
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Fig. 5. Polarization curve (5a) and fuel cell discharge (5b)
in continuous process.

Initial sulfide concentration, 21.5 g dm3; feed flow rate for
anode compartment 0.76 dm? hl; graphite sheet as anode.
Titanium sheet as cathode; feed flow rate for cathode
compartment 0.72 dm?® h', Supporting electrolyte 16.5 g dm
NaCl for both compartments. External ohmic resistance 30 A
(Fig. 5b).

3. Fuel cell performance with nitrate as oxidizer
Nitrate anions of concentration ca. 500 mg dm-® were used as
electron acceptor. The excess of nitrate was chosen to avoid
mass transfer and kinetic limitations as it happened when
oxygen dissolved in aqueous solution was used.
When nitrate is used as oxidizer, the cathode reaction in the fuel
cell is as follows:

NOs +H20 + 2e" = NOz" + 20H"
The results for fuel cell performance under static conditions are
shown in Fig. 5. When nitrate is used in excess as electron
acceptor, the current and power densities are much higher than
in the case of dissolved oxygen use. Nitrate depletion was about
50% of its initial amount, thus keeping the nitrate concentration
sufficiently high compared to the sulfide one.
Under batch conditions the fuel cell was discharged and
exhausted within 1 hour. During this time the current efficiency
according to the Faraday’s law corresponds to different number
of exchanged electrons, as shown in the Table 3.

Table 3. Comparison of the calculated by the Faraday’s law
and the determined by analysis oxidation rates with nitrate
as oxidizer in the cathode compartment, mg.

Number of 1 2 4 6 8
exchanged
electrons
Analysis 3.09
Faraday's - 575 | 2.87 | 1.43
law, Eq.(1)

Again, the reaction involving one exchanged electron
is not admissible. The reactions 1 and 4, involving exchange of
2 electrons gives very high agreement with the result of the
analysis, i.e. about 93%. It seems very high compared with
other data for the fuel cell efficiencies. The reaction 2 of sulfite
formation with exchange of 6 electrons seems reasonable, with
agreement of 31% with the result of the analysis.
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Fig. 6. Polarization curve (6a) and fuel cell discharge (6b)
in batch process. Initial sulfide concentration, 67.4 g dm';
graphite sheets as electrodes. Initial nitrate concentration, 480
mg dm3. . Supporting electrolyte 16.5 g dm= NaCl for both
compartments. External ohmic resistance 10 A (Fig. 6b).

4. Fuel cell performance with catalytic oxygen reduction
At these experiments the cathode space of the fuel cell was
packed with the catalyst. The inlet sulfide concentrations were
within 200 and 220 mg dm. The experiments were carried out
in continuous mode. Both compartments were fed with flow
rate of 0.3 dm3/h.

Some experimental results are shown in Fig.7. The best results
for current density and power density are obtained by the Co-
Mn catalyst. The latter causes an additional effect, facilitating
the conversion of sulfide to polysulfide as observed
qualitatively.

The comparison of the analytical results and the values
calculated by the Faraday’s law confirms that the reaction of
sulfide to polysulfide is the most probable one. Sulfite anions
are also detected. These controversial results can be explained
by the catalyst activity and the relatively high inlet sulfide
concentrations. The most probable reactions for this case are
reactions 1 (sulfite oxidation) and reaction 3 (polysulfide
formation), cf. Table 4.

30



Lodo®mmanemls 3n3609M00d5mMS 1MOMRBMO 535000300 35369, 000l LaGos

2025 ¢%. N4

Fig. 7a
05
g
B 04
c
g o3
g o2
z g
g E 0,1 2
:. 0 &
o 0,00 0,50 1,00 1,50 2,00 2,50 3,00
§ Current density, A/m2
® Voltage = O —Power density Linéaire (Voltage)
Fig. 7b
16,00
14,00
12,00
<
£ 10,00
£ 800
£
S 6,00
o
4,00
2,00
0,00
0,0 1,0 2,0 3,0 4,0 50
Time, h

Fig 7. Polarization curve (7a) and fuel cell discharge (7b) in
continuous process. Initial sulfide concentration, 200 g dm3;
graphite sheets as electrodes. A cobalt/manganese catalyst,
embedded into pyrolyzed soot in the cathode compartment.
Supporting electrolyte 165 g dm=® NaCl for both
compartments. External ohmic resistance 10 A (Fig. 7b).

Table 4. Comparison of the calculated by the Faraday’s law
and the determined by analysis oxidation rates with oxygen
as oxidizer with Co-Mn catalyst in the cathode
compartment, mg/h

Number of 1 2 4 6 8
exchanged
electrons
Analysis 8.8
Faraday's 7.58| 3.79 | 1.89 | 1.26 | 0.95
law, Eq.(1)

4. Discussion

A comparison of the current and power densities determined
for different electrodes and cathode processes are shown in
Table 5.

Table 5. Comparison of the average current and power
densities, obtained at different cathodes and cathode
electrochemical reactions in sulfide-driven fuel cell.

Curren Power
t density, | density, W/m?
A/m?
Titaniu 0.73 + 0.12 +0.09
m cathode 0.35
Co-Mn 1.95 + 0.18 +0.07
catalyst 0.42
Nitrate 0.20 * 0.60 +0.66
reduction 0.15

Control 0.03
experiment

0.006

The current density when catalyst was used is superior to the
rest ones. Good and stable results are obtained for the case.
The power density obtained when nitrate was used prevails the
values determined when oxygen is used as electron acceptor
although at very big data scatter. However, the high toxicity of
nitrate and the resulting nitrite does not allow its use in the
environmentally sensitive media like the marine water, Nitrate
can be used as oxidizer when wastewater are treated with
additional yield of energy.

The results obtained with titanium cathode show that the good
electroconductivity of the metal cannot compensate the
disadvantages of oxygen with its low solubility in water and
low mass transfer rates.

The complicated and controversial results for the oxidation
product in the anode compartment can be explained by the big
variety of possible anode reactions of sulfide oxidation at its
higher concentrations.

Our further efforts will be directed toward the use of gas-
diffusion cathode with embedded catalyst within.
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Abstract. The work is devoted to the electrochemical deposition of thin Fe-Se films and the study of some of their properties. An
aqueous electrolyte was chosen to obtain thin films. Co-deposition on the Pt electrode occurs in a potential range of 0.65 — (-0.6)
V. The effect of the concentration of the starting ions constituting the electrolyte on the electrochemical co-deposition process of
Fe and Se was studied in the range of 0.025-0.055 M (For iron ions) and the range of 0.0005 - 0.0075 M (For selenite ions). The
effect of the potential scanrate on the co-deposition process was studied in the range of 0.005 — 0.08 V/s. The thickness of the
deposited thin layers is 4-6 pm. According to the results of EDS (element composition) analysis, the composition of the coatings
corresponds to stoichiometry and consists of 42.2% Fe, 57.8% Se.
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€05 Dol g36LBNIMS
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FgLHogansl. mbgwo g9gbgdol dobowgdo dgoMBs gergd@Mmwo@ol fiygswblbsmo. Pt gwgd@®moby msbswsowgdzs
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899500395 mds gglodsdgds bGgdomdgBmosl s dgagds 42.2% Fe, 57.8% Se-ligsb.

Keywords: Fe-Se thin films, electrodeposition, semiconductors, polarization curve.

Introduction

Recently, iron chalcogenides have received much attention due
to their applications in magnetoelectronics, spintronics, and
solar cells [1-3]. Iron diselenide (FeSe2) is an active layer in
solar photovoltaic and photoelectrochemical cells. It is a very
promising but not widely studied semiconductor used as a
semiconductor. This compound, which is of great interest for
producing solar cells, is a p-type semiconductor with a band
gap of 1.03 eV [3-5]. Recently, iron selenide has been studied
for its unusual structure and electronic properties. has attracted
widespread attention. Two homogeneous and stable phases
exist in this system, a - FeSe and FeSez [6, 7]. The o - FeSe
phase crystallizes in tetragonal and hexagonal structures, while
the FeSez phase crystallizes in rhombic marcasite and cubic
structures.

Iron monoselenide (FeSe) and diselenide (FeSez) are
considered as substitutes for platinum as auxiliary electrodes
for sensitive solar cell crystals. They have catalytic activity and
higher energy conversion efficiency than platinum. In addition
to being effective, they are stable in highly corrosive
environments  [8-12]. Iron selenides can also be
semiconductors with properties of ferro/ferrimagnetic metals
or even superconductors, depending on their composition and
structure [13-18]. Iron diselenide thin films can be obtained by
various methods. knows: pyrolysis spraying, soft selenization
of iron layers, flash evaporation, metal-organic chemical vapor
deposition, solvothermal method, chemical vapor deposition.
Polycrystalline iron diselenide layers, consisting of a mixture
of FeSe and FeSez, can be obtained by selenization of deposited
sputtered iron thin films. In addition, various synthetic methods
for the synthesis of iron selenide have been developed,
including elementary reactions in high-temperature vacuum
tubes, Aqueous solutions of metal salts and mechanical melting
have been used by applying H2Se gas.

Experimental part

Potentiodynamic studies were performed using IviumSoft -
programmed and  computer-equipped = “IVIUMSTAT
Electrochemical Interface” potentiostat. In this case, a three-
electrode electrochemical cell with a volume of 100 ml was
used. Pt wire with an area of 0.3 cm? and Ni plate with an area
of 2 cm? were used as working electrodes. Saturated
silver/silver chloride (Ag/AgCI/KCI) electrode was used as the
reference electrode, and Pt plate with an area of 4 cm? was
applied as the auxiliary electrode. Electrolyte solutions
containing 0.035 M Fe(NOs)s + 0.0025 M H2SeOs were used
during the experiments.

The surface of the Pt electrode has been cleaned as follows: the
Pt electrode is kept for several minutes in pure H2SOs at a
potential of 1.2 V. At this potential, many organic substances
are oxidized and desorbed from the electrode surface. The
electrode is kept at a more negative potential from 0.0 V to
reduce the adsorbed oxygen. The Pt electrode is kept at a
potential of 0.3 V to remove the adsorbed hydrogen, and thus
its surface is completely cleaned.

Before experiments, the surface of the Ni electrodes is
mechanically polished, treated with concentrated HNO3 acid
for 30s to remove oxide layers, immersed in alcohol or
acetone, and finally washed with bidistilled water.
Electrochemical polishing of Ni electrodes has been carried out
in a solution consisting of 55 mL of H2SOs, 55 mL of H3POa,
50 mL of H20 (T=293-303 K, i=50A/dm?, 1=180 s), and then
washed with bidistilled water. The electrochemical deposition
has also been accomplished in the potentiostatic mode.

Results and discussion

On the polarization curve of co-electrodeposition of iron with
selenium on the surface of the Ni electrode at potential intervals
of 0.0 - (-0.3) V, the reduction of selenite ions to selenium is
noticeable (Fig. 1). Starting from a potential of -0.3 V to -0.4
V, selenium atoms are reduced to selenide ions. Further, after -
0.4 V potential, the resulting selenide ions combine with iron
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ions in the electrolyte, forming a thin layer of iron
monoselenide. The co-deposition process has also been studied
on the surface of a Pt electrode. Co-deposition on the Pt
electrode occurs at a potential range of 0.65 — (-0.6) V. Here
the potential range of 0.65 - (-0.38) V corresponds to the
electroreduction of selenite ions. Fig.

mA

-20_]

Current

06 04 02 0.0 0.2
Potential v

Fig. 1. Cyclic polarization curve of co-electrodeposition of Fe
and Se from an aqueous electrolyte onto a Ni electrode

After selenide ions formed in the electrolyte interacted with
iron ions, and were deposited in thin Fe-Se layers. The effect
of the concentration of the starting ions constituting the
electrolyte on the electrochemical co-deposition process of Fe
and Se (Fig. 2 a, b) was studied by drawing linear polarization
curves. When studying the effect of concentration, the
concentration of selenite ions in the solution was initially kept
constant. In contrast, the concentration of iron ions varied in
the range of 0.025-0.055 M (Fig. 2 a).

mA,

Current

Current

Potential v

Fig. 2. Effect of concentration Fe and Se ions on the co-
deposition process of Fe-Se from aqueous electrolyte on the Pt
electrode. Electrolyte (M): 1- 0.025; 2- 0.035; 3- 0.045; 4-
0.055 Fe(NO3)s + 0.0025 M H2SeO:s (fig. 2a) 0.035 Fe(NO3)s+
1- 0.0005; 2- 0.0025; 3- 0.005; 4- 0.0075 H2SeOs(fig. 2 b);
Ev=0.02 V/s. T =298 K.

Keeping the concentration of iron ions constant, the effect of
the concentration of selenite ions was studied in the range of
0.0005 - 0.0075 M (Fig. 2 b). As seen from the figure, in both
cases, a serious potential jump is not observed in the

electrochemical deposition process, only the current consumed
in the process increases slightly (0.5 mA).

Fig. 4. X-ray
phase analysis
results of a
FeSe sample
deposited on a
Ni electrode.
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seen from the figure, although the potential shift to the positive
side is not observed during the study of the potential change
rate, an increase in the current consumed for the
electrodeposition process is noticeable. This increase is
approximately 0.8 mA.

Iron monoselenide samples deposited on the Ni electrode
surface by electrochemical deposition were also studied by X-
ray and SEM analyses.

The results show that the intensities of the diffraction peaks of
this sample are very weak. This is because the deposited iron
monoselenide has an amorphous structure. To increase the
crystallinity of the samples, they were thermally treated in an
argon atmosphere at a temperature of 450°C for 0.5 - 1 hour
(Fig. 4). The results of repeated X-ray phase analysis show that
better crystals were observed in the sample thermally treated
for 1 hour. The thickness of the deposited thin layers is 4-6 pm.
According to the results of EDS (element composition)
analysis, the composition of the coatings corresponds to
stoichiometry and consists of 42.2% Fe, 57.8% Se.

The phase composition of Fe-Se deposited on the surface of a
Ni electrode by electrochemical method was studied by Raman
spectroscopy.

According to literature data [19-22], three characteristic Raman
spectral modes are observed for FeSe2 samples at 179-182,
216-220, and 254-258 cm™. Here, the modes in the 179-182
and 254-258 cm™ wavenumber intervals correspond to the
oscillation (libration is a type of mutual motion in which an
object with a fixed orientation rotates back and forth a few
times) and valence vibrations of the Se-Se bond. The noticeable
modes at 216-220 cm'! are the stretching modes of Se-Se.

Conclusion

The preparation of thin films of the Fe-Se compound was
confirmed wusing X-ray phase analysis and Raman
spectroscopy.

In the Raman spectral modes in the 179-182 and 254-258 cm'*
wavenumber intervals correspond to the oscillation and valence
vibrations of the Se-Se bond. The noticeable modes at 216-220
cm® are the stretching modes of Se-Se.

The band gap of Fe-Se thin films, calculated using the equation
AE=2x tga, is 1.26 eV.
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Industrial Production of Promising Cathode Materials for Lithium-lon Batteries
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Abstract. Type large-scale production of cathode materials based on lithium-manganese spinels for lithium-ion batteries by
industrial and semi-industrial methods is associated with a noticeable decrease in their characteristics. To solve the problem,
three methods for producing cathode material, various starting reagents, and three reactor materials were studied. The optimal
synthesis method, temperature and duration, as well as starting reagents and reactor material were selected. X-ray phase and
X-ray structural analysis of the obtained samples was carried out and their cyclic characteristics were studied using a half-cell
of the 2023-coin type.
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Introduction

Currently, among the many types of lithium batteries,
Lithium-ion rechargeable batteries (LiA) have received
much attention, which are widely used in military and space
technology, consumer electronics (mobile phones, personal
computers, laptops, portable medical equipment), electric
vehicles, etc. The production technology of lithium-ion
batteries is constantly being improved, technical
characteristics are improved and production costs are
reduced. The performance of these batteries, among other
factors, strongly depends on the composition of the cathode
materials, methods and conditions for their production.
Currently, much attention is paid to promising lithium-
manganese spinel - LiMnzOs4, which is considered as a
promising cathode material in the production of lithium-ion
batteries. However, it is characterized by a sharp drop in
capacity during cycling, which is mainly due to the reactions
of spinel manganese with HF in the electrolyte and the
oxidation of organic compounds during repeated cycling.
Partial replacement of manganese with ions of various
metals can be used as one of the ways to solve this problem.
From this point of view, LiMn204 (lithium-manganese
spinels) doped (substituted) with other transition metals -
LiMexMn2xO4 (where Me=Ni, Co, Cr, Al, and x=0+0.5) are
important.

These compounds are mainly characterized by a high
theoretical discharge capacity and relative structural stability
during cycling. It has been established that by replacing Mn
ions with transition metal ions, it is possible to avoid the
presence of impurities and stabilize the deformed structure
of spinels.

Therefore, they have significantly better electrochemical
properties than undoped ones. When choosing cathode
materials, synthesis methods and firing temperature are of
great importance, since it affects the final formation of the
structure and, consequently, the properties of spinels, as well
as the cost of the resulting materials.

Methodological part

The goal of this work is to develop nanosized, phase-pure,
inexpensive and less toxic promising cathode materials for
lithium-ion batteries. We synthesized the samples using
different starting reagents, different methods and at different
temperatures by doping lithium-manganese spinel with an
element or pair of elements of transition valence.

The amount of cathode materials for lithium-ion batteries
obtained in a corundum crucible is determined in grams. An
analysis of the scientific literature also shows that the
majority of the work results in cathode materials being
produced in gram quantities. There is practically no work on

obtaining 1 kg or more of cathode materials and studying
their characteristics. Technologists are aware of the problem
of the transition to large-scale production, in particular, with
an increase in the mass of the receiver material, their
characteristics noticeably decrease. Therefore, the question
arises about the need to improve methods for obtaining the
cathode materials being developed. This means that it is
necessary to choose one of various synthesis methods that
provide large quantities (in an industrial or semi-industrial
manner) of phase-pure, nano-sized, promising cathode
materials with high characteristics. In addition, it is also
necessary to select the material for the synthesis reactor.
First, the synthesis of spinel-LiMn204 was carried out. As a
result of X-ray diffraction and X-ray phase analysis, the
starting reagents, synthesis method and reactor were
established. LiMn204 samples were synthesized by three
methods. In the first step, LiMn204 was synthesized using
the above starting reagents, various reactors and methods. X-
ray phase and X-ray diffraction analysis of these samples
showed the acceptability of using Li2COs as a lithium-
containing starting reagent. In addition, it is not possible to
use a titanium crucible because in all three cases it was
coated with a white substance (probably an oxide layer)
during the synthesis, so we did not use it after the first
synthesis. Stainless steel was chosen as the reactor material.
According to the X-ray phase and X-ray structural analysis
of the synthesized samples using the following method - the
double stirring method: the initial reagents were Li2COs,
Mn20s, Ni20s, Cr20s and Co203 (depending on the
composition of the samples) were taken in the amount
necessary to obtain the specified samples (for all three
methods). This mixture was mixed well (ground) in a
porcelain mortar, transferred to crucibles made of corundum,
titanium and stainless steel and placed in a cold electric
furnace. Upon reaching 830°C in the oven, the crucibles were
taken out, cooled, mixed in a porcelain mortar, transferred
back to the crucibles and again placed in the oven at 830°C
for 1 hour. Then the above-mentioned cooling-stirring
process was repeated again and put back in the oven at 830°C
for 1 hour. Then they took it out and cooled it in air. After
such processing, nano-sized phase-pure cubic spinel cathode
materials are obtained.

The samples synthesized using the selected starting
reagents, method and reactor were submitted for testing to
determine their suitability as cathode materials and thus three
samples were selected: LiNio.sMn1504, LiC0oo.2Nio.3Mn1.504
and LiCro.3Nio. 2Mn1.504. Testing was carried out in a 2032
coin type half cell using lithium metal as anode and
electrolyte - 1M LiPFs in EC/DEC/EMC (1/1/1).
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Fig. 1. Cyclic characteristics of

LiNiosMn1.504 (LNMO).

synthesized

As can be seen from the figure, the synthesized sample has a
good capacity of 110+120 mAh/g (theoretical capacity of
commercial LNMO 130+147 mAh/g), but also has
accelerated power delivery and structural instability, which
leads to degradation of the cathode material. There are many
publications in the literature devoted to the mechanisms of
LNMO degradation. The degradation of high voltage
batteries is mainly due to electrolyte breakdown caused by
high potential. Reduction and oxidation of the solvent are
possible on the anodic and cathodic sides of the potential.
Additional loss of capacity is associated with dissolution of
the transition metal.

In the case of LiC0o.2Nio.3sMn1504, the initial capacity of
the sample is lower (85 mAh/g) than that of the
LiNiosMn1504 we synthesized, although it is characterized
by stable characteristics without degradation during cycling.

(Fig. 2).

addition, no structural degradation is observed during testing
and it is structurally stable. Capacity retention after 100
cycles is 97%.
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Fig. 3. Cyclic characteristics of the

synthesized LiCro.3Nio.2Mn1.504
Having analyzed the test results, we can conclude that
doping the starting material - LiNiosMn1504 - contributes to
the stability of the structure during cycling. Replacing some
of the nickel atoms in LNMO -cathode materials with Co or
Cr reduces degradation during cycling of cathode materials,
which increases the possibility of its use in coin-type
elements.

Table 1. Test results of the synthesized samples
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Fig 2. Characteristics of cyclization of synthesized
LiCo0.2Nio.3Mn1.504

The next sample we synthesized was LiCro3Nio.2Mn1.504.
This active material has a higher initial capacity (95 mAh/g)
than the cathode material LiC0o2Nio3sMn1sO4 (Fig. 3). In

As can be seen from the figures and the table of test results,
the doped samples we synthesized, despite the low initial
capacity, can be used in a coin-type element, since they
maintain structural stability during cycling. The test results
indicate that further work is needed to improve the
electrochemical characteristics of the developed cathode
materials to increase the initial capacity and eliminate the
sharp drop in capacity during cycling. In addition, it is
necessary to clarify the methodology for producing cathode
materials using a semi-industrial method and accumulate
them in case of demand for further sale.
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Abstract. Lanthanide iron mixed oxides because of their specific magnetic properties are widely applied in many fields of
technology. In the work, the effect of magnetic anomalies on the thermal characteristics of garnet-type rare earth ferrites with the
general formula RsFesO12 (R is lanthanide ions from Sm to Lu) is reported. The study is based on the calorimetric investigation of
heat capacity in the range of 20-1300K. The following heat capacity anomalies were revealed and characterized: 1. the “low-
temperature” magnetic anomaly (Tv<100K), due to the magnetic disordering of lanthanide ions. 2. The lambda-type anomaly
associated with ferromagnetic-paramagnetic phase transitions. 3.  Schottky-type anomaly caused by the redistribution of the
electrons over lanthanide ions Stark levels. The thermal characteristics associated with anomalies are reported: the Curie points,
peaks of low-temperature anomalies; and the excess thermodynamic properties - heat capacity, entropy, and enthalpy of magnetic
origin.
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Introduction

Lanthanide iron mixed oxides form a large family of garnet-
type compositions (RIG). Because of the specific magnetic
properties of this group of insulators, they are widely applied
in many fields of technology [1-3]. The new garnet materials
with advanced magnetic properties can be elaborated and
verified by compositional modification and special thermal
treatment. This stipulates the study of the magnetic behavior
of garners in the large temperature and compositional range,
and the analysis of the impacts of these factors on energetic
parameters. In the present work, we report the effect of
magnetic anomalies on the thermal characteristics of the main
group of garnet-type rare earth ferrites with the general formula
RsFesO12 (where R is lanthanide ions from Sm to Lu).

Neel’s theory explains the specific magnetic properties of
garnet-type ferrites based on their three-sublattice crystal
structure [1]. The antiferromagnetic interactions between
paramagnetic ions distributed over sublattices of three types
(octahedral 2Fe*3-a, tetrahedral 3Fe*3-d, and dodecahedron
3R*3- ¢) result in the magnetic moments as M=3Mc-[3Md-
2Ma]. The disordering process of the cation magnetic
interactions of a-and d iron sublattices, when heated, affects
energetic parameters and creates excess cooperative magnetic
contribution to the heat capacity — Cr. The other cooperative
magnetic heat capacity component (Ci) may appear in some
garnets at low temperatures due to destroying magnetic
exchange a-c, b-c interactions with the participation of
lanthanide ions [2]. Besides these two anomalies of
cooperative nature, considering the electronic structure of
lanthanides, we should expect the non-cooperative heat
capacity anomaly (Csh) due to the redistribution of lanthanide
f-electrons on exited Stark levels. So, we can present the heat
capacity function of RIG as a complex quantity where besides
the main regular lattice Creg part, there is an excess Cex

component which represents the summary effect of cooperative
and non-cooperative magnetic anomalies.

Separating and evaluating the excess magnetic heat capacity
increments for lanthanide garnets is the main purpose of the
presented work. The following data are evaluated and reported:
the temperature limits of anomalies, the temperature of peaks
(Curie point-Tc, the peaks of Low-temperature anomaly — T1);
The excess thermodynamic properties - heat capacity (Cex),
entropy (Sex), enthalpy (Hex) associated with anomalies of
ferromagnetic origin.

Results and Discussion

The study is based on the analysis of the heat capacity versus
temperature functions Cp(T) in the range of 20-1300K,
obtained by the following calorimetric methods: low-
temperature adiabatic calorimetry for the temperature interval
20-320K, accuracy + 0.25%; DSC — 300-900K, +1.5%; and
high-temperature drop calorimeter 300-1200K, +1.5%.

The one-phased garnet samples are synthesized by ceramic
technology, which includes two stages of high-temperature
sintering (at 1650K) of mixed starting oxides. Crystal
parameters are in agreement with [1-3].

The combined heat capacity Cp(T) function for the temperature
interval (20-1300K) is typical for all group members. Just one
obvious A-type anomaly area is detected on all Cp(T) curves
which corresponds to the ferromagnetic-paramagnetic
transformation with the peak at Curie point. Two other
expected effects do not manifest the clear excess anomaly and
therefore, special methods should be employed for their
revealing.

The morphology of heat capacity functions of RIG, taking into
account all expected excess components, can be presented as:
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Co(RIG)=Creg+Cr+Cr+Csn Q)

where Creg is the main vibrational part of a crystal lattice, Cr—
ferromagnetic contribution, Cr - the “low-temperature”
anomaly caused by the magnetic disordering process of
lanthanoid ions, Csh — Schottky anomaly due to redistributions
of lanthanide f-electrons on Stark levels.

To determine the energetic impacts of all contributions, the
main task is to separate them from the regular part and each
other. The complex nature of the crystal and magnetic structure
of garnets causes the anomaly regions, the temperature
intervals of which overlap. This creates difficulties in the
estimation of individual contributions and necessitates the use
of non-standard methods.

FERROMAGNETIC TRANSITION
In the presented work, the main attention is directed to the
energetic characterization of the ferromagnetic transformation
of garnets. For this purpose, we applied the method previously
offered by us in [4]. In Figure 1 the heat capacity curve for RIG,
including the region of ferromagnetic transition (curve 1), is
illustrated. The separated ferromagnetic component Cm is
represented by curve 2. All other garnets have the same
graphical form of Cm(T). In Figure 2 the Cm and (Cw/T) are
presented as the functions of reduced temperature (T/Tc), and
they were used for calculating of magnetic enthalpy (Hm) and
magnetic entropy (Sm) of garnets, as:

Hm=/CmdT; and Sm=/(Cn/T) dT 2)
We can see that Curie temperatures and other characteristics
such as the summary entropy (St) and enthalpy (Hi) of
ferromagnetic transition vary very slightly in the garnet series
(Table 1).
The temperature function of the heat capacity being of A-type
is characteristic of ferromagnetic-paramagnetic transitions of
the second kind. The magnetic disordering process covers a
large area from ~250K to ~650K. The region up to T¢ coincides
with the process of a gradual decrease in the saturation
magnetization of garnets [1-3]. It corresponds to the destruction
of long-range exchange interactions between iron ions
distributed in a and d sublattices, that form the ferrimagnetic
behavior of garnets in a given temperature range. At Curie
temperature Te, the curve Cm(T) has a sharp peak followed by
abrupt drops and an asymptotic return to a normal
paramagnetic course. The "tail" extends ~ 100K above T¢ and
corresponds to the influence of diminishing short-range
exchange interactions between the nearest magnetic cations.
Analyzing the A-type temperature function of heat capacity we
evaluate the enthalpy and entropy associated with long — and
short-magnetic interactions between iron ions distributed on
octahedral and tetrahedral sites in the garnet lattice (Table 1).
The enthalpy of short interactions accounts for about 20% of
the total transformation enthalpy and therefore it should be
taken into consideration when modeling ferromagnetic
transitions.
The negligible difference in the energetic characteristics of
ferromagnetic transformation for all members of the group is
caused by the fact that the ferromagnetic behavior in this
temperature region (above 250K) is formed by iron ions
distributed in the octahedral and tetrahedral sublattices, which
have identical structures for all garnets. The impact of
lanthanide ions is manifested only in the low-temperature
region T<150K, where influences of a and d iron sublattices
are minimal. The difference in the corresponding thermal
parameters of garnets at low temperatures is due to the variety
of magnetic moments of lanthanide sublattices, and their
exchange interactions are very weak and cannot affect the
energetic parameters above ~ 150K.
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Fig. 2. The Curves for estimation enthalpy (a) and entropy
(b) of the ferromagnetic disordering of rare-earth iron
garnets

THE ANOMALIES AT LOW TEMPERATURES

The experimental heat capacity curve at low temperatures has
no obvious anomaly. At the same time, the theoretical estimates
presented in [2] indicate the possibility of revealing excess heat
capacity components associated with the
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Fig. 3. The low-temperature anomalyof ThsFesO12 and
ErsFesO12

destruction of magneto-exchange interactions of rare-earth ions
(a-c and d-c). Experimental confirmation of this fact for GdIG
and DyIG was given in our previous papers [4-6]. It should be
noted that this kind of anomaly is expected only for those
members of the group of garnets that have anomalous
magnetization functions with the compensation point, such as
Gd, Dy, Th, Ho, and Er IG. The excess heat capacity
contribution of these ferrites was separated using LulG as the
isostructural baseline, since in the low-temperature region no
magnetic anomaly is expected for compounds with Lu
diamagnetic ions:
C(l.an)=Cp(RIG)-Cp(LulR) 3)

The separated anomaly area can be associated exactly with the
“low temperature” effect for only GdIG because no Schottky
anomaly is expected for Gd(l11) ions in the S-type ground state.
For the other ferrites with normal magnetization—temperature
functions (DY, Th, Ho, Er) IG [1] at the same temperatures, the
Schottky anomaly overlaps the cooperative “low temperature”
increment. So, for them, the excess component represents the
joined effect Cex=Ci+Csh, Which is demonstrated in Figure 4.
For Sm and Eu ferrites with normal Weis-type magnetization
functions, and therefore having no low-temperature anomaly,
the excess heat capacity Cex corresponds to Schottky anomaly
(Figure 4).

It is shown (Table 1), that in the garnet series, the low-
temperature point and  Curie temperature tend to linear
decrease depending on decreasing the lattice parameter - a. Hm
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of SmIG and EulG slightly exceed the values of these
parameters for the group of garnets from Gd to Lu.
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Fig. 4. Schottky heat capacity anomalies for SmIG(1),
EulG(2), and Dy(3) garnets

Table 1 (annex) presents all energetic parameters of the
ferromagnetic-paramagnetic transformations of RIG, exactly:
Curie point — Tc; enthalpy- Hm and entropy - Sm of
ferromagnetic transition; enthalpy- Hi, Hsh, and entropy — S, Ssn
of long and short exchange interactions; excess heat capacity at
Cutie temperature - AC(T).

Annex Table 1

Conclusion

The thermodynamic properties of rare earth iron garnets are
affected by the anomalies of cooperative and noncooperative
magnetic origin. By calorimetric study in the temperature range
20-1300K of the series of garnets RsFesO12 (where R is
lanthanide ions from Sm to Lu), the following anomalous
regions on heat capacity Cp(T) function were detected: the
“low-temperature” magnetic anomaly (Ti<100K), due to the
magnetic disordering process of lanthanide sublattices; the
lambda-type anomaly associated with ferromagnetic-
paramagnetic phase transitions; Schottky-type anomaly
caused by the redistribution of the f-electrons over lanthanide
ions Stark levels. The thermal characteristics associated with
anomalies are reported: the Curie points, peaks of low-
temperature anomalies; and the excess thermodynamic
properties - heat capacity, entropy, and enthalpy of magnetic
origin. The results are considered in connection with the
magnetic and crystal structure of garnets. In the garnet series,
the low-temperature point and  Curie temperature tend to
decrease depending on decreasing the lattice parameter.

Characteristics of thermal anomalies of rare earth garnets (RIG)

SmIG EulG GdIG TbIG DyIG HolG EriG TmIG LulG
Crys. a, nm 1.2530 1.2490 1.2450 1.2420 1.2390 1.2370 1.2330 1.2310 1.2270
Te,K 565 563 560 556 553 547 543 539 5315
T(l.t).K - - 45-50 40-45 45 40 35 - -
Hm,J/mol 8000 7700 7350 7400 7300 7500 7000 7200 7100
Hshort, J/mol 1420 1330 1150 1160 1400 1160 1400 1500 1550
Sm,J/K.mol 16.5 16.5 151 15.2 15.2 15,5 145 15.2 14/8
Sshort J/K.mol 2.3 21 1.9 19 2.3 2.0 2.3 2.5 2.5
AC(TJ/K.mol  85.0 76.0 82.0 82.0 78.0 84.0 78.0 78.0 30.0
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Condensed Phosphates

M. Avaliani*, V. Chagelishvili, E. Shapakidze, G. Todradze, N. Barnovi, K. Chikovani

L R. Agladze Institute of Inorganic Chemistry and Electrochemistry I. Javakhishvili Thilisi State University,

11, Mindeli str., Thilisi, 0186, Georgia

2A. Tvalchrelidze Caucasian Institute of Mineral Resources, 1. Javakhishvili Thilisi State University, 11, Mindeli str., Thilisi,
0186, Georgia

*E-mail: avaliani21@hotmail.com; marine.avaliani@tsu.ge

Abstract. By crystallization from solution-melts of polyphosphoric acids at the temperature range 120-600°C we have synthesized
for the first time more than 85 new double condensed phosphates of monovalent and trivalent metals. All compounds were identified
by roentgen phase analysis and investigated by thermo-gravimetric analysis, X-ray structural techniques, IR spectroscopy. The
physicochemical properties of various di- and triphosphates, cyclotetraphosphates, cyclooctaphosphates, cyclododecaphosphates,
long-chain polyphosphates and ultraphosphates are evaluated. A detailed comparative study of the thermal synthesis of previously
unknown condensed phosphates versus crystallization from solution-melts of polyphosphoric acids was carried out to obtain new
inorganic materials with predetermined valuable properties. During interaction in the polycomponent system, the formation of the
acidic triphosphates (forms I and 1) and their crystallization areas were determined. It has been established and confirmed by experts
that acidic triphosphate form | is the best ion exchanger and indeed could be used in the future.

0. 53500560, 3. Bsage0d30a0, g. 85835J0dY, 3. OMEMsdY, 6. dsMbM30, J. Bodmzsbo — 3mbegblioMmgdmmo gMligs@Egdol
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30039 Mol LobmgboMgdmo 85-By JgBo 9ghm- ©s Ls35¢96EH0560 WOMMbYdOL MGTsgo 3mbgbloGmYdMWO
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Keywords: Condensed compound, Cyclophosphate, Inorganic polymer, Phosphoric acid, Synthesis, Ultraphosphate.

of the chemistry of inorganic polymers, materials used in
engineering, construction, and other areas. They are the best
fertilizers, detergents, and raw complexes for the creation of

Introduction
Since the 21st century, the domain of condensed compounds has

become a trend in polymer chemistry due to their wide application
in modern technologies The field of phosphate chemistry, in
particular that of condensed compounds of rare earth metals, has
attracted the interest of scientists from all over the world. The
German school of chemistry has been very forceful and dynamic
in the domain of condensed phosphates. Starting from the pioneer
works of French and German scientists a lot of number of
condensed compounds - inorganic polymers were synthesized,
and a great number of innovative researches in the XX Century
were really valuable and appreciated [1-9]. Midst a diversity of
methods of condensation of phosphoric anions, one of them leads
to the predetermination of oligomeric, cyclic, or polymeric
structures of condensed phosphates [1-2, 6, 10-15].

The major cause of the development of the mentioned domain
was the advance of innovative methods of analysis and the
important application of phosphate materials in several technical
domains, including nanotechnologies. The chemistry of inorganic
compounds of phosphorous has developed intensively also for the
purpose that condensed compounds of phosphorus are greatest
relevant, useful, and convenient for promoting the development

phosphate glasses, thermo-resistant agents, effective applying
nourishments, cleaners, cement substances, ion-exchange
ingredients, and also catalytic agents [16-27]. The thermal,
vibrational, and luminescent properties of condensed compounds
determine their use in quantum electronics, nanotechnologies,
etc.

Experimental

The presented work is a review article and concern condensed
forms of phosphorus and its various inorganic compounds,
namely primarily synthesized by us numerous condensed
composites. Our method for the production of condensed
compounds is based on high-temperature synthesis (100-600 ° C)
in multi-component systems M'20- M"' 20 3-P2 Os-H20 (where
M!'- monovalent alkali metals and Ag and M"' — Ga, In, Sc, etc.)
for the purpose to receive new condensed compounds - inorganic
polymers. The technology is founded on the creation of new
condensed forms - double inorganic oligomers, and/or cyclic
compounds, and long-chain polymeric composites via
condensation of polyphosphosphoric acids [12, 15, 18, 19-20].
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The subject that is solved through this work is the synthesis of a
new, yet unknown double-condensed oligo-, poly-, and
cyclophosphates, analyzing their structural composition, and the
examination of general properties. Over the last few decades,
numerous researchers have been paying thoughtful attention to
the synthesis and investigation of condensed phosphates — so-
called inorganic polymers. This was possible afterward the
notable advance of different fields of new technologies, as well
as expanding the research area of nanotechnology and
fundamental general research [21, 24-26, 28-30].

By examining the crystallization conditions and general
properties of polymeric compounds, the targeted synthesis of new
inorganic polymers with predictable properties will be possible,
as well as the choice and management of the optimal regimes for
the formation of monocrystals and in some cases — nano-
composites.

Another way for obtainment condensed oligomers and/or
polymeric composites is thermal synthesis (in other words the
thermal decomposition) of already synthesized double acidic
phosphates. To determine the composition of synthesized double
condensed compounds, a chemical analysis of these compounds
has been conducted.

The abovementioned analysis has been compared to the existing
methods of research, and the optimal methods for determining
phosphorus, mono- and trivalent metals in condensed
compounds.

In our work over the last few decades, we have reported on studies

I I I I
in the open systems M50M;0.M5" 0, M5" 0, -P: DE
P,0; H,0H,0 between temperature range 130° - SSODCDC

I I
, Where M;0M50 are oxides of alkali metals and also Silver’s

oxide, and M5 02 M3 04 _ oxides of gallium, indium and
scandium [12,15,18-20,24-25]. Various experiments revealed
that by crystallization from melts of polyphosphoric acids were
obtained the following double condensed compounds — namely a
series of an formerly new class of inorganic polymers : double
condensed di- and triphosphates, cyclotetraphosphates,
cyclooctaphosphates, cyclododecaphosphates, at the molar ratio

Table 1. Newly synthesized condensed phosphates [44].

n=M30/M50/ M3 0 M3" 0225510, 5:1,0; 7,5:1,0;
10:1,0 and 3,5:15; 5:15; 6:1,5; 7,5:1,5; 85:1,5; 12:1,5.
Attained condensed phosphates were detailed examined by
thermogravimetric analysis TGA, X-Ray diffraction analysis,

some compounds were examined by paper chromatography and
other methods [30].

Results and discussion

The Preparation of double oligo phosphates of some alcali metals
with trivalent metals and determination of optimal crystallization
conditions.

Analyzing the series of experiments carried out [12,15, 18, 19-20,
24-25, 30] and comparing them with literary data [1-2, 6-10, 31-
38] demonstrated that there is a certain isomorphism between
compounds of Ga and In. Targeted condensed cyclic phosphates
were obtained for other alkali metals and also for Ag. By
analyzing systems that contain gallium, indium, aluminum, or
scandium as a trivalent metal, the following regularity is
observed: the diffractograms show a small and monotonous shift
of the lines, sometimes variation of intensities and splitting of
some reflexes, indicating a slight distortion of the network,
although the structural type remains unchanged. In general, in the
structure of highly condensed double compounds of various
monovalent and multivalent metals, the monovalent metal has
less influence on the structural characteristics of the composite,
than the trivalent metal. In the case of Ga and In, there is complete
isomorphism between the respective classes of compounds. In the
case of aluminum and scandium, we can speak either of
isomorphism or of structural analogy, with a certain variation of
the lattice [2, 39-41].

Various classes of newly synthesized double condensed
phosphates are presented in the Table 1. Long-chain

I
polyphosphates of gallium, indium and scandium [M PDE)

I
[M PUE)a were synthesized also, at the molar ration of

I Ir I Ir
initial components n= PfM fM P.fM r'rM =15/2,5/1
and temperature of synthesis approximately 250-550 °C [39-44].

M'M"(H,P,0,), |M'M"P,d MM'HP,0,i MJM"'P,0,, | M'M"(PO,).

Double acidic Double Double acidic | Double Long chain polyphosphate

diphosphates diphosphate | triphosphates triphosphates (a), ultraphosphate (b),

S cycloocta-phosphate (c),

cyclotetra-phosphate (e),
cyclododecaphosphate (d)

LiSc(H,P,0;)2 LiScP,0, | LiScHP,0,, Li,ScP30,, {LiSc(PO;) s}« @)

KSc(H,P,0;)2 KScP,0, KScHP,0,, K,5cP;0,, K,5c¢,Pe0,, ©)

RbSc(H,P,0,)2

CsSc(H,P,0,); CsScP,0, | CsScHP,0,, | Cs:ScP,0, Cs35c3P1;05 (g)

Ag(H,P,0)2 AgScP,0, | AgHS5cP;0,, Ag3Sc3P120 36

Ag(H,P,0.)2+ (d)

AgHScP0,,

AgH5cP30,5 Mix phases

AgSc(H2P207)2H,0 AgScP,0y; (o)
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AgGaP,0y; ()

Table 2. The formation of solid phases in the system,
containing Na and Sc as a function of temperature and molar
ratio of initial components

t,°C n=5 =10
150
175 { NaSc(H2P207)2
200

250

280 { NaScHP3O10
300
350
400 { NasScPsOaz
410

{NazScPaO1o+NaSchO7

{ NasScPsO2

Table 3 shows the correlation between the composition of
condensed forms from temperature T and the initial molar ratio
of the oxides of silver and scandium.

Table 3. Reliance of composition from synthesis temperature
I IMipel m
T and molar ration=M"/M""M" /M [30]

T,°C n=1525 n=3.550 n=6.0-75 1n=8.0-10.0
130150 Sc(POs):—C  AgScHP:O10 AgSe(H:P207):  AgSe(H:P201):
180-200 Sc(PO3;)-C  AgScHP3O1p AgScHP3Oy AgScHP30yg
220-240 ScfPO3;);-C AgScPOn  AgScPyOn AgScPs0;
310335 &PO;);{II AgScPsO1,  AgScPsOrn AgScPsOp
AgScHP;0yg
340 - 355 SAPO;);{:I AgScPsOpp AgScP,Opt AgScPsOp
Ag;GasP;055

400 -450 SA{,PO;);—C[ AgScHP;01p  AgScHP301g AgScPi010
500 - 550 &PO});—CI AngCP;Om AgSCHP;Om. AgSCPLO_T
565 AgSeP3010 AgSePy07

Having carried out the regio-controlled synthesis of condensed
oligo-, poly- and/or cyclo-phosphates, and after their solid-state
properties’ characterization, we can make some suggestions and
inferences. The analyze of the investigational data has shown that
we obtained the following condensed phosphates: acidic di- and
triphosphates of Ga, In and Sc with Ag, such as:

AgSc(H,P;0;)2 AgSc(H,P,0;)2
AgScHP0,, Ag5cHP, 0, AgGaHP;0,,

AgGaHP3015  and  double cyclic tetra-phosphates
AgGaP,0,,AgGaP,0,, Ag5cP,0,,

HgScF_;Ui:’ AgInPO12, and also somewnhat earlier, similar
compounds with all alkali metals [30, 42-44]. All these
compounds have been obtained for the first time. We have
discovered and clearly defined crystallization regions and
optimal conditions for these phosphates. It was found that
condensed compounds of scandium-silver, according to their
composition and structure, correspond with phosphates of
sodium-gallium and sodium-scandium and sometimes with Cs-
Ga and Cs-Sc. In addition, we can determine: that attained
phosphates are not analogous to corresponding compounds of
rare earth elements [24-25, 30, 39-44]. Furthermore, the
influence of molar ratio is nevertheless very important. For
example, in the case of molar ratio n=5 at temperature 335-340
°C and duration of experiment two weeks is obtained cyclic
dodecaphosphate of Ag-Ga, and at molar ratio 7.5 on the same
temperature and similar synthesis conditions the basic phase is

tetraphosphate. Sodium did not form a similar compound with
gallium and indium, although in general the corresponding
condensed compounds of Ga, In and Sc are either isomorphic or
very similar.

Conclusions

Our study of the investigation of polycomponent systems
containing mono- and trivalent metals and phosphoric acid has
revealed the reliance of composition versus temperature & molar
ratio of the initial components. The dependence of structural
forms of compounds from duration of synthesis and radius of the
interrelated cations has been discovered.

It has been experimentally proven that at a relatively low
temperatures it is more feasible to produce double acidic
diphosphates and triphosphates. With increasing temperature the
tetra-phosphates of gallium-silver and scandium-silver are
formed. The tetraphosphates of silver are isomorphs among
themselves and are iso-structural with the sodium-gallium and
sodium-indium tetra-phosphates.

Optimal conditions for the synthesis of cyclophosphates
with great cyclic anions is the correlation of the big monovalent
cations versus trivalent metals with a small ionic radius.
Concerning the series of structures [M'M"!(POs)s]x we can
underline: that if the radius of trivalent metals’ decreases, the
identity period of the polyphosphate chain increases, due to the
complication of its form factors. The cycles regularly appear, and
the number of structural types increases caused by the correlation
of middling distances between the trivalent metal, and oxygen
atoms (M """ -0), and the monovalent metal-oxygen atoms
relatively (M '~0). The lesser is the correlation (molar ratio), the
likelihood of a big cycle formation increases. The lower the
correlation (molar ratio), the greater the probability of a large
cycle forming.
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Abstract. The cement industry is known to be one of the largest carbon dioxide polluters in the air, so efforts are underway
throughout the scientific world to replace Ordinary Portland Cement (OPC) with clinker-free cementitious materials. Replacing
OPC with geopolymer material (GPM) is one of the most realistic strategies to reduce environmental impact. One of the main
components for the production of GPM is a synthetic mineral metakaolin, which is obtained by heat treatment of the kaolin
mineral or kaolin clays. The amount of these materials in the world is limited, so the production of metakaolin from shale is
of particular interest, which is the purpose of this work. Clay shales from the banks of the Duruji River, near the city of Kvareli,
were selected as the object under study. The data obtained confirmed the ability of calcined shale to react with granulated slag
in an alkaline environment and form GPM.

9- 95g35gd0dyg, 9. 5350560, 8. 650Msa30m™O, 3. B50LYMsdy, 0. gx999, M. 39EH05830¢0 — J5e30boMdYYO
3074egdob Lsgdzgmby IgEs35tme0bols Lobmgbol Mmsz0lgdMYdgd0

69B0n09. 36Mmdowos, MMA 398963 0L dMYH39EMds 35960L BobToMmeMgsbaol s0MH0m JOHM-gM™MO Y39wsbBy deogho
5850063969090 [oMdmgdss. 530l gsdm domge dmawomdo 3000bsMgmdl dogdgdo d3mEEmaboEgdgb@ol
(OPC) 89bo33erges@ v93e06396m 930 3sbogrgdoom. OPC-U Bsbozgagds g9m3meodg®wyeo dsbswgdoo (GPM)
0m3gds 29M98mby BdmJdggdol JOHM-ghm Y39wsDy M95Mm LEHMGHIR0E FodsMmergdsw. GPM-ob
Lsfo®mIngdo© gMm-gMHo 8mogs® 3md3mbgbEs 0mzwgds bLobmgbmmo dobymowo dg@szsmwobo, GmIgwos
do0mgds 0bgMOE  3omE0bol 96 35mE0bMmO MobYdOL MYMHTMO ©3)8s39d00m. 50 TobOEgdOL BotodgdO
Abemgomdo d9HB0MEos, 530l 258m goblozm®mgdme 0b@gMgll 0f393L 89@s39mEobols domgds mobwmo
30Jwgdobash, Mog §obodgdotg Lodmsml JoBsbl Fomdmoagbl. dowgdwads 89gagdds EILEHWMIL

39530606IMWo  Mobmo BoJwgdol GG 3oMgdmdo AMEMWoMgdME Hoslmsb Mgodzosdo Tgligerol

99L5dgd™dS s GPM-0ob §o63mddbs.

Keywords: Ordinary Portland Cement (OPC), Geopolymer material (GPM), Clay shales.

Introduction

Ordinary Portland cement (OPC) is typically made by heating
a mixture of raw materials in a rotary kiln to approximately
1450 °C, cooling this semi-molten material to form a solid
clinker, and then grinding it with calcium sulfate to produce
a fine powder. The main raw material used is limestone
(mainly CaCOs), which is mixed with materials such as shale
or clay to produce the required alumina and silica. The clinker
is predominantly calcium silicate, which is rapidly cooled to
stabilize a mixture of alite (3Ca0O-SiO2) and belite

completely replacing cement, for example, with geopolymers
[4,5].

Geopolymers are considered environmentally friendly
materials due to their lower CO2 emissions compared to their
Portland cement counterparts. Geopolymer concrete appears
to have been an ancient form of concrete, rediscovered in the
second half of the 20th century by Joseph Davidovits [6]. The
concept of geopolymerization was first described by him in
his numerous papers and patents on the subject and provided
new insight into this class of inorganic polymers. Davidovits
developed the concept of a geopolymer (an inorganic
polymer of Si/Al) to better explain these chemical processes
and the resulting material properties. In parallel, during this
period, many large infrastructure projects were built in
Ukraine using [7, These geopolymer cements contain large
amounts of calcium derived from blast furnace slag used as a

(2Ca0-Si02) with small (but important) CaO-rich aluminate
and aluminoferrite phases. However, when limestone is
heated in a Kiln, it decomposes in a reaction releasing 0.78
tons of COz2 per ton of CaO produced [1].

CaCOs - Ca0 + CO2
To overcome the environmental crisis associated with the
production of Portland cement, over the past few decades
there has been a significant increase in the tendency to search
for new environmentally friendly building materials, either
by partially replacing cement with materials with pozzolanic
properties [2,3] or “alkali cements™ [8].
binder. The projects included multi-storey residential
buildings in Kyiv, which are now about 57 years old.
The slow transition from conventional Portland cements
(calcium silicate-based cements) to geopolymer cements
(aluminosilicate-based cements) in the building and
construction industry holds great promise for the
environment around the world. The global cement industry
currently contributes between 7 and 10% of global carbon
dioxide emissions through the necessary calcination of
limestone during the cement production process. This
releases approximately 1 t. of CO: for every t. of Portland
cement produced. The cement industry is rightly trying to
reduce this figure by improving combustion methods and
diluting raw OPC with additional cementitious materials such
as fly ash and granulated blast furnace slag. However, since
the reaction phase in any binder combination must be a
continuous phase, there is a limit to substitution with inert or
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slow-reacting additives. Geopolymer cements offer a low
carbon alternative (typically around 80% lower) and given
that geopolymer concretes are generally stronger and more
durable, they offer a longer design and service life, reducing
the need for raw materials in the future. Given the
conservative nature of the global cement industry, the need
for industry standards, and the general dependence on
ambient temperature curing, this transition will take time [9].
Geopolymers are a class of inorganic polymers formed by the
reaction between an alkaline solution and an aluminosilicate
source or feedstock. The hardened material has an amorphous
three-dimensional structure similar to the structure of
aluminosilicate glass. However, unlike glass, these materials
are formed at low temperatures and as a result can incorporate
an aggregate frame and reinforcement system, if necessary,
during the forming process.

One of the main components for the production of GPM is a
synthetic mineral—metakaolin, which is obtained by heat
treatment of the kaolin mineral or kaolin clays at 500-800 °C.
The amount of these materials in the world is limited, so the
production of metakaolin from shale (a widely distributed
raw material) is of particular interest, which is the purpose of
this work.

In our experiments to receive metakaolin were used alluvium
shales, formed as a result of mud flows. The optimal mode of
heat treatment of shales has been elaborated, which ensures
maximal presence of metakaolin.

Results and discussion

The mineral composition of the shales is a mixture of
hydromica, muscovite, biotite, pyrite, limonite, quartz,
augite, sericite, calcite, plagioclase, orthoclase, chlorite and
aggregates of shales.

-
(4]

The chemical composition of shales is (wt.%): L.O.l.- 4.50,
Si02—59.95, Al203— 17.30, Fe203 - 3.45, FeO — 3.65, CaO —
1.53, MgO - 2.43, SO3 - 0.3, Na20 — 2.20, K20 — 2.20.
According to the differential-thermal analysis data (Fig. 1)
the endothermic effect within the temperature range 100-150
°C corresponds to the removal of the absorption water. In the
temperature range 440-680 °C loss of weight about 4 % takes
place. This is obviously due to the loss of constitutional
water, and at 560-650 °C temperature the exothermic effect
is observed, which corresponds to burning out of organic
inclusions and oxidizing of iron. In the temperature range
680-730 °C there is noted an endothermic effect, which is
evidently the result of destruction of the crystalline lattice of
shales and their active amorphization.

Differential thermal analysis showed that during heating of
clay shales, the active temperature region is the temperature
range of 600-800 °C. Based on this, for further research, the
clay shales were subjected to temperature treatment at 600,
700 and 800 °C with exposure for 2 and 3 hours.

X-ray phase analysis has fixed phase transformations of clay
shales during heat treatment (Fig. 2). On the diffractogram of
natural shale No.1 is noted: quartz (4.25, 3.34, 2.454, 2.285,
2.238, 2.128, 2.000, 1.985, 1.817 A); clay mineral chlorite
(14.14, 7.08, 4.73, 3.54, 2.88, 2.383 A); mica (9.96, 4.96,
2.564, 2.000 A); Ca-Na feldspar (4.03, 3.78, 3.67, 3.20,
2.954, 3.000, 2.9300, 2.395 A). On diffractogram No.2 and
No.3 (heat-treated shales at a temperature of 600 °C), the
amount of chlorite and mica decreases and an Xx-ray
amorphous phase is formed - the x-ray acquires a convex
shape. On the diffractogram No.4 and No.5 (heat — treated
shales at a temperature of 700 °C) clay minerals completely
disappear, the amount of mica is further reduced, and the
amount of the amorphous phase is growing. Diffractogram
No.6 and No.7 (heat-treated shale at 800 °C) are identical to
diffractogram No.4 and No.5.
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Fig. 1. Differential-thermal pattern of shales
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Fig 2. Diffraction patterns of shales: No.1- natural (untreated shale); No.2 - heat-treated at 600 °C, 2
hours exposure; No.3 - heat-treated at 600 °C, 3 hours exposure; No.4 - heat-treated at 700 °C, 2 hours
exposure; No.5 - heat-treated at 700 °C, 3 hours exposure; No.6 - heat-treated at 800 °C, 2 hours
exposure; No.7 — heat-treated at 800 °C, 3 hours exposure.
Calcination of shales was carried out at 600, 700 and amount of active SiO2 and the Kkinetics of its growth by
800 °C with different times of exposure at the the method of chemical analysis [10] (Table 1).
maximum temperature. After this the optimal regime
for the synthesis of metakaolin was established.
With X-ray phase analysis, it is impossible to fix the
appearance of metakaolin because of its amorphous
structure, but it is quite possible to determine the

Table 1. Kinetics of growth of active SiO2 with
increasing temperature and exposure time
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5 63.0 38.0 42.0
Treatment Amount of active
Exposure, .
No. temperature, hour SiO,,
°C % by mass
CONCLUSION
1 Untreated - 10.21 The experimental results showed that calcined shales
2 600 2 16.88 actively interact with granulated metallurgical slag and
an alkaline activator to form GPM, which is due to the
3 600 3 20.64 formation of metakaolin in the shales. At the same
4 700 2 26.77 time, the optimal amount of metakaolin is formed
5 200 3 21.00 dqung temperature treatment of clay shales at 800°C
with exposure for 2 hours.
6 800 2 26.93
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PECULIARITIES OF GLAZE PRODUCTION USING TECHNOGENIC RAW
MATERIALS
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Abstract: The issue of using artificial raw materials in the production of various types of ceramic products, for example,
glazes, is becoming increasingly relevant. This is due to the fact that quite expensive and scarce materials included in the final
composition will be saved and by introducing technogenic materials into the final composition, the quality of the end product
can be improved. This work proposes a method for producing a low-melting glaze using residues of Chiatura manganese
enrichment waste, a typical technogenic raw material, containing following oxides (wt.%): SiO2-54,25; MnO2 — 7,86; TiO>-
0,27; P20s-0,35; Al203-7,73; Fe203-2,88; Fe0-0,23; Mn0-6,30; Ca0-3,76; MgO-1,27; Ba0O-0,69; K20-1,82; Na20-1,02; CO>-
3,59; S0s-0,63. Oxides in the raw materials are represented by quartz and hydrous SiO2, anhydrous and hydrous
aluminosilicates, complex and anhydrous manganese-containing oxides, carbonates and impurity minerals. The article also
discusses the features of physical and chemical processes when cooking glaze. The studies have shown that it is possible to
obtain general purpose glazes with colour from black to brownish, various technological and operational properties for
different application, and reduced preparation time.
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Introduction location of waste from various enterprises. By introducing

From the end of the 20th century and the beginning of the
21st century, more and more importance has been given to
the issue of using man-made raw materials in the field of
making various types of ceramic products, for example,
glazes. [1] This is due to the fact that, on the one hand,
rather expensive and often scarce materials included in the
output composition are saved, and on the other hand, it is
possible to improve the ecological issues of the "storage"

man-made materials into the end composition, the technical-
economic indicators of the acceptable product can be
improved. [2-3]

Results and Discussion

Based on ongoing research, conducted at GTU since 1966,
in the field of manganite glasses certain conclusions have
been made about the role of manganese in the formation of
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the reception, structure and properties of glass materials.
According to one of the conclusions, manganese-free
compositions can be used to obtain vitreous coatings and
also frittable glazes of certain types and purposes. On the one
hand, this is indicated by the temperature limits of the glass
formation areas in the R20-RO-Mn0O-B20>-SiO2 system and
the properties of the obtained glasses. On the other hand, we
can assume that by combining different types of divalent
ions, it is possible to create compositions that allow
obtaining glazes with appropriate properties by varying the
amount of these cations.

Based on these prerequisites, we have established a group of
compositions. Their composition varied in the following
ranges of basic oxides (mass%) SiO2 33-45; Al203 3-8; BO)3
10-20; MnO 3-18; RO 5-12; R20 6-12 and provided easy-to-
obtain coatings with some adjustment of composition.

In the present paper, it is proposed to obtain a low-melting
glaze within the framework of the above-mentioned
composition using the residues of Chiatura manganese ore
enrichment, which is a typical representative of technogenic
raw materials and consists of the following oxides (mass %)
Si02-54,25; MnO2 — 7,86; Ti02-0,27; P205-0,35; Al203-
7,73; Fe20s-2,88; Fe0-0,23; Mn0O-6,30; CaO-3,76; MgO-
1,27; Ba0-0,69; K20-1,82; Na.0-1,02; CO2-3,59; SOs-0,63;
Raw materials are represented by quartz and hydrous SiO2,
anhydrous and hydrous aluminosilicates, complex and
anhydrous manganese-containing oxides, carbonates and
impurity (accessory) minerals. The peculiarities of the
physico-chemical processes during glaze production are also
discussed.

The composition of the received glazes showed that by using
composite materials it is possible to obtain wide-purpose
glazes, which, in addition to meeting certain technological
and operational properties, are required to provide a color
between black and brownish. It is possible to adjust the
technological and operational properties of ceramics of
different types and purposes. It is possible to vary the
amount of composite material in the composition in a wide
range, starting from 30% and ending with the use of only
composite material as the main raw material through the
introduction of a number of corrective additives. The results
of the calculated composition of one of the wide ranges of
glaze compositions are given. The composition indicated in
the table is prepared at a rather low temperature (up to
1250°C) and then it is kept at the maximum temperature for
several tens of minutes, which, in our opinion, is due to use
of technogenic raw materials.

As it was mentioned, the composite material is a typical
multi-mineral system, which is characterized by the
coexistence of different types of natural minerals obtained
during processing and interaction with the environment in
the tailing dump. Most of them are silicate, which reduces
the energy expenditure required for their formation in the
composition. On the other hand, hydrous aluminosilicates
undergo structural destruction during the stepwise
decomposition of structural water, which promotes active
interaction with other components of their system. Besides,
the addition of preservatives such as boric acid, sodium
carbonate, and fluoride should help reduce boiling and
roasting temperatures.

When recalculating the blend composition on minerals, it is
established that the composition actually contains not five,
but many more components.

The calculation shows that within 5% of the composition,
there are at least 5 types of impurity minerals (apatite, rutile,
barium sulfate, iron sulfide and geotite) and up to 20% are
hydrous aluminosilicates (muscovite, kaolinite, chlorides,
the three main minerals of feldspars — orthoclase, albite,
anorthite). The dominant component of the composite
material is quartz, the content of which is 39%. A certain part
of it should be represented by water-bearing SiO2. In
addition to the minerals listed above, boric acid (20%),
sodium carbonate (9%) and titanium and zinc oxides (4%)
are included in the composition.

Based on the above, it is clear how difficult it is to track the
physico-chemical processes during heating in such a
multimineral system and to accurately establish the sequence
of these processes and the number of products obtained.
Therefore, the opinions listed by us below, which are based
on the thermodynamic-petrochemical method of the
mentioned processes and predictions and the data obtained
by derivatography, diffractography, infrared spectroscopy,
crystallographic research, should be perceived more as an
assumption than a statement of reality. However, it must be
noted that the basic findings satisfactorily explain the
lowering of boiling and roasting temperatures.

In our opinion, the scheme of glass formation processes from
the given composition should correspond to the one below.
20-120°C - removal of hygroscopic water;130-150°C - the
beginning of the removal of constitutive water from boric
acid with the formation of HBO2. Water begins to separate
from the geotite and upper magnetite to form hepatite and
manganese oxides.

150 -180°C - the first areas of liquefied gas are formed due
to eutectics and their fusion between H3sBOs and HBO.. In
the same interval, the formation of borates and the oxidation-
reduction process of the received oxides begin. [4]
180-500°C - the formation of borates and silicates ends;
Reactions involving Naz COs, as well as other carbonates,
are mostly complete. The amount of the liquid phase
increases mainly with the participation of Na2O and B20s
and the formation of eutectics. It is also possible to form
eutectics of three-component silicates with other silicates
and quartz. From about 700°C the active participation of
SiOz begins with the formation of the first boronatrosilicates,
which also contributes to the increase in the amount of the
liquid phase. At 800°C, the amount of liquid phase reaches
about 30-35%.

At 800-1000°C the products present in the composition and
obtained as a result of dehydration of water-containing
aluminum silicates take place in the solid phase reactions. In
the same interval, a number of silicates begin to melt and
form eutectics. The mass is cakey and bubbly. The amount
of liquid phase is 70-75%.

At 1000-1100°C, the mass is almost completely amorphous,
although non-uniform. Crystalline inclusions that are mostly
non-silicate (magnetite, hausmannite) are visible. In the
microscope, the presence of liquid phases with different
colors is clearly visible, which seem to differ in the degree
of uneven distribution of manganese ions. [5-6]

At 1110 - 1250°C the boundary between liquid
phases with different colors gradually disappears. Refractory
compounds are dissolved. A highly mobile liquid phase is
obtained, however, drop-like inclusions different from the
main mass are observed in it, which decrease in size with the
increasing temperature. The mass is ready for frying. [7]
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Conclusion

Thus, at low boiling temperatures, boron and silicon act
independently with other constituents of the system, and
noticeable interaction between them starts only from 700-
800 °C. At different temperature stages of the boiling
process, feldspars, quartz, rhodenite, a number of borates,
hypoxene group minerals were clearly fixed. It was difficult
to experimentally determine the presence of other
compounds due to their abundance and the approximate
values of their characteristics. We discussed the possibility
of their formation by evaluating the results of
thermodynamic-technochemical calculations.

Finally, it should be noted that the obtained glazes,
apparently, cannot be attributed to completely homogeneous
ones. They are heterogeneous, but do not exhibit
liquefaction-induced phenomena after application onto
ceramics.
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Abstract. The article discusses the advantages and disadvantages of existing technological options for processing amortized
lead batteries. A reasonable conclusion is made that none of them provides maximum environmental safety and economic
efficiency of production. The advantage and prospects of the technology developed by the authors in comparison with existing
methods are considered. These advantages are due to the following circumstances:

1. The technological scheme is locked and (practically) environmentally safe;

2. The utilization of all components of monoblocks is envisaged by obtaining a marketable product;

3. In the main operations, cheap and affordable secondary raw materials are used instead of expensive reagents and
materials;

4. The volume of production wastewater is minimized at the expense of recirculation.
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Introduction sphere. Timely isolation of radiation sources detected on the

The need to dispose of amortized lead batteries is due to two
main reasons:

1. The reserves of natural resources of lead are almost
exhausted. Therefore, more than 70% of lead is produced by
recycling waste batteries [1]. 81-82% of lead produced in the
USA is obtained from recycled materials. At the same time,
86% of recycled lead is used for the production of new
batteries [2]. The consumption of used secondary lead in
Russia is gradually growing and currently accounts for 88%
of all lead produced, the share of lead obtained from battery
recycling is 70% [3].

2. Lead and its compounds, which are particularly
dangerous substances, belong to the first class of toxic
substances, and their maximum permissible concentration
(mpc) in the air is 0.01 mg/m?3. For comparison, the maximum
permissible concentration of mercury is 0.05 mg/m?, and the
MPC of such harmful toxic substances as sulfur dioxide and
nitrogen oxides, 1000 and 500 times higher than the same
indicator. Consequently, the disposal of worn-out lead
batteries, in addition to economic importance, is to some
extent connected with the solution of environmental and
social problems. Lead deficiency is also reflected in the social

territory of Georgia requires the creation of a reserve of lead.
Amortized lead batteries, due to their complex composition,
belong to a certain type of secondary raw materials, which
determines the need to develop a technological scheme for
their processing that would ensure maximum environmental
safety and economic efficiency. It depends on factors such as:
the amount of raw materials, territorial distribution,
availability of energy, market demand for related products
that are obtained in the production process, etc.

Worldwide, according to recent years, primary lead is
produced in 68 plants, and secondary lead is produced in 190
[4]. A decisive role in the disposal of lead batteries in
developed countries is played by international and national
acts in this area, environmental awareness of the population,
an effective system for the collection and disposal of scrap
metal, etc. collecting worn-out lead batteries is the first stage
of their disposal, for the solution of which it is necessary to
carry out the following measures [5]:

e State regulation by special acts and norms;

e  Expansion of the collection network of battery
scrap metal by involving organizations selling
batteries and vehicle service stations in this
process;
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e Discount when buying a new one in case of
delivery of an old battery.

From the collection point of worn-out batteries to the
recycling plant, they must necessarily be transported with
electrolyte, unloading from the electrolyte without emptying
must be carried out at the factory, where an appropriate place
with proper technical equipment must be allocated. In
America, for this purpose, there is an infrastructure that fully
controls the entire process of collecting, transporting and
recycling scrap metal from lead batteries.
Equally important is the issue of licensing in the field of
collection and processing of secondary raw materials
containing ferrous and non-ferrous metals. The licensing
problem, as the authors rightly point out [6-7], should be
divided into two stages: 1. The granting of authority
(permission) to carry out a particular activity; 2. The
"Licensor" must have the technical capabilities to carry out
this activity in environmentally friendly conditions.
After the geopolitical changes in the post-Soviet republics,
including Georgia, spontaneously and non-transparently
appeared enterprises where battery scrap metal is processed.
Most of these enterprises do not comply with environmental
standards, are not equipped with gas- and dust-proof, as well
as wastewater treatment systems, the rules of storage and
isolation of industrial waste are not observed, the collection
and disposal of electrolyte is not carried out.
The choice of a waste disposal scheme for battery scrap is
especially important. Due to the specifics of this raw material
(a complex system of monoblocks - housing, electrolyte,
metal electrodes, lead oxides, lead sulfate), it is almost
impossible to choose one universal scheme of its processing
for different countries and regions. In developing countries,
where raw materials reserves are small (small population,
low level of automation), it is impractical to use technologies
used in developed industrial countries for the following
reasons:

1. They are selected and processed for large-scale production
(with an annual capacity of 5000 tons of lead /year or
more);

2. Differ in the high cost of equipment and technologies in
general;

In order to avoid the release of gases and dust in large

quantities into the environment, due to intractable problems

and the high price of metallurgical coke, the use of mine
furnaces has lost its importance. In the EU countries, the use

of mine furnaces has been prohibited since 2002 [9].

Modification of the technology using other types of furnaces

in the process of recycling spent batteries partially solved the

environmental problems of the enterprise and increased
economic performance [10]. In Europe, it is still considered

a widespread technology (after disassembly and fractionation

of monoblocks) to restore the lead-containing fraction in a

rotating furnace operating in a periodic mode [10-12],

however, due to the formation of a large amount of slag (5-

10% of raw materials), the isolation, burial or disinfection of

which creates certain problems, many of them were closed.

In the second half of the XX century, the use of

electrothermal furnaces in the production of secondary lead

reduced the volume of process gases, significantly reduced
the cost of carbon-containing, expensive reducing agents,

improved the sanitary and hygienic operating conditions of
the enterprise [8]. The processing of secondary lead-
containing raw materials in furnaces of any type is
necessarily associated with the combustion of process gases,
which is carried out in order to reduce the content of harmful
furans and dioxins in them. This, in turn, is associated with
serious technical difficulties and, accordingly, significant
investments.

It should also be noted that the choice of the lead extraction
scheme from amortized lead batteries is due to the production
capacity (e.g., the use of reflective furnaces in the USA), the
availability of energy carriers, the volume and location of raw
materials sources. The organization of low-tonnage
enterprises (500-1500 tons of lead per year) should be
considered as the most acceptable for raw materials located
on a large territory. In this case, it is relatively easy to take
preventive measures to solve environmental problems,
mechanization and automation of operations. It should also
be noted that relatively promising are the processes that are
carried out using electrothermal furnaces.

As can be seen from the table, the advantages of
electrothermal processing of lead batteries are noticeable
from the point of view of environmental safety. In this case,
the lead content in the slag is low. However, with long-term
operation of the furnace, the use of lead-containing slag still
becomes problematic. In addition, the temperature of the
process is high, so this method cannot be considered ideal
from an environmental and economic point of view.
Currently, there are two main alternative schemes for the
disposal of used batteries:

1. Melting of monoblocks purified from sulfuric acid in the
presence of a reducing agent in furnaces of various types. At
this time, the organic mass is burned in air or in technical
oxygen;

2. Preliminary mechanical disassembly of monoblocks and
subsequent processing of the obtained semi-finished products
by pyrometallurgical, hydrometallurgical and
hydroelectrometallurgical methods. Each of these methods
has both advantages and disadvantages [11]. Environmental
measures and methods related to pyrometallurgical
operations, as already mentioned, are extremely complex,
require high costs of electricity, water and appropriate
reagents and are characterized by low efficiency. Some
modern operating or proposed technological schemes provide
for preliminary fractionation of battery monoblocks [12]. At
this time, three main types of semi—finished products are
obtained: organic (polyvinyl chloride - PVC, polypropylene,
polyethylene), metallic (Pb - Sb) and oxide-sulfate (PbO,
PbO2, PbSO4). The organic fraction is removed before
carrying out metallurgical transformations using hydrostatic
and hydrodynamic operations.

3. The metal fraction is a semi-finished product, which, after
melting and proper correction by refining in ionic melts, can
be used in the production of new batteries.

Table 1. The advantages of electrothermal processing of lead batteries
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Processing of the oxide-sulfate fraction, in turn, can be
carried out according to two schemes:

1. By converting the entire fraction into sulfate and then
producing lead by hydro-electrometallurgical method. This
process has significant drawbacks: a) lead dioxide needs to
be converted to lead monoxide insoluble in acid, which is
technically difficult to implement. b) according to the
scheme, there is a need to use water-soluble toxic inorganic

compounds, which, in turn, have a negative impact on thé.

environmental situation. Consequently, there is a need for the

availability of sewage treatment plants and equipment fo2.

wastewater treatment, which significantly increases capital

investments in production. 3.
desulfatization of the fraction by.

2. Hydrochemical
conversion to lead hydroxide. During the heat treatment of

lead hydroxide, lead oxide is obtained, and then lead iS.

obtained by its chemical or electrochemical reduction. After

fractionation, the sulfate-oxide mixture is directly reduce6.
using a solid, liquid or gaseous reducing agent. The samé.

environmental problems manifest themselves here as during
the restoration of entire monoblocks.

In the works of the leading scientists of our institute [13],
priority is given to a scheme that provides for the complete
conversion of the oxide-sulfate fraction into oxide with
further production and refining of lead based on molten
electrolytes. A closed and waste-free production scheme for
the processing of scrap metal of lead batteries is proposed,
which completely eliminates environmental problems and is
economically promising due to extremely simple hydro- and
pyrometallurgical operations. The technological scheme
consists of the following operations:

Utilization of the electrolyte (using industrial waste) to obtain
a marketable product CaSO42H20.

Mechanical disassembly of mono-blocks, removal and
fragmentation of electrodes.

Hydro-separation in hydrostatic or hydrodynamic mode.
The use of organic fraction for the manufacture of household
goods (sewer pipes).

Desulfatization of the lead-containing mass by converting
lead into hydroxide and regeneration of the primary solution.
Thermal decomposition of hydroxide.

At the final stage — the recovery of lead in the molten
electrolyte environment using certain types of household
polymer waste.
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Fig. 1. Lead battery scrap recycling scheme

The expediency of using ion melts at the final stage is due to
the fact that the melting layer protects the metal from
oxidation, eliminates the possibility of lead and its
compounds entering the environment, promotes the
reunification and precipitation of lead vapors into droplets.
The whole process can be carried out in a closed
technological cycle, and, consequently, the absence of
industrial wastewater ensures maximum environmental
safety and, therefore, requires minimal capital investment in
production.
Thus, instead of expensive reducing agents (C, CHa) in the
recycling process, we offer household polymer waste as a
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Abstract. The article considers the processes leading to a change in the structure and properties as a result of calcination
followed by acid treatment of heulandite-containing tuff from the Georgian Dzegvi-Tedzami deposit. t has been established
that preliminary heat treatment reduces the loss of mass and the degree of dealumination and decationization during
subsequent acid treatment; with an increase in the preheating temperature, the leaching of sodium ions slows down, while
that of potassium ions increases, and after annealing at 800 °C, compensating cations are not leached. Heulandite crystalline
structure is partially preserved up to 400-450 °C and subsequent acid treatment. After heating to 500 °C and higher
temperatures, the acid-treated samples transform into an amorphous state with crystalline inclusions of chabazite, a-quartz
and albite. The volume of pores and hydrophobicity of the surface decrease with increasing calcination temperature;
subsequent acid treatment has little effect on pore and surface characteristics.

3. 30303300, 6. EMEWdYM0IY, 6. JoMdzgero, 8. bogs®sdy, B. s8060dg, 3. bmEodzowo - d1bgdMogo JsHomewmo
39600l 0yHameo 375300 3853905

69B0v0g. LEHH05d0 obbowwos 3OHMEILYdO, OHMIGdoE 0f393L SVTMBIZWIM LogoMMZgErmIo dEIdIGMY
39230-)99590L  LdoEMDBY IM3M3gdo 3gosbodol 8993390 GHMROL LEHGNMIGHMGOLS ©s M30LYdYdOL
9933058 X9 LoMdIMMO, 989y 30 9793MM0 ©FT53900L FJEIASW. YOS, HMT Fobolifso Lomdm@o
531853905 5830MGOL “MymME oLol ©Bs3aML, 0l ©IsEMTobomgdoLs s ©YISAOMBOMIOOL boMOlbL
99000380 87931600 530539006 EOML; LOMBdMEGO  sTMBs3700L  FHYIZGOGHIOOL  ToBHYdoLMD  JOHML,
Bo@®omdol 0mbgdol as3megsbgs bgargds, bmem 35omdol 0mbgdol 0BMEYds, 9939 ©OH™L 800 °C
$993965GH M5B9 ©5949853900L 39917, 05303396L0MYdYO 35EOMBYBO 56 godmoMyEbgds. Fobsbfsmo Lomdmmo
5397853905 BOOL 650dMTol 85535890 9aMdsL:  390e0bOGOL  3MOLEIWMMO LEHOWIGHMGS Bofowmdmog
99bseBMbgdmamos 400-450 °C-dqg, 500 °C-Bg s MBOM Fowo G9d3gMo@«IMsdEy 3smdmdol 8999y, 35935
5397853900 603100 2o0rs0Jd69ds s0MmORW BEYMTsMYMDST0, FodsBoE0l, A-335ME0LS s BobEzmOL
33530L  5edoGHOL  3OOLAIWMOMO BbIOMIBOm. BMOIOL FMEMEMds s HBYII30MHOL  30EOHMBMIOMOMDS
930Mgds LOMBMGHO ELB53900L BHYB3YOHIGHTIOOL FoBJdLMB JOHMSW; 98AMAI 5939Mi ©BB39ds d30MY
393gbsl sbgbl BmMgdoL s BY30MOL Tobolinsmgdwgdtby.

Keywords: amorphization, dealumination, decationization, dehydration, heulandite.

micropore volume (x=6% mm?(g) is accessible to

Introduction larger nonpolar nitrogen molecules [1].

The zeolite-bearing tuff from the Rkoni plot of the Dzegvi-
Tedzami deposit (Eastern Georgia) has been selected for the
creation of new bactericidal zeolite filter materials for
purification and desinfection of water from various sources
[1]. According to the data of chemical analysis and X-ray
data, the sample from the Rkoni plot is characterized by
empirical formula |Na1.96Ko.47Ca1.40M(1.17|[Al7.8Si28.2072]-
23.4H,0 and contains =90% of zeolite phase
which is a high-—silica heulandite mixed
with chabazite (crystal chemical data
| Cas(H20)40|[Al12Si24072]-CHA according to [2, p. 96-97])
in a molar ratio of 8:1. The specific pore volume in
heulandite-containing tuff is 89.5 mm®/g, of which ~54
mm3/g (=60%) are micropores accessible to
small polar water molecules, the remaining
volume (=40%) is mesopores with a diameter
of up to 120 nm. Since the micropores of
heulandite and chabazite have small
“entrance windows”, only a small part of the

The study of the thermal stability [3,4] and acid resistance
[4,5] of heulandite-bearing tuff showed that under the
influence of heat and an acidic environment the composition,
structure and properties of the material change. Thus, acid
treatment leads to significant dealumination and
decationization of tuff with preservation of the crystalline
structure, while the effective adsorbing surface area and the
volume of micropores available for large molecules sharply
increase. In addition, the acidic environment causes changes
in the mesoporous system, leading to the predominance of
nano-sized pores with a diameter of up to 4 nm. Heating the
sample causes a process of dehydration (removal of water
molecules from the crystal lattice, weight loss up to =15%),
which continues stepwise up to a temperature of 800 °C, as
well as amorphization, starting at 200 °C; at temperatures
above  500°C, analcime-like  mineral  wairakite
(Ca(Al2Si4012)-2H20) and quartz are formed, at higher
temperatures peaks of albite feldspar in the X-ray diffraction
pattern appear. Amorphization leads to a decrease in the
adsorption volume of micropores, but does not cause a
significant change in the mesopore system [4].
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The chemical composition of samples calcined and then
treated with hydrochloric acid solutions was also determined,
and it was noted that such pre-heat treatment significantly
reduced the degree of dealumination, especially for samples
amorphized by high-temperature calcination [4]. Preliminary
results from a study of heat-acid-treated heulandite samples
were recently published [6].

The purpose of this work is a detailed examination of the
influence of heat-acid treatment on the composition, structure
and properties of the studied heulandite-bearing tuff.

Experimental

Materials. Samples of tuff containing up to
~90% of ©zeolite ©phase (high-silica
heulandite mixed with chabazite in a ratio
of 8:1) were collected in the southern
section of the Tedzami-Dzegvi deposit,
Eastern Georgia. Preparation of samples
included crushing of tuff on a cone crusher,
fractionation to a particle size of 1-1.4 mm (14-16 mesh),
washing with distilled water to remove clay impurities, and
drying at a temperature of 95-100 °C.

Treatment. Calcination of samples prepared and dehydrated
at 180-200 °C for 2 hours, placed in heat-resistant round-
bottomed cups, was carried out in a B400/410 muffle furnace
(Naberthem, Carl Stuart Group) in the temperature range
400-800 °C under static conditions for 1 hour; the samples
were cooled in a desiccator with calcined CaClz and weighed
on an FA 2204N electronic analytical balance (Joan lab,
China) to determine the weight loss.

Acid treatment of heated samples was carried out in 0.5, 1.0,
and 2.0 mol/L solutions of hydrochloric acid in a OLS26
Aqua Pro shaking water bath (Grant Instruments, US)
operating in linear mode at 75 °C in three stages (1, 2 and 3
hours), after each step samples were washed, dried and
weighed to determine the weight loss.

Characterization. Chemical composition of samples was
calculated from the X-ray energy dispersive (XR-ED) spectra
obtained from a JSSM-6490LV scanning electron microscope
(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 modernized Dron-4 diffractometer
(USSR) both employing the Cu-Kq line (A = 0.154056 nm);
the samples were scanned in the 2@ range of 5° to 68° with a
0.02° step at a scanning speed of 1°/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 were placed in a desiccator and
kept for 96 hours at a constant pressure of water vapor
(relative pressure p/po.=0.4 and saturated vapor pressure
p/po=1.0) and benzene (p/p.=1.0) and then the samples that
absorbed the vapors were weighed again.

Results and Discussion

Weight loss. The weight loss during calcination of
dehydrated samples averaged 12+1%, increasing slightly
with increasing calcination temperature. Dehydration of the
samples was carried out to remove adsorbed water molecules
at a relatively low temperature (<200 °C), so as not to cause
amorphization of the aluminosilicate crystal lattice, which

begins at temperatures above 200 °C. Under these conditions,
with relatively slow heating rate (10 °C/min), approximately
40% of the “zeolite” water molecules (about 6% of the
sample mass) are removed, so there is every reason to believe
that the observed weight loss is associated with the gradual
removal of the remaining “zeolite” molecules (3H20 per Al
atom in original sample).

The weight loss of calcined samples during a three-stage acid
treatment depends on both the heat treatment temperature and
the characteristics of the acid treatment (stage,
concentration); these dependencies are shown in Figures 1 —
2.
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Fig. 1. Weight loss from the 1%, 2"d and 3" stages of acid
treatment of initial and calcined heulandites.

The weight loss of the initial sample at the first and second
stages of acid treatment increases with increasing
concentration of the hydrochloric acid solution; for calcined
samples, especially at the second stage, this pattern is
violated. Thus, the greatest weight loss of a sample calcined
at 400 °C at the second stage of processing was recorded in a
“diluted” solution of hydrochloric acid (0.5 mol/L), its value
is almost three times greater than the weight loss in solutions
of higher concentrations. At the third stage of processing, the
greatest weight loss of the initial sample occurs in a solution
of “intermediate” concentration (1 mol/L), but for calcined
samples, with the exception of those heated to 500 °C, the
greatest weight loss occurs in a “diluted” solution.
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Fig. 2. Total weight loss from three stages of acid
treatment of initial and calcined heulandites.

It should be noted that for the sample calcined at 500 °C,
when the main heulandite phase is completely amorphized,
the least weight loss is observed at all three stages of acid
treatment.

In general, the calcined samples experienced at least three
times less weight loss compared to the original sample,
indicating a higher acid resistance of the amorphous phase.

Chemical composition. The results for chemical
composition of the heat-acid-treated samples calculated for
72 oxygen atoms in the unit cell are given in Tables 1a and
1b in terms of averaged empirical formulas of dehydrated
zeolites.

As the results obtained show, with increasing calcination
temperature, the aluminum content in the unit cell increases

compared to the content in samples subjected only to acid
treatment. The change in the silicate modulus, expressed by
the atomic ratio Si/Al, is shown in Fig. 3. For the initial
sample, Si/Al increases almost threefold, while after
calcination at 400 °C the modulus increases only by 50%,
after calcination at 500 °C it remains constant, and after
annealing at higher temperatures increases by only 20%.
Such effects once again indicate that in an acidic environment
the leaching of aluminum from an amorphous aluminosilicate
is more difficult compared to the state when it forms a
microporous crystalline structure.

Table 1lb shows the change in cationic
composition as a result of heating and
subsequent acid treatment. In the initial
sample, with increasing acid concentration,
the total positive charge of alkaline and
alkaline—earth compensating ions
monotonically decreases from =1 to =0.68:
in this case, the content of Na* ions
decreases by =9 times, the content of Mg?
ions decreases by =2 times, the content of
Ca%? ions changes slightly (-7%), and the
content of K*ions increases non-monotonically.

For heat-treated samples, with increasing calcination
temperature, the decrease in the relative specific content of
sodium ions (Na/Al) slows down, and after high-temperature
annealing (700-800 °C), on the contrary, Na/Al even
increases (see Fig. 4). Thus, calcination promotes the
retention of sodium cations in the zeolite framework..

Table 1a. Composition of aluminosilicate framework of initial (100) and heat-acid-treated samples.

Calcination Concentration of HCI solution (mol/L)
temperature (°C) 0 0.5 1.0 2.0

100 Al7.8Si28.2072 Als50Si31.4072 Als.26Si31.7072 Al3z.43Si326072
400 Al7.63Si28.4072 Als.05Si30.0072 Als 20Si29.7072 Als.65Si30.4072
500 Als.84Si202072 Als50Si29.4072 Als 52Si2g5072 Ale82Si29.2072
600 Al7.55Si285072 Al7.09Si28.9072 Alg.79Si29.2072 Alg.69Si29.3072
700 Al7.71Si283072 Alp.99Si29.0072 Al7.63Si283072 Alg.62Si29.4072
800 Al7.63Si28.4072 Ale.9Si20.1072 Al7.38Si2g.6072 Ale.74Si29.3072

Table 1b. Cationic composition of unit cell in initial (100) and heat-acid-treated samples.

Calcination

Concentration of HCI solution (mol/L)

temperature (°C) 0 0.5 1.0 2.0

100 Na1.96Ko.47Ca1.49Mg1.17  Nao.62Ko.67Ca0.71Mgo.a7  Nao.47Ko.40Ca0.6sMdo.a6  Nao.096Ko.50Ca0.61Mdo.26
400 Na1.98Ko.46Ca1.45Mg1.14  Nao.soKo.s6Ca1.0sMgo7g  Nao.esKo.s2Cai.3sMgosz  Nao.sgKo.a6Cao.02Mgo.s4
500 Nai1.78Ko0.48Ca1.33Mg1r.0s  Nai.06Kos7CaissMgost  Nai.22KosoCai.zoMgoss  Nai.2sKo.46Ca1.34Mgo.46
600 Na2.04Kos3Ca151Mgr13 Naws0Ko.4sCa1.82Mgo.sr  Nar.72Ko.46Ca1.50Mdgo.ss  Nai.eoKo.40Cai1.47Mdo.38
700 Na2.00Ko0.46Ca1.46Mgros  Na1.67Ko.46Ca1.73Mgo.rs  Naz.3-Kos3Caz.0oMgoss  Na1.64Ko.44Car.615Mgo.35
800 Na1.91Ko53Ca1.45Mg1.14  Nai.50Ko.34Ca1.88Mgoes  Naz.10Ko.44Ca1.94Mgo.asa  Nais7Ko.52Ca1.72Mdo.46
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Fig. 3. The Si/Al atomic ratio calculated from XR-ED spectra in samples calcined at different temperatures and treated

with HCI solutions of various concentrations.
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Fig. 4. Dependence of the content of sodium ions relative
to aluminum atoms on the calcination temperature and
the concentration of hydrochloric acid.

In the original sample, which was not subjected to heat
treatment, potassium cations were practically not washed out
under the action of hydrochloric acid, and the relative K/Al
content increased; this growth, although to a lesser extent,
continued in samples calcined at not very high temperatures
(up to 600 °C), but after high-temperature annealing, K/Al
decreases (see Fig. 5). Apparently, heating the zeolite

promotes the involvement of potassium ions in the
decationization process.
0.15
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Calcination temperature (°C)
Fig. 5. Dependence of the content of potassium ions
relative to aluminum atoms on the calcination
temperature and the concentration of hydrochloric acid.

During acid treatment of the initial sample that was not
calcined, magnesium cations were washed out to a lesser
extent compared to sodium cations; after heat treatment, a
more significant decrease in the relative Mg/Al content is

observed, especially in concentrated solutions and with
increasing calcination temperature (see Fig. 6, top), which
indicates an increasing role of magnesium ions in the
decationization process.
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Fig. 6. Dependence of the content of magnesium (top) and
calcium (bottom) ions relative to aluminum atoms on the
calcination temperature and the concentration of
hydrochloric acid.

During acid treatment of the initial sample, the relative
content of calcium cations decreased slightly, but after heat
treatment, on the contrary, Ca/Al increases with increasing
calcination temperature (see Fig. 6, bottom), that is, heating
the zeolite promotes the fixation of calcium ions in the crystal
framework.

The change in the total charge of the compensating cations
depending on the calcination temperature and the
concentration of hydrochloric acid is shown in Fig. 7, from
which it can be seen that preheating the zeolite reduces the
degree of decationization.
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Fig. 7. Total cationic charge per Al atom in calcined initial
(0) and acid-treated samples.

Changes in the cationic composition as a result of thermo-
acid treatment are reflected in X-ray diffraction patterns.

XRD patterns. Analysis of the XRD pattern of the original
heulandite-bearing tuff is given in [5], the assignment of
peaks to the main heulandite phase and the admixture
chabazite phase was carried out on the basis of the simulated
XRD patterns from [7]. The measured peak positions
(Bragg’s angles 20) coincide with the simulated
ones, but the peak intensities in the
experimental and calculated XRD patterns
differ. Thus, in the simulated XRD pattern,
the peak at =9.9°, corresponding to the
reflection of the (020) plane, has the highest

intensity (relative intensity 1/10=100%), while
in the experimental XRD pattern the maximum intensity of
the peaks is observed in the range of 22°<20 <23°,
corresponding to reflections (131), (400), (330), (-421) and
(240) with calculated relative intensities of 60.2, 34.7, 53.8,
21.9 and 29.4%, respectively. This discrepancy can be
explained by the fact that the calculation of the powder XRD
pattern was carried out from crystal data for the potassium
form of low-silica heulandite with the empirical formula
|Ks.48(H20)18| [Alo.36Si26.64072] [8].

It was previously shown [6] that XRD pattern of the initial
sample do not change after heating to 200 °C, but at higher
calcination temperatures, the peaks of the heulandite phase
begin to broaden and their intensity decreases compared to
the narrow peaks of the chabazite phase; at temperatures
above 500 °C, both a wide band of the amorphous phase and
a sharp peak of quartz (20 = 26.6°) appear; after annealing
the sample at 800 °C, the XRD pattern represents a wide band
of the amorphous heulandite phase with an overlay of
broadened chabazite peaks, as well as narrow peaks of such
thermally stable minerals as quartz, the quartz polymorph
cristobalite, and albite feldspar. Treatment in acidic solutions
does not affect the position of the peaks in the XRD patterns,
but the intensity of the peaks changes significantly [5,6].
Despite the formation of an amorphous phase, all intense
peaks (1/10>10%) of heulandite remain in the XRD patterns
when heated up to 400 °C and the peak positions are quite
consistent with the simulated spectrum of heulandite [7], but
after acid treatment the intensity of most peaks changes (see
Table 2).

Table 2. X-ray data of simulated pattern [7] and relative intensities of intense peaks in XRD patterns of initial, acid-

treated and heat(400 °C)-acid-treated samples.

X-ray data from [7] Relative intensity (%)

Miller d 20 o . Acid-treated samples Heat-acid-treated samples
index (A ©) o (%) | Initial - =55 1.0 2.0 0.5 1.0 2.0
020 8.979 9.85 100 100 100 100 100 100 100 100
200 7.989 11.07 64.0 46.6 29.0 34.4 30.8 41 47 38
-201 6.792 13.03 17.2 30.0 23.7 28.1 26.9 46 67 46
220 5.969 14.84 12.9 4.9 <8 <8 <8 125 <12 <12
-311 5.258 16.86 11.3 30.0 21.0 31.2 30.7 46 60 42
111 5.157 17.19 32.0 37.9 25.0 34.3 32.7 50 73 48
-131 4.661 19.04 20.3 31.1 22.4 31.3 30.8 20 20 19
{131- 4.003- 22.21-

2403 3.914 2272 60.2 115 89.5 131 108 132 186 146
-312 3.563 24.99 29.4 23.3 19.7 <10 <10 29 50 35
-222 3.433 25.96 50.8 46.6 38.2 46.9 50.0 46 67 58
-422 3.176 28.09 45.1 54.4

241 3132 28.49 341 233 55.3 81.2 182 86 120 112
{151-  2.988- 29.90-

112} 2.975 3003 41.6 59.2 474 62.5 52.0 55 93 58
530 2.819 31.74 43.6 39.8 26.3 35.9 30.8 25 40 31

* — peaks from (131), (400), (330), (-421) and (240).

** _ peaks from (151), (350) and (112) with relative intensities of 41.6, 27.8 and 12.7%, respectively.

XRD patterns of only acid-treated and only calcined
heulandite samples are shown in publications [5,6], Table 2
shows the relative intensities of strong peaks (1/16>10% in
low-angle range and 1/16>20% for 2©>23°) in the XRD
patterns of the original sample, acid-treated samples, as well
as samples calcined at 400 °C and then treated with acid in
comparison with the X-ray data of simulated pattern [7]; as

in the simulated XRD pattern, 100% relative intensity is
assigned to the peak from the 020 plane.

The above-mentioned increase in the intensity of the peaks in
the region of 22-23° for the original sample is leveled out
after treatment in a “diluted” solution (0.5 mol/L), but occurs
again after treatment in “concentrated” solutions. Probably,
this effect can be associated with the change in the content of
potassium ions that occurs during dealumination and
decationization. Be that as it may, preliminary calcination at
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400 °C leads to an even greater increase in the relative
intensity of the peaks in the region of 22-23°.

In acid-treated samples, the peaks from the -422 and -441
planes merge and the intensity increases sharply with
increasing acid concentration; in heat-acid-treated samples
this effect also manifests itself, but not monotonously and not
to the same extent. However, changes in the intensity of most
peaks are non-monotonic and cannot be interpreted.

XRD patterns of samples pre-calcined at 500 °C and higher
temperatures, followed by acid treatment in solutions of any
concentration, represent a wide band of the amorphous phase
with superimposed narrow peaks of quartz and albite, as well
as broadened peaks of thermostable chabazite (the
temperature of the collapse of the crystalline structure is over
900 °C); peaks of wairakite (Ca(Al2Si4O12)-2H20), formed
simultaneously with quartz, could not be identified.
Adsorption of water and benzene. Water vapor adsorption
has been used since the early 1960s to determine pore volume
of high-aluminum zeolites. Due to their small size, water
molecules pass freely through the entrance windows into
micropores and channels of heulandite crystal structure, and
the amount of adsorption depends on the number of partially
ionic hydrophilic centers associated with tetrahedrally
coordinated aluminum (AlO4)~. Adsorption isotherms of
water vapor and other gases are described in different ways,
the simplest of which is the Langmuir equation, the most
commonly used is the Brunauer-Emmett-Teller (BET)
model. According to the Brunauer-Deming-Deming-Teller
classification adopted by IUPAC, the adsorption-desorption
isotherms of water vapor on natural zeolites belong to type
IV, and at low relative pressure (p/po<0.4) the isotherms
reflect the complete filling of micropores, while at saturated
vapor pressure (p/po=1) show the total volume of all pores.
Benzene is a non-polar molecule used as a probe for studying
hydrophobic adsorbents such as activated carbon and other
carbon materials. The size of the benzene molecule (kinetic
diameter of 0.585 nm) does not allow it to penetrate into the
micropores and channels of heulandite; adsorption occurs on
the surface and reflects its hydrophobicity.

According to the results obtained in previous studies [4-6],
for untreated Georgian heulandite, the volume of micropores
accessible for water molecules (5.3 mmol/g) is about two-
thirds of the total pore volume (8 mmol/g); adsorption in
micropores practically does not change as a result of acid
treatment, and the total adsorption in all pores slightly
increases. Regarding the thermal effect, the adsorption
capacity of micropores decreases with an increase in the
calcination temperature, reaching very low values (<0.3
mmol/g) at temperatures above 500 °C, the adsorption
capacity of all pores decreases monotonically with an
increase in the calcination temperature; the difference
between these two indicators, apores — amicropores, proportional
to the volume of mesopores, before the onset of
amorphization increases from 2.66 to 3.33 mmol/g, and then
decreases to 2.2 mmol/g, which indicates the effect of heat
treatment on the mesopore system as well. The change in
benzene adsorption in the etched samples is insignificant, but
heat treatment significantly reduces the hydrophobicity of the
surface.

Results of measurements on heulandite calcined at different
temperatures and then subjected to acid treatment in solutions
with different concentrations of hydrochloric acid are given
in Fig. 8.
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Fig. 8. Water vapor and benzene adsorption capacity of
heat-acid-treated samples.

As would be expected, the decrease in adsorption of water
molecules in micropores and in all pores, as well as the
decrease in surface hydrophobicity demonstrated by benzene
adsorption, are mainly determined by the calcination
temperature, with subsequent acid treatment having little
significance.

Conclusion

Preliminary thermal treatment of heulandite-containing tuff
from the Tedzami-Dzegvi deposit, Eastern Georgia, reduces
weight loss and the degree of dealumination during
subsequent acid treatment, and also affects the
decationization process: with increasing preheating
temperature, the participation of sodium ions in the process
slows down, while the participation of potassium ions
increases, the overall degree of decationization decreases,
and after annealing at 800 °C, the replacement of
compensating cations with H* ions and their leaching does
not occur. Despite the amorphization that occurs at
temperatures above 200 °C, the crystalline structure of
heulandite is preserved even after heating to 400-450 °C and
subsequent acid treatment, as evidenced by the preservation
of the peak positions in the XRD patterns; the change in peak
intensity depends on the acid concentration in the processing
solution and is associated with changes in the content and
distribution of cations. After heating to 500 °C and higher
temperatures, the acid-treated samples transform into an
amorphous state with crystalline inclusions of fine chabazite,
a-quartz and albite feldspar; the presence of wairakite could
not be confirmed. The adsorption of water molecules in
micropores and in all pores, as well as the adsorption of
benzene, reflecting the hydrophobicity of the surface,
decrease with increasing calcination temperature; subsequent
acid treatment is of little importance.
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possibility of creating new bactericidal zeolite filter materials
for purification-decontamination of water from various
sources”.
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Abstract. The influence of various solvents on the metal ion complexation ability of the olanzapine molecule was
investigated using the quantum chemical semi-empirical MP3 method. The study involved the calculation of energetic,
electronic, and structural parameters of the molecule in the gas phase and in a series of solvents with different dielectric
constants. The results enabled the identification of potential coordination centers within the olanzapine structure,
determination of the most favorable conditions for the synthesis of its coordination compounds, and a preliminary assessment
of their potential biological activity

6. 3980@5330em0, 3. 3063599, b. 3939800y, b. 30EsliMBOS, M. (306353, ©. MBMBZ306O - MEWsbBs30bol
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306Mmd9ddo, bgwl  9fgmdl  LobmgBol  JoMHMdYOOL  FgMbg3zsl o 9Ju3gM0TYBEBHMWo  Imbsgdgdols
0639M36Mm9BHo30sL, 8500 FmEOL 0bxMsfomgwr L3gd@GHmLM3osl s MEWMWo BsgMHmgdol LEGHOMJGHWOHME
9bseobU.

Keywords: Olanzapine, quantum chemical calculations, MP3 method, complexation, donor atoms, solvents, electronic
structure

Introduction

The complexation of pharmaceutical compounds with metal
ions represents a significant area of interest in medicinal
chemistry, pharmacology, and materials science. Of
particular interest is olanzapine, a psychotropic drug whose
molecular structure suggests potential as a ligand. The aim of
the present study is to identify the structural and electronic
factors influencing the complexation ability of olanzapine in
various environments.

Methodology

Quantum chemical calculations were carried out using the
semi-empirical MP3 method. The solvents used in the study
included water, ethanol, methanol, acetone, dimethyl
sulfoxide (DMSO), chloroform, hexane, and citric acid. For
the olanzapine molecule, the following parameters were
calculated [1-5]:

e heat of formation; Fig. 1. OlanzapineMolecule

e total formation energy;

e ionization potential; o . .

e  dipole moment; The results obtained in various solvents were compared with

e interatomic distances: the parameters calculated for the gas phase.

e bond angles and bond lengths; . .

e effective atomic charges; Results and Discussion - _

e electron density distribution and atomic orbital Energetic and Electronic _Stablllty. The _calculatlons
populations. revealed that the heat of formation of the olanzapine molecule

is lower in solvents than in the gas phase, indicating greater
molecular stability in the condensed phase. The most
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significant decrease in the heat of formation was observed in
solvents with high dielectric constants and strong dipole
moments (e.g., water — p = 2.423; ethanol — p = 2.638).
This suggests that polar solvents stabilize the olanzapine
molecule more effectively than nonpolar ones [6-10].

Table 1. Values of Heat of Formation (AH) and Dipole
Moments (p) of the Olanzapine Molecule

Heat of Dipole moment
N | Solvent formation, De% o '
kJ/mol Y
1 | gas 332.646 2.631
2 | H20, water 295.377 2.423
C2HeSO,dimethyl
3 | sulfoxide 295.510 2.378
(DMSO)
CH30H,
4 methanol 296.476 2.392
5 | C2HsOH, ethanol | 298.242 2.638
(CHs)2CO,
6 acetone 296.569 2.327
7 | CHCL, 309.968 2388
chloroform
8 | CeHu12, hexane 324.601 1.922
9 Ce_HsO7, citric 296.046 2 360
acid

Geometric Parameters. The bond lengths in the olanzapine
molecule range from 1.402 to 1.494 A, consistent with typical
values for bonds involving atoms with sp2 hybridization. The
bond orders vary between 0.976 and 1.378, which also falls
within the acceptable range for organic compounds. The
valence angles between atoms, particularly those involving
N(1), N(4), N(9), N(16), and S(18), further confirm the sp2
hybridization of the respective atoms.

Electronic Characteristics and Donor centers. Orbital
analysis showed that while N(1) contains an unpaired
electron pair on a c-orbital, the second pair is located on a
2pz orbital, which is suitable only for m-interactions. This
limits its ability to form a o-coordination bond with metal
ions.

Table 2. Atomic charge, Electron density on the atom and Electron distribution in orbitals of the Olanzapine Molecule

Atomic Electron density on Electron distribution in orbitals
Solvent Atom n

charge the atom nS nPx nPy nP,
Gas N(1) -0.080 5.080 2 1.510 1.022 0.963 1.586
Water N(1) -0.091 5.091 2 1.512 1.033 1.045 0.091
DMSO N(1) -0.094 5.094 2 1.513 1.035 1.039 1.507
Methanol N(1) -0.091 5.091 2 1.513 1.035 1.060 1.484
Ethanol N(1) -0.096 5.096 2 1.519 1.042 1.103 1.432
Acetone N(1) -0.096 5.096 2 1.514 1.035 1.031 1.516
Chloroform N(1) -0.094 5.094 2 1.518 1.040 1.093 1.443
Hexane N(1) -0.070 5.070 2 1.503 1.025 1.071 1.470
Citric acid N(1) -0.093 5.093 2 1.514 1.035 1.044 1.501

A similar analysis for the N(4) atom reveals an unpaired electron pair on a c-orbital and a second pair on a 2px orbital.
However, the spatial arrangement and the charge (which is close to zero in most cases) make this atom an unlikely participant

in complexation.

Solvent Atom Atomic Electron density on the 0 Electron distribution in orbitals
charge atom nS nPx nPy nPz

Gas N(4) -0.009 5.009 2 1.451 1.174 1.057 1.327
Water N(4) -0.045 5.045 2 1.476 1.142 1.410 1.017
DMSO N(4) -0.044 5.044 2 1.475 1.136 1.421 1.012
Methanol N(4) -0.043 5.043 2 1.475 1.141 1.404 1.023
Ethanol N(4) -0.037 5.037 2 1.479 1.142 1.349 1.066
Acetone N(4) -0.042 5.042 2 1.474 1.132 1.429 1.006
Chloroform N(4) -0.028 5.028 2 1.471 1.140 1.307 1.111
Hexane N(4) -0.018 5.018 2 1.464 1.138 1.376 1.040
Citric acid N(4) -0.044 5.044 2 1.475 1.134 1.423 1.012

The N(9) atom exhibits high electron density and stable occupation of the sp? orbital with an S-component. All parameters
indicate its ability to form a covalent bond with a metal atom, making N(9) the most likely donor center.
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Solvent Atom Atomic Electron density on the n Electron distribution in orbitals
charge atom nS nPx nPy nP;

Gas N(9) -0.113 5.113 2 | 1581 1.144 1.098 1.290
Water N(9) -0.113 5.113 2 | 1581 1.144 1.098 1.290
DMSO N(9) -0.112 5.112 2 | 1.583 1.179 1.365 0.985
Methanol N(9) -0.113 5.113 2 | 1.583 1.179 1.377 0.975
Ethanol N(9) -0.124 4.124 2 | 1585 1.195 1.389 0.955
Acetone N(9) -0.112 4.112 2 | 1583 1.180 1.356 0.993
Chloroform N(9) -0.120 4.120 2 | 1.586 1.184 1.401 0.950
Hexane N(9) -0.092 4.092 2 | 1577 1.164 1.390 0.962
Citric acid N(9) -0.111 4.111 2 | 1.583 1.180 1.364 0.985

located on the 2px orbital but rather on the 2py and 2pz
orbitals, which can participate in the formation of 7-bonds,
rather than c-bonds.

Quantum chemical calculations performed using the semi-
empirical AM1 method revealed that the analysis of the

effective charges of the nitrogen atom N(16), electron density
on the atoms, and electron distribution across orbitals in the
olanzapine molecule yielded the following: In three
solvents—water, methanol, and acetone—the nitrogen atom
N(16) can exhibit donor properties because one electron pair
resides on a 2s orbital, while the other is located on a 2px
orbital. This enables the atom to form a chemical bond with
the metal complexing agent [11-13].

For the other solvents—DMSO, ethanol, chloroform, and

Further quantum chemical calculations using the semi-
empirical MP3 method showed that, despite the presence of
electron pairs, the coordination ability of the N(16) atom
varies depending on the solvent. Only in water and methanol
does it possess a negative charge and appropriate electron
density distribution (2s and 2px orbitals), which can provide
o-donor ability. In other solvents, the electron pair is
localized on m-orbitals (2py, 2pz), thus excluding the
possibility of forming a c-bond.

hexane—the electron pair of the nitrogen atom N(16) is not

Solvent Atom Atomic Electron density on the n Electron distribution in orbitals
charge atom nS NnPx nPy nPz

Gas N(16) 0.164 4.836 2 | 1.382 1.005 1.466 0.983
Water N(16) -0.113 5.113 2 1.583 1.177 1.372 0.980
DMSO N(16) 0.113 4.887 2 1.404 1.346 1.037 1.100
Methanol N(16) -0.113 5.113 2 1.583 1.179 1.377 0.975
Ethanol N(16) 0.113 4.887 2 | 1.406 1.360 1.082 1.039
Acetone N(16) 0.117 4.883 2 1.403 1.335 1.025 1.013
Chloroform N(16) 0.126 4.874 2 1.402 1.300 1.130 1.042
Hexane N(16) 0.146 4.854 2 1.389 1.364 1.057 1.044
Citric acid N(16) 0.114 4.886 2 1.404 1.345 1.033 1.103

Despite the high electron density, the positive effective charge on the sulfur atom S(18) under all conditions excludes its donor
properties in coordination with metals.

Solvent Atom Atomic Electron density on the n Electron distribution in orbitals
charge atom nS NnPx nPy nP;
Gas S(18) 0.284 5.716 3 1.876 1.225 1.548 1.068
Water S(18) 0.264 5.736 3 1.876 1.560 1.100 1.199
DMSO S(18) 0.263 5.737 3 1.876 1.527 1.107 1.226
Methanol S(18) 0.264 5.736 3 1.876 1.552 1.107 1.201
Ethanol S(18) 0.267 5.733 3 1.876 1.506 1.115 0.898
Acetone S(18) 0.264 5.736 3 1.876 1.508 1.111 1.241
Chloroform S(18) 0.269 5.731 3 1.876 1.469 1.102 1.284
Hexane S(18) 0.273 5727 3 1.876 1.555 1.104 1.192
Citric acid S(18) 0.264 5.736 3 1.876 1.523 1.109 1.227
Conclusion covalent bonds with metals in all studied environments.

The MP3 method allowed for a detailed study of the
electronic structure of the olanzapine molecule and the
investigation of the influence of various solvents on its
complexation ability.

The most likely donor atom is the nitrogen atom N(9),
which consistently demonstrates the ability to form

Solvents with high dielectric constants, such as water and
methanol, contribute to the stabilization of the molecule
and can be recommended for the synthesis of olanzapine
metal complexes. The quantum-chemical approach
provides the opportunity to predict the behavior of the
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molecule under different conditions in advance,
facilitating the selection of synthesis conditions and the
interpretation of experimental data, including IR
spectroscopy and structural analysis of complex
compounds.
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Abstract. As is known, graphene is a two-dimensional (2D) form of carbon. It consists of a single layer of carbon atoms
arranged in a hexagonal lattice structure with a sp2-hybridized electronic configuration. Unlike other configurational forms
of bulk graphite, it is distinguished by such unique properties as the highest mechanical strength, the greatest resistance to
chemical influences, the gigantic mobility of current carriers, and many others. Therefore, based on its properties, it can
already be said today that in the near future, graphene will undoubtedly become the main element of many new unique
innovative devices. One of the most pressing problems of modern high technologies is the refinement and modernization of
methods for obtaining graphene and the discovery of its unknown properties.To partially solve these problems, graphene was
obtained in the work. For this purpose equipment was developed based on the method of chemical deposition of carbon atoms
from the air phase and manufactured. By numerous experiments methane was selected from various hydrocarbons for
pyrolysis, which turned out to be optimal for the successful implementation of the intended technological process. Since the
transportation, storage, and use of pure methane in experiments posed many technical problems, a 20% mixture of it with an
inert gas (argon) was used. The composition and quality of the resulting layers were determined by electron microscopy.
Energy Dispersive Spectroscopy (EDS) revealed that in addition to carbon and copper, traces of oxygen were also detected
in the obtained samples, which is mainly due to copper rust on the surface of the coating and, in part, to oxygen molecules
adsorbed on the surface of the coated graphene.
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69bomdg. HMamOE 3bMdOW0s, 3Msx3960 5oL BabIoMdoOl MEMYEDMIGBowosEo (2D) Bm@ds. 0xo Bgoygds
BobBomBo@ol  5GHMIGPPOL  ghmo  FoOEGH0g30  BgboLysh, OMIWYdoz SP?  -30800E0DIGO0L  GugdEOMbrwo
3065302905300 5056  gobrsggdo 3gdusambsw Mo dguEOL bEHOWIGHMMSTo. BMEMLMBOMNO POISROGEHOL
Ubgs 3mb6x30gMsgommo  gm®mIgoologsb asblbgeggdom, 0go 2s8mombgzs olgmo  wbogswmmo mM30L9d9d0m,
OHMMOH0Es MBs0egbo 39456039900 L3039, MOEILO 3gEIMds Jodormo bgdmddgwgdgdol dodsmom, dsbido
©9bol F5@MHgOIMS 30gbEHVIM0 dZMEMds s FMZ5¢0 LbZs. 53MH0Ys©, Folo M30LgdIBOEE godmIEObsty,
9L 9339 9909905 00g3L, MHMI sBErMm ImTsgoedo aMmexgbo 933z9ws my3930bgds sMgMHMO  sbogro
Mb035wMMH0 06m35309Mm0 IMfYmdowmdol doMomo® 9wrgdgbde®.  ™sbsdg®™mgyg Fomswo gdbmermyogdols
9O0-9gMHM0 439wsDY oGO0 3OMBWYTss  3M8gbol  Fomgdol dgmmgdol sbggfo-0mgMbobsos s
dobo  bmdo  M30LYdYdOL  Fodmzangbs. 58 3MMOEYIYOOL  boffomdMog ool FMgws  bdmdsmdo
3956bmM309wEs 353960l Jogds. s3olomzol 8gdwdsggdwmo odbs 3MMmgd@o ©s sTIBI®s  S0MHBIHBOWD
BobToMmdsOL 5@™TJOoL JodowyMHo sErgd30L FgmMEBY Rw)dbxdMEo IBIYIMO, BoEIMYdME 0dbs IMsg5wo
9Ju3960d9bE0, Mob Lsx3wd3zgE B3 bbgsalbls BabIoMFYswdsIDOEB  doMMmEoBolbmzol  dgo@bs dgmsbo,
6mIgeog m3G0dsw)mo  50dmBbEs ibsbwmo  GHgdbmmwmyom®o 3HMmEgLOL FoMTo@gdom  Bolo@oMmdEs.
65009053 LB 9Bl BHMIBLEMMEBHOMYds, Tgbobgs o gdudgMmodgb@gddo godmygbgds dGMszs¢ G9dbozwm®
30mMd9dgdl dMm0o3930s, 530GMI 258mygbgd e 0dbs 0bgPG e s0MmMb (spambo) dobo 20% -osbo Botggo.
909dHOHMbmwo  Jozmmbim300m  ©oobs  Fogdmwo  Bgbgool  dgagbowmds s baMolbbo.
96963mEol3gmlrwo b3gd@mmlgm3ool (Energy Dispersive Spectroscopy —EDS) dgom@om ©s@yobos, Gmd
00090 608139030, 29Mm©s bsbdoMdsols s 13owgbdolbs, ©s0dboMYds FsbydsOlL 33swoE, MMIgos
39630609005 oMM Loxggbol BgEsdomby sOLYdWMo L3owgbdol mJboom s, bsfowmdmog,
5339600 3M583960L Bgs30HBY sELMMBOMYDEO 5baBsEOL FmEg3Egdo.

Keywords: deposition, carbon, layer, hydrocarbon, pyrolysis, substrate.

Introduction

One of the promising new materials needed for the further
development of modern high technologies is graphene, which is
the thinnest, purest, strongest, plastic, chemically inert, thermally
stable material in the world. Graphene exhibits a high crystalline
quality, where charged relativistic particles with zero mass move
ballistically, without scattering, over long distances and are thus

characterized by a gigantic mobility of 10° cm?V's (300K).
Although the areas of application of graphene have not

yet been fully identified, but based on its properties, it can already
be said that in the near future it will become the main element of
a number of new unique innovative devices. However unknown,
unusual, unique properties  of graphene are not yet fully
understood.

The reason is that graphene is a two-dimensional form of carbon
(2D), consisting of a single layer of carbon atoms arranged in a
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hexagonal lattice structure with a sp2-hybridized electronic
configuration [1]. The physical structure of graphene is a puzzle,
because according to both theory and experiment [2-6], crystals
cannot exist in a free state in a perfect two-dimensional 2D space.
Graphene is the basic structural element of all other carbon
materials such as graphite, carbon nanotubes, and fullerenes. It
was unconsciously "produced" for centuries during pencil
sharpening, but was first isolated in 2004 by the well-known
method of micromechanical cleavage [7]. Although many works
has been devoted to graphene production technology [8-15], its
perfection is still associated with many problems. Improving and
modernizing the methods for obtaining graphene, and revealing
its unknown properties, which is so necessary to discover new
areas of its use, is one of the most important and pressing
problems today.
The goal of this work was to partially solve these problems and
obtain mono- or multi-sheet graphene. To this end, a number of
tasks were set:
e  Selection of the optimal chemical deposition method
from existing ones;
e Creation of appropriate equipment for the selected
method;
e  Selecting the optimal hydrocarbon for pyrolysis from
various hydrocarbons;
e Investigation of obtained layers of graphene.

Experimental

Currently, various modifications of mechanical, chemical,
epitaxial, and air-phase deposition methods are mainly used to
obtain graphene. The air-phase deposition is attractive because
graphene grows by this method on a metal surface, such as Cu,
Pt, Ir, etc. Then graphene can be separated from the metal and
transferred to different substrates according to the application.
Air-phase chemical deposition method. Among the metals on
which graphene grows, copper is the most attractive. During the
chemical deposition of carbon atoms from any carbon source at
high temperatures completely different processes occur on the
surface of polycrystalline copper compared to other metals. For
example, the solubility of carbon in copper is 1000 times lower
than in nickel. Because of this, carbon atoms deposited on the
copper surface cannot diffuse throughout the volume. As the
temperature of the substrate increases, the probability of the
formation of a graphene layer on its surface increases and its area
increases too. In addition, it is possible to obtain not only
multilayer graphene sheets, but also monolayer graphene on
copper, since copper acts as a catalyst during carbon deposition
process. So after coating a copper surface with a monolayer of
graphene, the probability of deposition of subsequent layers of
graphene on it sharply reduces. This method is very promising
for large-scale production of graphene.

Technological process. The main node of the equipment for
production of graphene is a reactor.

It is possible to obtain a vacuum, introduce hydrogen and inert
gases under controlled pressure, and conveniently place the
copper substrate into the reactor. To conduct pyrolysis of
hydrocarbon gas, the reactor is placed into a furnace, which
ensures to obtain the appropriate temperature over a fairly wide
temperature plateau. After pyrolysis, the equipment provided
controlled cooling of the reactor and also supply of electricity and
water.

A schema of equipment for production of graphene is shown in
Fig.1.

The equipment consists of two coaxial quartz tubes (1, 2), whose
diameters are 80 mm and 50 mm, respectively. The tubes are
horizontally rigidly fixed to a steel stand (3) by means of a two-
groove flanged pipe system (4), the grooves of which are
equipped with vacuum rubber pad. The flanges are cooled by
technical water flowing through the fittings (6). The space

between the quartz tubes is connected to the vacuum and air
supply systems via fittings (5). A cart (9) with a furnace (10)
moves freely by rollers (8) along the pipe (7), which is attached
to the stand. The furnace can move with the cart and heat the
desired part of the tube (1) placed in it.

1

Fig. 1. A schema of equipment for production of graphene.
1,2- coaxial quartz tubes; 3- steel stand; 4-flanged pipe
system; 6- fittings; 7- pipe; 8- rollers; 9-cart; 10- furnace; 11-
nuts; 12- steel base.

The furnace is equipped with thermocouples that are connected
to a thermostat and are used to regulate the temperature in the
furnace. The stand is rigidly attached to a steel base (12) by
means of bolts, and nuts (11). The length of the equipment is
1862 mm, and the height is 1427 mm.

Initially, studies were conducted to select hydrocarbons for
pyrolysis. The studies were conducted using propane (CsHs),
hexane (CeHi4), and methane (CHa4). The final product of
pyrolysis of all three hydrocarbons is carbon and hydrogen.
However, during the pyrolysis of propane, an easily usable
product, an oily residue remained on the copper substrate and
reactor walls, which we explained by the fact that propane
production involves the addition of aromatic oils to the product,
which are very difficult to clean. Hexane pyrolysis begins at
600°C and, as with other heavy hydrocarbons, proceeds in a
complex manner, with the formation of various intermediate
hydrocarbons. Then process continues with decomposition of
hydrocarbons into lighter ones, etc. The carbon atoms formed
during the decomposition of each of these intermediate products
deposited on the copper layer in portions, and therefore the
thickness of the resulting graphite layer cannot be controlled.
The best results were observed when using methane (CHa),
specifically, during the pyrolysis of a methane-argon mixture, in
which the methane content was 20%.The use of the mixture
dramatically reduced the expected risks not only during its
transportation, but also during storage and technological
processes. Therefore the aforementioned methane-argon mixture
was chosen as the working material.

Before conducting the technological process, the reactor was
purging first with argon, then with a 20% mixture of argon and
methane (to a pressure of 1.5 atm). After inert argon purging
the reactor, a vacuum was established in it, and then a 20%
mixture of argon and methane was introduced into the reactor|.
Before the furnace was turned on, the pressure of the gas mixture
in the reactor was +0.2 atm. During the heating process the
pressure increased and reached +0.6 atm at approximately 700°C.
Methane pyrolysis was carried out in the temperature range of
700°C -750° C in two regimes. During the first regime the copper
foil was heated up with the furnace. During the second regime
the furnace was heated up separately and then was rolled using a
cart and the copper foil was placed in the already hot furnace.
The difference between these two regimes is that since methane
decomposes even at temperatures lower than 700° C (starting at
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450° C), in the first case the sample undergoes deposition of
carbon atoms for a much longer time than in the second case. In
both regimes, the excerpt at the final temperature lasted the same
amount of time - 10 minutes. Then the reactor was cooled. When
the sample cooled with the furnace, then the deposition of carbon
atoms on the sample continued until the furnace temperature
dropped to 450°C. To prevent this, immediately after the process
was completed, the sample was removed from the furnace using
a cart and the reactor cooling fans were turned on. Typical
graphite layers obtained experimentally by us are shown in Fig.
2.

Due to the nature of graphene layers, the most informative
analysis is provided by an electron microscope SEM (Scanning
Electron Microscope) with the LaB6-cathode TESCAN VEGA
3-XMU

Results and Discussion

The analysis of the composition of the layers was carried out by
the SEM using the X-ray EDS (Energy Dispersive Spectroscopy)
method, the sensitivity of which in average is 0.1 at.%. An
electronic images of graphene layers shown in Fig. 2. are
presented in Fig. 3. The images taken at different magnifications
showed almost the same result for all of the layers, which
indicates the presence of multilayer graphene scales on the
copper layer (Figs. 3). The electronic images were taken near the
graphene boundary, so the multilayered landscape of graphene
“flakes™ is clearly visible.

a
Fig. 3. SEM images of graphene surface layer taken at different
magnifications; scale: a-1um; b-2pm.

Figure 4 shows a typical energy dispersive spectrum of a
graphene sample and Table 1 presents the copper, carbon, and
oxygen contents in the layer.

l Map Sum Spectrum

Fig. 4. Energy dispersive spectrum of graphene layer

Table 1. Elemental composition of graphene layer

Element Weight % | Atomic %
Cu 97.23 87.16

0 0.25 0.87

C 2.52 11.97
Total 100.00 100.00

Energy Dispersive Spectroscopy (EDS) method revealed that
copper, carbon, and oxygen, in certain percentages, were present
in all of the layers we produced. At the same time, their carbon
content varies within 10-12 atomic percent, while the oxygen
content is 0.5-3 at.%. The presence of copper and carbon in the
layers is clear. To determine the origin of oxygen, we also
examined the surface of the copper foil used as a coating during
the process using the same method. Naturally, no trace of carbon
was visible on it, but oxygen in the order of 0-2 at.% was
observed.

Conclusion

Compared to other hydrocarbons, methane is the most
convenient for implementing this technology, as its pyrolysis
produces multilayer graphene layers on the surface of copper foil.
Energy-dispersive spectroscopy revealed that in addition to
carbon and copper, traces of oxygen were also observed in the
obtained samples, which is mainly due to copper rust on the
surface of the coating and partially adsorbed oxygen molecules
on the surface of the deposited graphene.
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