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A number of multifunctional composite adsorbents based on hydrated zirconium dioxide has been synthesized.
The inorganic ion exchanger contained nanosheets of oxidized graphene (GO), the modifier amount was
0.5—7 mass. %. The composites were investigated with methods of transmission electron microscopy and nitrogen
adsorption-desorption, macropores were determined using water as a working liquid. It has been found that
increasing of GO content depresses microporosity, but meso- and macroporosity grow. Crushing strength reduces
exponentially with increase of total pore volume from 0.49 to 0.62 cm’ g~!. Removal of phenol from water containing
also inorganic ions was investigated. Adsorption capacity reaches 0.15-0.85 (phenol), 0.5-0.85 (Ca’* and Mg*"),
0.005-0.045 (SO4) mmol g'. When the GO content in the composites is 0.5-2 %, this carbon addition improves
adsorption of cations and organic molecules comparing with hydrated zirconium dioxide. Further increase in GO
amount causes no sufficient effect on adsorption due to decline of specific surface area of the composites. It has been
suggested that the optimal content of the modifier, which provides the maximal growth of adsorption capacity, is
2 %. This composite is obtained in a form of large granules (0.3—0.5 mm), their crushing strength is 9 bar. The
material was applied to removal of pesticides (acetomipride, carboxine, epoxyconazole and thiamethoxam) from
aqueous multicomponent solution under batch conditions. The residual content of carboxine and epoxyconazole,
molecules of which contain benzene rings, is lower than the maximal allowable concentration. No deterioration of
pesticide uptake has been found after five cycles of adsorption-regeneration.
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INTRODUCTION important for supercapacitors made of carbon
materials [11-13], especially for the electrodes
applied to capacitive deionization [14, 15].
Hydrophilicity is also significant for proton
conductivity of graphene materials [16], and
especially for adsorption.

GO is an effective adsorbent of inorganic
ions, such as UO,*", from diluted nitrate
solutions [17], where uranyl ions exist in cationic
forms [18]. Adsorption reaches a maximum at
pH 4-8, when both cationic and neutral uranyl
complexes coexist in aqueous media [17].
Formation of inner-sphere complexes of U(VI)
on GO surface has been proved. Ion exchange
mechanism is suggested for Cu®" adsorption,
however, adsorption rate obeys kinetic equation
of pseudo-second order [19] indicating chemical
interaction of ions with GO surface. This
interaction is similar for Cr**, Pb*", Cu**, Cd*",
Ag" ions, they destabilize GO suspension more

Graphene oxide (GO) and graphene-like
materials are produced from graphite by means
of aggressive chemical reagents, which provide
its exfoliation, lamination and oxidation [1-3].
Nanosized flakes are obtained by this manner,
their thickness is 0.54 nm, i.e. one atom (GO) or
several nanometers (graphene-like materials).
There are carboxyl groups along the flake
perimeter, it is also valid for a part of phenolic
groups. Other part of them as well as epoxy
groups are located on different sides of the flake
planes. The flakes form mechanically durable
aggregates and agglomerates, the sheets forming
by this manner are overlapped and curled. The
capability of GO to aggregation allows one to
obtain graphene paper [4,5] and even
membranes [6, 7].

These oxygen-containing groups provide
hydrophilic properties of GO [8—10]. This is very
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aggressively than Na®, K* and hardness ions
[20]. As a result of destabilization, GO flakes
form aggregates and agglomerates: 1D tubes, 2D
multiple overlapped GO planes, and 3D sphere-
like particles.

Regarding anion adsorption, GO shows
practically no activity [10]. Nevertheless,
adsorption of anionic azo-dyes are suggested
[21], it is possible evidently due to interaction of
benzene rings with hydrophobic regions of the
carbon material. Hydrophobic porosity have
been found experimentally [8—11,22]. In order
to form anion exchange capability of GO, it is
functionalized with low molecular weight
amines [23]. Such polyelectrolyte as
cetyltrimethylammonium was also applied to
functionalization [24]. Insoluble synthetic or
natural polymers were used for preparation of
GO-containing composites: polyethyleneimine
[25], polyaniline [26], chitosan [27]. GO was
also embedded to alginate beads [28]. Chromate
[23-26, 28] and arsenate anions [27, 28] can be
effectively removed from water using the
obtained material. GO evidently increases
surface area of the polymers facilitating
adsorption of anions. For instance, a high
capacity of 436 mg-g ' toward Cr(VI) anions has
been reported [25]. Both GO [29,30] and
GO-containing composites (based on calcium
alginate [31] or natural polysaccharides [32—35])
can by applied to removal of cationic dyes from
water. Exponential increase of dye uptake with
oxidation degree of GO [29] indicates main
contribution of its hydrophilic regions to
adsorption.

Hydrophobic regions of GO are important
for adsorption of molecular organic substances,
such as tetracycline [36], aromatic (naphthalene,
1-naphthol) [37] and nitroaromatic compounds
(m-dinitrobenzene, nitrobenzene, and p-nitro-
toluene) [38], diclofenac and sulfamethoxazole
[39], deoxyribonucleic acid (DNA) [40,41],
hormones [42]. Comparing with chemically
reduced and annealing reduced graphene,
adsorption capacity of GO towards binuclear
aromatics is lower [37]. Similar regularity has
been found for nitroaromatic compounds [38].
However, adsorption of Cd** on GO results in
coadsorption of these organic compounds via
surface-bridging mechanism, namely cation—n
interaction [39]. The rate of DNA adsorption on
GO is lower comparing with reduced GO, but
desorption of this compound is considerable
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[40]. Thus, it is possible to use this carbon
material repeatedly.

Unfortunately practical application of GO
materials in adsorption columns is difficult due
to their small particle size, since such particles
provide high hydrodynamical resistance under
compaction, and easy removed from the column
under loosening. In this case, a fine-porous filter
for particles is necessary, this barrier produces
additional resistance. Composites in a form of
rather large lasting beads are more attractive
from the technological point of view. Such
inorganic adsorbents as oxides of multivalent
metals correspond to this requirement. Oxide-
based materials are amphoteric: they are capable
to sorb both cations and anions [43]. Moreover,
oxide nanoparticles can be formed during
precipitation [10]. Thus, oxides of multivalent
metals can be applied to modifying some
functional materials: polymers for
baromembrane separation [44,45], inorganic
membranes for electrodialysis [46,47], ion
exchange resins for sorption processes [48—50].
Insertion of GO into oxide matrices allows one
to obtain multifunctional adsorbents: they are
capable to sorb organic molecules as well as
organic and inorganic cations [10]. The
composites were applied to adsorption of
cationic dye (the matrix was chitosan including
magnetic particles) [51], particularly followed by
photocatalytic degradation (the composite was
based on TiO,) [52], removal of Pb**, Hg*', and
Cu’" from water (Fe;O4 particles were a support)
[53] and even for H,S adsorption [54]. In the last
case, the composite uptake is due to hydrated
zirconium dioxide (HZD), which is characterized
by developed surface (about 200 m*-g™"). Larger
value has been found in [10] (=350 m*g").
Comparing with hydrated oxides of other
multivalent metals [50], and even with zirconium
hydrophosphate [55], the smallest primary
particles are typical for HZD [50]. It is valid for
precipitation from aqueous solutions of chloride
salts in alkaline media under ambient conditions
[50].

Earlier we investigated the composite
containing GO obtained from graphite [10]. As
found, the composite possesses both cation and
anion exchange capability. It is also capable to
sorb neutral organic molecules like phenol and
lactose. At the same time, the question about the
amount of carbon filler in this inorganic matrix is
still opened. GO flakes loosen porous structure
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of the HZD-based composite. This evidently
enhances fragility of the adsorbent granules.
Thus, the aim of the work was to find optimal
composition of GO-containing adsorbents that
provides high adsorption on the one hand and
mechanical stability on the other hand.
Adsorption of some pesticides from water
was investigated. Advanced commercial plant
protection products show rather fast degradation
in aqueous solutions under the influence of solar
radiation. However, they are dangerous
immediately after entering the environment
[56-58]. Adsorption method of pesticide
removal from water is often used, sometimes
adsorption is accompanied by photodegradation

[59]. The development of new effective
adsorbents is an actual task.
EXPERIMENTAL

GO was obtained from commercial graphite
("Zaporizhskii graphit" LTD) using modified
Hummer's method that involves H>SO4, H3PO4,
KMnOs, H,O; [1]. This technique was described
earlier in detail, characterization of obtained
material (XRD and IR spectroscopy, standard
contact porosimetry) was also reported [10]. GO
was obtained in a form of aqueous suspension
(2.8 mg cm™).

The method for obtaining HZD xerogel and
GO-containing composites based on this
inorganic ion-exchanger was similar to [10]. The
technique involved HZD precipitation from sol
of insoluble zirconium hydroxocomplexes (one-
component HZD) or suspension of GO in this sol
(composite). In terms of anhydrous zirconium
oxide, 100 cm® of sol contained 12.3 g ZrO,. Sol
(100 cm®) and GO suspension (22.5, 45, 90,
220, and 307 cm3) were mixed. Just after
ultrasonic activation of this mixture, the
composite was precipitated with a saturated
NaOH solution, washed with a 0.1 M NH,OH
solution and deionized water, and dried. The
material obtained by this manner contained 0.5,
1, 2, 5, and 7 mass. % of GO in relatively
anhydrous ZrO,. The samples were marked as
HZD-GO-0.5, HZD-GO-1 and so on.

Further the adsorbents were sieved, each
fraction was weighted, the fraction of the
largest mass was assumed as dominated.
Granules of the samples were tested for
crushing strength according to the State
Standard [60] that is based on the Interstated
Standard [61]. The measurements provide
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investigations of 20 granules of each sample,
their shape was maximally close to spherical. A
MIP-10-1 device (USSR) was applied to the
research. Visualization of the composite
structure was carried out using a JEOL JEM
1230 transmission electron microscope (Jeol).

Micro- and mesopores of the adsorbents
were determined by the method of nitrogen
adsorption-desorption using a Quantachrome
Autosorb 6B device (Quantachrome
Instruments). Preliminarily the samples were
degassed at 150 °C during 2 h down to residual
pressure of 0.7 mPa. The mass of each sample
was 0.1 g. The isotherm data were calculated
according to different methods. The volume and
surface of micropores were determined using the
Dubinin-Radushkevich (DR) algorithm, the
parameters of mesopores were estimated by
means of Barrett-Joyner—Halenda (BJH)
approach.

In order to determine macropores, the
samples were heated at 150°C for 2h and
weighted. A weighted sample were degassed as
mentioned above. Then it was impregnated with
water under vacuum, water was removed from
the outer surface of grains with filter paper, then
the sample was weighted again. The procedure
was repeated until achievement of constant mass.
The temperature was 20+2 °C. The total volume
of pores, which are occupied with water, was
calculated taking into account the increase of the
sample mass, and water density under this
temperature. Total pore volume was obtained by
this manner. The volume of macropores was
calculated as a difference between the total pore
volume and the volume corresponding to micro-
and mesopores. IUPAC classification was taken
into consideration (the size of micropores is less
than 2 nm, this value is larger than 50 nm for
macropores, the intermediate magnitudes
correspond to mesopores).

For preliminary testing, solutions containing
phenol (70 mg-dm® or 0.74 mmol-dm’) was
prepared using tap water. Water contained
divalent ions (mmol-g"): Ca*" (1.1), Mg*(0.5),
SO4* (0.42). The mass ratio of the adsorbent and
solution was 1:500. The method of solution
analysis before and after adsorption was based
on the reaction between phenol, sodium
nitroprusside and hydroxylamine hydrochloride
in a buffer medium (pH 10.6-11.8) [62].
Sulphate ions were determined according to
standard method [63]. The technique is based on
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precipitation of SO4* with BaCl, followed by
dissolution of the precipitate with an EDTA
solution in ammonia medium. Further the excess
of EDTA was titrated with a Mg*'-containing
solution, Eriochrome Black T was used as an
indicator. The method for analysis of hardness
ions was based on the formation of the EDTA
complexes [64]. Titration was performed at
pH 10  (supported with NaOH) using
Eriochrome Black T.

Some pesticides were applied to the study of
adsorption properties of the composites. A mixed
aqueous solution was prepared, it was a model of
a diluted solution of commercial products. The

solution  contained acetomipride (AMP,
100 mg-dm™), carboxine (CBX, 170 mg-dm™),
epoxyconazole (EPC, 70mg-dm?®) and

thiamethoxam (TMT, 100 mg-dm™) (Fig. 1).
Then the solution was diluted in 200, 50, 20, 10,
3.3, 2 and 1.3 times. These solutions were
applied to obtaining adsorption isotherms.

Epoxiconazole

Fig. 1.

RESULTS AND DISCUSSION

Since sol of insoluble zirconium hydro-
xocomplexes contained mainly nanoparticles
(6 nm [10]), they could be visible in TEM image.
However, the inorganic nanoparticles are
adsorbed by GO nanosheets. When HZD is
precipitated, the nanoparticles are aggregated
forming larger particles (= 30-200nm) of
irregular shape (Fig. 2). Zr-O—Zr bonds at the
contact points of the primary nanoparticles
prevent the of aggregate fragmentation.
Nevertheless, the primary HZD nanoparticles

ISSN 2079-1704. CPTS 2019. V. 10. N 4

Oos

435

The ratio of the masses of adsorbent and
solution was 1:100, the time of contact was 48 h.
The solution samples were taken periodically
and analyzed using an Agilent 1290 liquid
chromatograph supplied with an Agilent 6400
triple quadrupole detector (Agilent). The value
of adsorption capacity (4) was calculated via:

_(G-OF
m b

4 )
where Cy and C are the initial and residual
concentration respectively, V is the solution
volume, m is the adsorbent mass.

After adsorption from the most diluted
solution, the HZD-GO-1 sample was boiled in a
0.1 M NaOH solution for 1h, washed with
deionized water down to neutral reaction of the
effluent and used again for pesticide recovery
from water. This procedure was repeated
several times.

Thiamethoxam

Organic compounds used for adsorption investigations

cannot be recognized with a TEM method, since
they are coated with GO. As found earlier,
HZD-GO composite contains three types of
particles: (i) HZD particles coated with GO
nanosheets, (ii) HZD particles that are free from
GO, (iii) aggregates of GO nanosheets [10]. A
growth of the GO content evidently reduces the
amount of the particles of the second type.
Simultaneously the contribution of the particles
of the first and third types increases. Screening
of HZD surface with GO nanosheets prevents
cross-linkage of HZD particles. As a result,
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smaller granules are formed comparing with one-
component HZD (Table 1).

GO affects porous structure of HZD matrix.
Fig. 3 illustrates typical isotherm of nitrogen
adsorption and desorption. According to the
IUPAC classification, the isotherm is related to
the 1st type (similarly to Langmuir isotherm)

[65]. It is convex relatively to the abscissa axes,
and shows rapid growth in the region of low
P/P;,. A wide plateau is also observed. The
isotherm shows no hysteresis, it is characteristic
for the curves of the 1st type attributed to
microporous materials.

Al

; »

100 nm
—

Fig. 2. TEM image of HZD-GO-5

Table 1. Granule size and data of porometric measurements

,

fie

. Pore volume, cm®g’! Surface
Dominated
Sample . . area,
fraction, mm micropores mesopores macropores total m’g"!
HZD 0.50-0.80 0.11 0.02 0.36 0.49 338
HZD-GO-0.5 0.25-0.50 0.10 0.02 0,38 0.50 320
HZD-GO-1 0.25-0.50 0.10 0.03 0.42 0.55 311
HZD-GO-2 0.25-0.50 0.09 0.03 0.44 0.56 296
HZD-GO-5 0.10-0.25 0.08 0.04 0.47 0.59 285
HZD-GO-7 <0.10 0.08 0.05 0.49 0.62 281
100
80
T
g 60
>
40
20 ‘ ‘ ‘ ‘ ‘
0.0 0.2 0.4 0.6 0.8 1.0
P/P,
Fig. 3. Isotherms of nitrogen adsorption-desorption for HZD-GO-2 sample. This type of isotherms is characteristic

both for one-component HZD and other GO-containing composites
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Differential pore size distributions for HZD
demonstrate a sharp peak at pore radius () of
1.8 nm (Fig. 4). The material is practically non-
porous in the region of 10-100 nm. This is in
agreement with the data obtained by means of
the method of standard contact porosimetry [10].
Increasing in GO  content  depresses
microporosity but enhances meso- and
macroporosity. This is evidently caused by
loosening HZD particles due to GO nanosheets
on their surface. Indeed, the blurred maxima are
visible on the pore distributions after the
intensive sharp peaks near » = 1.5 nm. Within
the framework of geometrical globular model, it
means the alternation of pores between HZD
globules: pore necks (smaller pores) and pore
cavities (larger pores) [66]. Moreover, GO
nanosheets can also contribute to meso- and
macroporosity. At the same time, microporosity
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=
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0.000
0
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decreases probably due to coalescence of HZD
micropores affected by GO, and their
transformation to mesopores.

The values of specific surface area for the
pristine HZD and HZD-GO-2 are smaller than
those obtained by the method of standard contact
porosimetry [10]. For instance, the magnitude of
~380 m*>-g' (HZD) has been found for these
samples in aqueous medium. In the case of HZD,
higher value of specific surface area is due to
hydration of =Zr—OH groups (water is partially
removed from the hydration shells of counter-
ions during thermal pretreatment). It is also the
same for functional groups attributed to GO.
Moreover, water or octane wet GO penetrating
between graphene sheets. As a result, cavities are
formed (they are unavailable for nitrogen
adsorption) [9].

0.01

dV/d(logr)

0.00 - : : -
0.2 0.6 0.8 1.0
logr, nm

b

0.4

Fig. 4. Differential pore size distributions in different scales: a — HZD (7), HZD-GO-0.5 (2); b — HZD-GO-0.5 (1),
HZD-GO-1 (2), HZD-GO-2 (3), HZD-GO-5 (4), HZD-GO-7 (5)

Regarding HZD and HZD-GO-2 samples,
the values of total pore volume per mass unit are
in agreement with the data obtained by the
method of standard contact porosimetry [10]. In
general, these magnitudes grow with increase in
GO content. Porosity affects mechanical
durability of the composites, namely crushing
strength, o (Fig. 5 a). This parameter reduces
with increase of porosity (i.e. with increase in
GO content). This dependence can be fitted with
an exponential decay function:

—bV
c=0," ,

2)
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where oy is the effective value of a non-porous
material (it is assumed that no change of
crushing strength is affected by GO), b is the
constant (b= 3.8 g-cm™). Extrapolation of the
curve to the ordinate axis gives the value of
7.8 MPa. It is easy to obtain from eq. (2):

nZ = py

Oy

3)

Linearization of function (2) gives a straight
line (Fig.5 b). Normally a linear polynomial
contains also additional constant a, i.e.
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nZ =a—bv . In our case, a = 0.05, the a value
O-(}

is close to 0. In fact, equ. (3) is similar to Archie

equation for electrical conductivity [67]. This

type of function is typical for dependences of

mechanical characteristics on porosity (pore

12
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<
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= 1.0 °
B
0.8 r
[}
0'6 L L L
0.48 0.52 0.56 0.60 0.64
\'A cm3g']
a

volume per volume unit) [68]. The b constant
depends on shape of pores, their anisotropy,
tortuosity etc. In our case, it is difficult to

determine the volume porosity, since the
adsorbents are dispersed.
1.8
[
20t
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&
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Fig. 5. Dependences of crushing strength (a) and In(o/a0) (b) on pore volume of HZD-GO composites

GO affects also adsorption properties of the
composites. As seen from Fig. 6, GO improves
adsorption of hardness ions. This improvement is
considerable up to the GO content of 2 mass. %.
No sufficient growth of adsorption capacity is
observed, when the content of this carbon
addition is higher. It is the same for phenol
adsorption. HZD shows practically no capability
to sorb organic species. Indeed, phenol is a weak
acid, the pH of equilibrium solutions was about 4
due to preferable cation exchange. Phenol
molecules are not dissociated under these
conditions.

The plateau of the curve for Ca*" and Mg*
ions is probably due to competing factors:
increase of the content of ion exchange groups
(—COOH) on the one hand and decrease of
specific surface area on the other hand. The last
factor also depresses anion exchange (SO4*
adsorption). Other reason of the lower anion
adsorption is screening HZD surface with GO
nanosheets (GO shows only cation exchange
capability). Regarding phenol adsorption, the
plateau is also observed due to decrease of
surface area on the one hand and enhancement of
the composite hydrophobicity on the other hand.

The obtained results allowed us to choose
the composite containing 2 % of GO for further
investigations. First of all, no sufficient increase
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of adsorption capacity has been found for the
samples with higher content of this carbon
material. As opposed to HZD-GO-5 and
HZD-GO-7, the HZD-GO-2 sample is
characterized by higher mechanical durability
against crushing. It also possesses higher anion
exchange capacity. Moreover, larger granules
can be obtained during precipitation from the
suspension containing insoluble zirconium
hydroxocomplexes and GO. Based on this
approach, adsorption of pesticides on the
composite containing 2 % of GO was studied.

Fig. 7 illustrates the residual concentration
of organic compounds in water after adsorption.
These data are plotted as functions of initial
concentration. =~ When the initial EPX
concentration was 0.35 mg-dm™, it was possible
to reduce its content below the maximal
allowable concentration (MAC). The initial
concentration of this substance was the lowest
among the studied pesticides. At the same time,
there was the highest content of CBX in the
multicomponent solution. Nevertheless, it is
possible to reduce its content below the MAC at
Cp=0.85-8.5mg-dm>. When the initial
concentration of AMP and TMX was the lowest,
the residual content was higher than MAC.
However, the C and MAC values are the
magnitudes of the same order.
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10!

GO content, mass %

Fig. 6. Adsorption capacity of the composites as a
function of GO content. Species: hardness ions
(1), S04 (2), phenol (3)

Based on the obtained results, adsorption
capacity of the composites has been calculated
(Fig. 8 a). The isotherm for CBX is characterized
by rapid growth in the region of low
concentration. Further its growth becomes
slower: the curve tends to plateau). Some
retardation of the capacity growths is also visible
for EPX. This tendency is most expressed for
AMP and TMX. However, the isotherms show
rapid growth again in the region of high
concentration. This indicates polymolecular
adsorption.

A number of models were applied to the
isotherms. The best results were achieved, when
the curves were calculated according to the
Langmuir model (Fig.85b), the data for
polymolecular adsorption were omitted (AMP
and TMX). The calculations were performed via
[69]:

Lo @)

K, A4,C 4,

1 —
=
where is A; the monolayer capacity, K is the
constant that characterizes the energy of
interaction with surface. The calculated data are
given in Table2. The largest Langmuir
constants have been found for EPX, the lowest
values have been estimated for TMX. CBX and
TMX, which are characterized by the weakest
interaction with the composite surface, are
adsorbed most quickly: more than ~ 50 % of
toxic components are removed during the first
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10° 104

Residual concentration of pesticides in
multicomponent solutions as a function of their
initial concentration. Pesticides: CBX (/), EPX
(2), AMP (3), TMX (4), maximal allowed
concentration (5)

hour. Nevertheless, adsorption capacity is close
to the equilibrium data after 18 h for all organic
substances.

It should be noted that the largest values of
adsorption capacity has been found for EPX — its
molecules include 2 benzene rings. Lower
magnitudes were found for CBX (1 benzene
ring). Weaker adsorption is typical for AMP (one
heterocyclic ring). At last, TMX (two
heterocyclic ~ rings)  shows  the  most
inconsiderable adsorption. In the case of
inactivated biochar, which contains mainly non-
graphitized carbon, CBX is adsorbed preferably
from the solution containing also TMX and
AMP, TMX is worse adsorbed than AMP [70]. It
is possible to assume that benzene rings promote
adsorption of organic compounds on carbon
materials, heterocycles depress adsorption.

The possibility of multiple use of the
composite were investigated. As known, the
mentioned pesticides are hydrolytically stable up
to pH9, degradation occurs in alkaline media
[71]. Thus, alkaline solutions were used for the
composite regeneration. After regeneration with
alkaline solution that provides destruction of
pesticides, no deterioration of adsorption has
been found (Table 3). Dissociation of functional
groups is enhanced in alkaline media (=Zr—OH
groups of HZD, carboxyl and phenolic groups of
GO). The surface charge evidently prevents
adsorption of the products of pesticide
destruction.
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Fig. 8.
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0 20000 40000 60000
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b

Isotherms of pesticide adsorption on HZD-GO-2 sample plotted in ordinary (a¢) and Langmuir (b)

coordinates. Pesticides: CBX (7), EPX (2), AMP (3), TMX (4)

Table 2. Pesticide adsorption on HZD-GO-2 sample

Langmuir constants

Ax10% mmol g (adsorption

. . Molecular from the most diluted solution)
Pesticide mass Formula 1 = X
L ME 8 L 1h 5h 18h 48h
(mmol g) g mg

CBX 235 Ci2Hi3NO,S 16.9 (0.070) 59 1.26 2.95 3.48 3.57
EPX 330 Ci7H13CIFN3;O 71,1 (0.215) 281 9.95 16.9 18.8 19.13
AMP 223 CioH11CINg 8.4 (0.037) 245 0.85 1.51 1.85 2.02
TMX 292 CsH19CINOsS 4.7 (0.016) 6.7 0.94 1.32 1.55 1,58

Table 3. Multiple usage of HZD-GO-2 for removal of pesticides from water

Ax10* (after adsorption from the most diluted solution), mmol g

Cycle number

CBX EPX AMP TMX

1 3.57 19.13 2.02 1.58

2 3.48 18.91 2.05 1.60

3 3.61 18.95 1.93 1.55

4 3.50 19.14 2.00 1,58

5 3.55 19.01 2.05 1.56
CONCLUSIONS such toxic organic substances as phenol and a

Among the composites containing 0.5-7 %
GO, the HZD-GO-2 sample is the most attractive,
since it possesses a complex of necessary
functional properties. This material can be obtained
in a form of rather large granules (0.3—0.5 mm),
moreover, it is characterized by significant
mechanical durability (the crushing strength is
9 bar). This gives a possibility to use the composite
in adsorption columns. The adsorbent shows not
only considerable capacity towards hardness ions
in neutral media, but also the capability to adsorb
anions. Moreover, the material is capable to adsorb
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number of pesticides. When organic molecules
contain benzene rings, it is possible to reduce their

concentration below the maximal allowable
concentration.
Increasing in GO content deteriorates

mechanical durability of the composites based
on HZD due to porosity growth. Small granules
are formed during synthesis. At the same time,
the composites demonstrate in sufficient growth
of adsorption of inorganic cations and organic
molecules. Significant depression of anion
adsorption has been also found.
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The HZD-GO-2 composite can be
recommended as a multifunctional adsorbent to
remove inorganic ions (both toxic species and
hardness ions) and toxic organic compounds.
Other possible field of adsorbent application is
modifying of polymer and ceramic materials for
baro- or electromembrane separation similarly
to [44-47, 72].
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Kommno3uuiiini axcopOeHTH, iKi BKIKYAKTh OKUCHEHUI rpadeH: BIUIMB CKJIAAY HA
MeXaHIYHY MillHiCTh Ta aJcopOil0 necTUIUAIB

10.C. I3s3bKk0, B.M. Orenxo, JI.51. llITeiin6epr, O.B. biabawokesuy, T.B. Auenko

Tuemumym 3aeanvnoi ma neopeaniunoi ximii im. B.1. Bepradcvkozo Hayionanwroi akademii nayk Ykpainu
npocn. Akademixa Ilannadina, 32/34, Kuis, 03142, Vkpaina, dzyazko@gmail.com
Haykoso-mexniuna ycmanosa "[ncmumym ximiunoi mexunono2ii ma npomuciosoi exonocii”
ni. Ximixis, 3, Pybisxcne, JIyeancoka obnacmo, 93000, Yrpaina
Incmumym ¢hisuxo-opeaniunoi ximii Hayionanvnoi axademii nayx binopyci
eyn. Cypeanosa, 13, Mincek, 220072, Pecnybnixa binopyce

Cunmeszosano pso 6a2amo@yHKYIOHANbHUX KOMIO3UMHUX A0COPOEHmié HA OCHOGL 2i0pamoBanozo OloKCUdy
yupronito. Heopeaniunuil ionim micmueé nawnouacmumku okuchenozo epagpery (OI), kinvkicmv moougixamopa
cmanosuna 0.5-7 mac. %. Komnosumu Oocniodcysanu memooamu MpAaHCMICIUHOL eleKmpoHHOI MIKpOCKonii ma
aocopboyii-decopbyii  azomy. Bcmawnosneno, wo 30inbuwennus emicmy O npuzeooumv 00 3MeHUIEHHS
MIKpONOpucmocmi, npu Yybomy 3pOCMAe Me30- ma MaKpoOnopucmicms, a 3a2anvHuii 06 ’em nop 36ineuyemocs 3 0.49
0o 0.62 cv’ 2. Miynicmo na posuaeniosanus eKCnOHEeHYIanbHO 3MeHULYEmbCs 31 30inbuiennam o06’emy nop.
Hocnidoiceno sunyuenus ¢penony 3 8000nposionoi eoou. Iloxasaro, wo adcopoyiiina emuicms docseae 0.15-0.85
(penon), 0.5-0.85 (Ca*" i Mg>*), 0.005-0.045 (SOF") mmono 2. Komu emicm OI' 6 komnosumax cmanosumo
0.5-2 %, ya syeneyesa 0obasxka nokpaugye adcopoyito KamioHie i OpeaHiyHUX MOJIEKY Y NOPIGHAHHI 3 2i0pamo8aHum
dioxcudom yupkonuiio. Ilodanvwe 30invwenns xinbkocmi O icmomno ne 6naugac Ha aodcopoOyilo BHACTIOOK
SMEHWENHs. NUMOMOI NIOWI NO8epXHi KoMnosumis. CmeepolicyemvpCsl, Wo ONMUMAaibHULl 6Micm Moougikamopa, wo
3abe3neuye MaKCuManibHull npupicm aocopbyii, cmanosums 2 %. Lleti xomnosum ompumano y 6uensoi GeiuKux
epanyn (0.3-0.5 mm), ixus miynicmo Ha posuaenoéanHs cmanoeumv 9 amm. Mamepian euxopucmogysaniu Ois
suodaneHusi necmuyudie  (ayemominpioy, KapOOKCUHy, eNnoKCiKOHA301y [ mIaMemoKkcamy) 3  B800H020
0a2amoKOMNOHEHMHO20 PO3HUUHY 8 CMAMUYHUX YMOBAX. 3anuuKosull emicm KapOOKCUHy i enoKciKoHa30:y,
MONEKYIU AKUX MICMAMb OEH30IbHI KIIbYsA, HUJCYE 2PAHUYHO donycmumoi konyenmpayii. Bausexo 50 % moxcuunux
PEUOBUH BUOATSLIOMbCS NPOMA2oM nepuioi 2o0unu. Ilicis n’smu yuxiie adcopbyii-pecenepayii He OVI0 BUSABLEHO
nocipuweHHs aocopoyii necmuyuois.

Knrouosi cnosa: oxcuo epageny, ciopamosanuii 0iokcuo YupKowir, aocopoyis, eHon, necmuyud, MiyHicms Ha
PO34ABNI0BAHHS
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KOMHO3I/II[I/IOHHI>IC aucopﬁeHTm, BKJIIOYAIOIINE OKUCJIEHHBIH rpaq)eH: BJIHMAHHE COCTaBa HA
MEXAHNIECCKYIO IPOYHOCTD M aucopﬁumo necTuuuaoB

10.C. 3s3bk0, B.M. Orenxo, JI.5. llITeiin6epr, A.B. bunbaiokesuy, T.B. Sluenko

Hucmumym obweti u neopeanuueckoti xumuu um. B.1. Bepnaockozo Hayuonanehoil akademuu Hayxk Yxpaunol
npocn. Axademuka Ilannaouna, 32/34, Kues, 03142, Yxpauna, dzyazko@gmail.com
Hayuno-mexnuuecroe yupesicoenue "Hncmumym XumMuyeckou mexHoi02uu U npomMbluLieHHoU dKoio2uu "
ni. Xumukos, 3, Pybeoicnoe, Jlyearnckas obnacms, 93000, Yrpauna
Unemumym ¢usuxo-opeanuyecxou xumuu Hayuonanonou axademuu nayk berapycu
ya. Cypeanosa, 13, Munck, 220072, Pecnybnuxa benapyce

Cunmesuposan pso0 MHO2OQDYHKYUOHATBHLIX KOMRO3UMHLIX AOCOPOEHMO8 HA OCHO8e 2UOPAMUPOBAHHO20
ouoxcuoa yupkoHus. Heopeanuueckuii uonum codepican Hanowacmuywvl oxkuciennozo epagerna (OI), konuvecmeo
moouurxamopa  cocmagnsino  0.5-7 macc. %.  Komnosumwvl  ucciedosaiu  memooamu — mMpaHCMUCCUOHHOU
9NeKMPOHHOU MUKPOCKORUU U adcopbyuu-oecopoyuu asoma. Ycmauosieno, ymo ygeauuenue cooepocanus Ol
HPUBOOUM K YMEHbULEHUIO MUKPONOPUCHIOCTU, NPU IMOM 803DACMAEm Me30- U MAKPONOPUCTOCHb, d 00wutl 00bem
nop yeenuuueaemcs ¢ 0.49 0o 0.62 cv’ 2. Ipounocms na pasoasiuearue yMeHbUACMC IKCNOHEHYUANLHO C
yeenuyenuem obvema nop. Hccredosano uszsnevenue gpenona uz 600vl. Iloxkazano, 4mo aocopOyuoHHAs eMKOCHb
oocmuzaem 0.15-0.85 (ppenon), 0.5-0.85 (Ca*" u Mg>*), 0.005-0.045 (SO4) mmonv 2. Kozoa codepacanue OI &
Komnosumax cocmaeusiem 0.5-2 %, sma yenepoouas 0obaska yiayuuiaem aocopoyuio KAmuoHO8 U OpaHUYeCKUX
MOAEKY O OMHOWEHUIO K SUOPAMUPOBAHHOMY OUOKCUOY YupKonus. [anvnelwee ysenuuenue xoauvecmsa Ol e
OKa3bIeaAem CyWeCmeeHHo20 GIUSHUSL HA a0CopOYuIo 6CiedCmeue yMeHbuleHUs: Niowaou YOeibHOl NOGEPXHOCU
KOMno3umos. — Ymeepoicoaemcs, umo — ONMUMAIbHOE — COOEpICaHue  Moouguxkamopa, — 0becneuusanuezo
MAKCUMATbHBIL npupocm adcopbyuu, cocmagisem 2 %. Omom KOMRNo3um NOIAYYeH 6 GUOe KPYRHBIX ZPAHYIL
(0.3-0.5 mm), ux npounocms Ha pasoasnugarue cocmasnsiem 9 amm. Mamepuan ucnonvzosanu Oas yoaneHus
necmuyuoos (ayemomunpuod, KapooKkcuna, 3MOKCUKOHA30A U MUAMEMOKCAMA) U3 600HO20 MHOZOKOMHOHEHMHO20
pacmeopa 6 cmamuyeckux ycrogusix. Ocmamounoe cooepoicanue KapOOKCUHA U INOKCUKOHA30AA, MOJEKYlbl
KOmMopbix codepocam 6OeH30IbHble KOMbYd, HUNCE MAKCUMATbHO Oonycmumoi konyenmpayuu. Okoro 50 %
MOKCUYHBIX 8eujecme YOIsIIOMcs 8 meyenue nepeo2o uaca. Ilocne namu yukiog adcopoyuu-pezenepayuu He 6bL10
0OHAPYAHCEHO YXYOUEeHUsT A0COPOYUU NECMUYUOO08.

Knroueesvie cnosa: oxcuo epagena, eudpamupoannvlii OUOKCUO YUPKOHUS, adcopoyus, ¢heHon, necmuyuo,
NPOYHOCMb HA PA30A6IUBAHUE
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