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Progress in the field of inorganic sorbents is associated with the search for new materials and improvement of existing ones. When
used, a number of requirements are imposed on them, namely: cheapness, ease of preparation, reusability, high efficiency and selectiv-
ity. Among these requirements, the cheapness (allows to obtain sorbents of the lowest cost and therefore with high economic efficiency)
and high selectivity (obtaining sorbent materials that can provide purification of aqueous solutions from pollutants of a certain nature,
i.e. sorbents of a certain targeted action) deserve the most attention.

One of the materials capable of selective sorption of many ions is zirconium (IV) oxide, which is effective in wastewater treatment
from chlorides, phosphates, sulfates, arsenates, heavy metal ions, etc. However, a significant obstacle to the widespread use of ZrO,
as a sorbent is, among other things, its relatively high cost. To overcome the latter drawback, it is advisable to develop the direction
of creating functional sorption composite materials based on ZrO, with a reasonable choice of carrier, which would also have sorp-
tion properties. From this point of view, the most promising carriers are natural materials that are available in sufficient quantities in
the earth’s crust, and therefore can be used with high economic efficiency. One of such promising natural sorption materials is activated
carbon due to its developed surface, widespread availability and low cost. Even more promising is the combination of activated carbon
with various expensive sorbents, such as nanodispersed zirconium (IV) oxide, which will contribute to a significant increase in both
the specific surface area of the latter and the reactivity of zirconium (IV) oxide.

Thus, the combination of nanoscale zirconium (IV) oxide and activated carbon should have a positive effect on the sorption char-
acteristics of the future composite sorbent, and, expectedly, on the technical and economic feasibility of its use in terms of complex
indicators. Key words: zirconium oxide, sorption, activated carbon, composite, heavy metal ions, wastewater.

Hupxoniro (IV) okcua sik nepcneKTHBHMI cOPOeHT iioHIB i3 Boguux po3uuHiB. @egenko F0.M., Camoiinenko B.O.

[Iporpec y ramysi HeopraHiYHUX COpPOCHTIB IOB’S3aHHH 3 IOIIYKOM HOBHX MarepialiB Ta BIOCKOHAJICHHSM icHyroumx. Ilpu
3aCTOCYBaHHI JI0 HUX MPE/L’ABISIETHCS PSJL BUMOL, @ caMe: JCIICBU3HA, TIPOCTOTA OACPIKAHHS, MOJKIIMBICTh HOBTOPHOTO 3aCTOCYBAHHS,
BHCOKa e(DEeKTHBHICTH Ta CENEKTUBHICTh. Cepel X BUMOT HalOUIBIIO] yBaru 3acIyroByIOTh CaMe JICIIEBU3HA (03BOJISIE OTPUMYBATH
COpOCHTH HAWHMKIOT BapTOCTI 1 TOMY 3 BUCOKOIO €KOHOMIYHOIO e(pEKTHBHICTIO) Ta BUCOKA CEJICKTUBHICTD (OJIepIKaHHS COPOLIHHIX
MarepiajiB, IO 37aTHI 3a0e3MedyBaTH OUYMIICHHS BOAHHMX PO3YMHIB BiJ 3a0pyAHUKIB IEBHOI NMPUPOAN, TOOTO COPOEHTH IIEBHOI
LTeCIIPSIMOBAHOT JIii).

OpHuM 3 MarepialiB, IO 3/1aT€H A0 CENEKTUBHOI copOuii 6aratbox HOHIB, € mupkoHioo (IV) okcna, skuil € eQeKTUBHUM IpU
OYHMIIICHHI CTIYHMX BOJ BiJ XJIOpHIB, pocdaTis, cynbdariB, apceHaTiB, HOHIB BaXXKUX MeTaliB ToIo. [IpoTe, CyTTEBOIO MEperIKo10t0
JUIsL UPOKOro BuKopucTanHs ZrO, sik copOeHTa €, cepel iHIIOro, HOro BiAHOCHO BHCOKa BapTicThb. [l MOJOJIAHHSA OCTAHHBOTO
HEJ0JIIKy JOLLIFHO PO3BUBATH HANPSIMOK CTBOPEHHS (DYHKIIOHAIBHHX COPOLIIfHMX KOMMIO3HMLIIHMX MarepianiB Ha ocHOBI ZrO,
3 00TPyHTOBaHUM BHOOPOM HOCIs, KOTPHI T€XK BOJIOAIB O COPOLIIITHUMHU BIaCTHBOCTAMH. 3 I1i€1 TOUKHU 30py HAHO1IbII TEPCHEKTUBHIMU
HOCISIMU [TPE/ICTABIISIIOTHCS IPUPOJIHI MaTepiai, sKi B 1OCTaTHIN KITbKOCTI HAsIBHI B 3eMHIill KOpi, @ TOMYy MOXYTb OyTH BUKOpUCTaHi
3 BUCOKOIO €KOHOMIYHOIO epekTHBHICcTIO. OJJHUM i3 TAaKUX NEPCIIEKTUBHUX IPUPOTHUX COPOLIIITHUX MaTepialliB € aKTHBOBaHE BYT1IIS
3aB[SIKH HOTrO PO3BMHEHIN MOBEPXHI, PO3MOBCIOPKEHOCTI Ta HEBHCOKiH BaprocTi. II{e Ginbll MepCHeKTHBHUM BUIISIIAE OEIHAHHS
AKTMBOBAHOTO BYTULIA 3 PI3HUMHU JOPOTOBAPTICHUMHU COpOEHTaMH, K, HAIIPUKIa[, HAaHOTUCTIEpCHUM IpKoHio (IV) oxcunom, mo
CIPUATHME 3HAYHOMY 3POCTAHHIO SIK TUTOMOT IUIOIII MIOBEPXHi OCTAHHBOTO, TaK 1 peakiiiHo1 3marHocTi nupkoHito (IV) okcumy.

Otxe, MoeTHaHHsI HAHOPO3MipHOTO IUPKOHiI0 (IV) oKcuy Ta aKTHBOBAHOTO BYTIJUISI IOBUHHO TIO3UTUBHUM YHHOM BIUTHHYTH SIK
Ha copOLiliHI XapaKTEPUCTHKH Mal0yTHHOTO KOMIIO3UIIIITHOTO COPOCHTA, TaK 1, O4iKYBaHO, HA TEXHIKO-EKOHOMIUHY JOIIbHICTH HOTO
BHUKOPHCTAHHS 32 KOMIUIEKCHUMH MOKa3HUKAaMH. Ki0u06i cioéa: TUPKOHIIO OKCHJ, cOpOLis, aKTHBOBAaHE BYT1/UIS, KOMIO3UT, HOHU
BaXKMX METaJIiB, CTIYHA BOJA

Introduction. Crystalline zirconium (IV) oxide
(ZrO,) can exist in monoclinic (thermodynamically
stable up to a temperature of 1170 °C), tetragonal (sta-
ble from 1170 °C to 2370 °C) and cubic (stable from
2370 °C to the decomposition temperature of the com-
pound — 2700 °C) modifications [1].

Cubic ZrO, has the structure of fluorite, in the crys-
tal lattice of which each Zr atom has eight bonds with

Oxygen atoms. Thus, Zr atoms form centrosymmetric
lattice with axis translation (CSL) with Oxygen atoms
occupying positions in tetrahedral interstices. The
cubic structure is determined by one lattice constant
(Table 1) [2-4].

Tetragonal ZrO, can be considered as a slightly dis-
torted cubic structure. The structure of tetragonal ZrO,
is defined by two lattice parameters — a and c. In the
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crystalline tetragonal structure of ZrO,, Zr atoms are
also bonded to eight Oxygen atoms — four adjacent
Oxygen atoms are located in the plane of the tetrahe-
dron; the length of the Zr-O bond is 0.207 nm, and the
remaining Oxygen atoms are located at an angle of 90 °
to the plane of the tetrahedron at a distance of 0.246 nm
from Zr [2-4].

Monoclinic ZrO, is formed by further distortion of
the tetragonal structure. It is even less symmetrical and
is represented by more complex geometric structures of
12 atoms of the unit cell. In monoclinic ZrO,, Zr atoms
have seven bonds with Oxygen (Fig. 1). In space, the
Oxygen atoms form angles of 134.5° and 109.5°. Thus,
the Oxygen atoms are not in the same plane. In the crys-
tal structure of monoclinic ZrO,, the interatomic dis-
tances of Zr-O vary significantly, but have an average
value of 0.207 nm and 0.221 nm [2-4].

Fig. 1 shows polymorphic modifications of ZrO, —
their atomic structures and corresponding unit cells.

The transition to the monoclinic phase during cooling
occurs from 1000 °C to 650 °C. On the other hand,
during heating, the monoclinic phase transforms into the
tetragonal phase starting from 820 °C. In this case, the
tetragonal modification is formed even up to 1170 °C [5].

Tetragonal modification of ZrO, is unstable. To
stabilize it, so-called tolerance agents (usually oxides
of rare earth metals, calcium, magnesium, ferrum)
are used. Ceramic material based on zirconium (IV)
oxide stabilized with yttrium oxide (Y-TZP — Yttrium-
Tetragonal Zirconia Polycrystal) is promising for use in
restorative dentistry [7—13].

Applications of nanomaterials based on zirco-
nium (IV) oxide. As mentioned above, modifications of
nanodispersed ZrO, in nanomaterials based on it deter-
mine the ways of application, because each of its modi-
fications has a number of unique properties.

ZrO, crystalline powders of monoclinic modification
have catalytic properties, and cubic and tetragonal mod-
ifications — high strength and thermal stability. In addi-
tion, the cubic modification of ZrO, has ionic conductiv-
ity, which leads to its use in such a promising direction
as the production of solid oxide fuel cells.

Therefore, the monoclinic modification of ZrO, nano-
powder is used mainly in the production of substrates
for luminescent and photosensitive materials [14], and
nanomaterials based on ZrO, of tetragonal and cubic
modifications — in ceramic materials, including, in new
materials with a set of enhanced service characteristics

Table 1
Parameters of ZrQO, crystal lattice and some of its characteristics [1-5]
Phase Simple group Lattice parameters Bull; /(ilerrlgsuy, Band gap width, eV Te;?i)eirlai?;re
a=0,5169 nm, »=0,5232 nm,
Monoclinic P2 /c ¢=0,5341 nm, =99°15’ 5,6 5,83 up to 1170 °C
(20°C)
a=0,514 nm, b=0,527 nm,
Tetragonal P 4,/nmc a/c=1,02 6,1 5,78 1170-2370 °C
(1250 °C)
. a=0,5256 nm .
Cubic Fm/3m (2330 °C) 6,27 6,1 2370-2700 °C
(a) (b) (©)

Fig. 1. Atomic structures (top) and coordinated relative to each other Oxygen (black) and
Zirconium (white) atoms of unit cells (bottom) of different modifications of ZrO,: (a) — cubic,
(b) — tetragonal, (c) — monoclinic
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due to increased viscosity, high mechanical, radiation
and corrosion resistance, hardness, melting point, refrac-
toriness, satisfactory electrical conductivity and low
thermal conductivity at low temperatures [14]. Hence,
the tetragonal modification of zirconia (IV) oxide has
been widely used as a bio-ceramic in restorative den-
tistry [15], and the cubic modification as a chemical and
heat-resistant nanoceramic of high strength [16—18]. In
addition, as mentioned above, the cubic modification of
zirconia (IV) oxide is used as a solid electrolyte in solid
oxide fuel cells and as a protective anti-corrosion coat-
ing for steel [19].

In addition, zirconium (IV) oxide in the monoclinic
modification is used as a catalyst (due to the activity of
acid centers on the surface) [20], in the tetragonal mod-
ification — as a carrier for catalysts (due to high thermal
stability) [21], as a sorbent in the amorphous phase or at
a low degree of crystallinity [22].

When using zirconium (IV) oxide as a catalyst, an
important role is played by the acid-base nature of its
properties and the presence of several types of defects
in the crystal lattice and on the surface, which are one
of the main factors of the reaction-catalytic activity of
the surface of any oxide. When obtaining these oxides
in the form of nanostructures, the percentage of coor-
dination-unsaturated ions, especially at the edges and
corners of microcrystallites, is predicted to be large.
Consequently, the physical chemistry of the surface in
nanoscale systems based on metal oxides will play a cru-
cial role in determining the scale of their application and
evaluation of catalytic activity.

Zirconium (IV) oxide, when used as a carrier for
catalysts, must have sufficiently developed external and
internal surface areas. These requirements are met by
obtaining the smallest possible size of zirconium (IV)
oxide crystallites.

One of the most unusual and promising properties
of zirconium (IV) oxide particles is its sorption capac-
ity for both anions and cations, which allows us to con-
sider nanoscale ZrO, and materials based on it as a tool
for improving the ecological state of the environment.
At the same time, the greatest sorption capacity has
hydrated zirconium (IV) oxide, i.e. in the amorphous
state [23-25]. The peculiarity of the use of ZrO, as a
sorbent is that it has a high selectivity for multivalent
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anions (chromates, borates, sulfates, phosphates, arse-
nates, etc.) and can be used at high temperatures without
losing its efficiency.

Thus, it can be argued that ZrO, is a multifaceted
material that has many real and promising applications.
Due to this, it attracts increased interest, and in the tran-
sition to nanostructures it has numerous advantages for
obtaining new types of materials with improved char-
acteristics, among which the least studied are sorption
properties.

Application of nanosized zirconium (IV) oxide
and composites based on it as sorbents. Zirconium
(IV) oxide in the amorphous state, due to the developed
surface and the presence of hydroxide groups, can be
effectively used as a sorbent for both anions and cations
depending on the pH (due to the amphoteric properties
of zirconyl cation). The active surface of hydrated zir-
conium (IV) oxide, depending on the pH of solutions, is
formed by two mechanisms [23] (Fig. 2).

Based on the above mechanisms, in this type of
sorbents, in particular ZrO,, there is a transition from
sorption of anions in an acidic environment to cat-
ions in an alkaline one. The transition from one type
of sorption to another corresponds to the achievement
of the isoelectric point of the Zirconium ion, which is
equal to pH 4 [21].

In [22], the sorption of both anions (Cl-, H,PO,,
SO,*, etc.) and cations (Na*, As*", Sr**, etc.) on ZrO,
nanopowders was studied. It was shown that anions
were removed more efficiently at pH less than 5, and
cations — at pH more than 8.

Sorption of zirconium (IV) oxide occurs due to sur-
face hydroxide groups. Water contained in ZrO,, accord-
ing to [23], is not hydrated, because it is gradually lost
when heated in a certain temperature range, which indi-
cates the non-isobaric nature of dehydration, which is
inherent in hydrated compounds. The final amount of
water in ZrO, powder depends on the final temperature
treatment and on the conditions of its synthesis. Thus, in
the process of sol-gel synthesis or chemical precipitation
during hydrolysis and polymerization, a mesh structure
is formed with — O — Zr — O — bridges that have cross-
links with Zirconium atoms.

From the data on the study of dehydration and ther-
mogravimetry, which were obtained in [25], it was found
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Fig. 2. Formation of the active surface of zirconium (IV) oxide depending on the pH of

the environment: a) — acidic environment, b) — alkaline environment
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that Zr hydroxides do not form hydrates of a certain
composition, and when they are deposited, the ZrOOH*
ion forms the periodic structure (Fig. 3).

The exchange capacity of ZrO, also depends on
the final temperature: it decreases with its increase. It
is noted in [23] that the exchange capacity decreases
sharply in ZrO, powders obtained at temperatures above
300 °C. This coincides with the transition of the tetrag-
onal structure to the monoclinic structure (290 °C) and
may be associated with recrystallization into a more
compact form.

AN

VA

Fig. 3. Periodic structure formed by ion ZrOOH"
deposition

From the above data it follows that hydrated zirco-
nium (IV) oxide is a multifunctional sorbent capable of
removing both cations and anions. At the same time, it
has high selectivity to some ions [24], which makes it
possible to use it in certain cases for the separation of
ions in mixtures.

One of the disadvantages of ZrO, when used as a sor-
bent is its relatively high cost. To reduce the cost of such
sorbents, composites based on ZrO, in combination with
various carriers can be used. The choice of carrier is dic-
tated by its properties such as developed surface, chem-
ical inertness, sorption properties, etc. [21]. When using
composites based on ZrO,, it is expected that the sorp-
tion process will involve the maximum available surface
of zirconium (IV) oxide, while in a similar application of
purely ZrO,, a significant part of its surface may remain
inaccessible.

The following materials are currently used as car-
riers for ZrO,: Al,O,, Fe,0,, Si0O,, layered graphite,
multiwalled carbon nanotubes [21-24]. However,
almost nowhere is the use of activated carbon, which
has quite significant advantages over other carriers —
high specific surface area (from 600 to 1000 m?*/g) and
low cost. In addition, it is likely that the use of the
carrier can stabilize the size of ZrO, in the nanoscale.
All this should have a positive effect on the specific
surface area in general and on the sorption character-
istics in general.

Thus, ZrO, can be quite a promising sorbent for the
extraction of cations and anions from aqueous solutions,
which will solve some of the environmental problems of
our time. At the same time, the synthesis of a nanocom-
posite based on zirconium (IV) oxide will significantly
reduce the cost of such a sorbent, while maintaining or
improving its sorption characteristics.
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