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The aim of the investigation is to develop multifunctional adsorbent, which is able to remove both inorganic ions
and molecular organic substances from aqueous solutions. Oxidized graphene has been obtained by Hammer’s
method. The composite, which includes hydrated zirconium dioxide and graphene oxide (~2 mass. %), has been
synthesized by deposition from sol containing dispersed particles of the carbon material. The adsorbent as well as its
constituents were investigated with methods of XRD analysis, FTIR spectroscopy, TEM and standard contact
porosimetry involving octane (ideally wetting liquids) and water as working liquids. Strong hydration of graphene
oxide in water has been found: the volume of micro- and mesopores in water medium is higher than that in octane. It
means that the oxidized graphene behaves similarly to ion exchange polymers. This is evidently due to its hydrophilic
functional groups (hydroxyle carboxyl and epoxy groups). High specific surface area of graphene oxide reaches
1200 (in the organic solvent) or 2250 m?g™ (in aqueous medium). It has been shown that graphene covers the
particles of the inorganic matrix loosening its structure within the wide interval of pore size (from 10 nm to 1.5 um).
As found, adsorption isotherms of Pb(ll) and HCrO, ions obeys with Langmuir model. The filler improves
adsorption of Pb(ll) ions increasing the capacity in 1.7 times due to its expressed cation exchange properties.
Contrary, anion exchange function of the composite is depressed, since the sheets of graphene oxide screen
adsorption centers of the inorganic matrix. Other reason can be electrostatic repulsion of anions due to the shift of
the point of zero charge of the composite to acidic field. By reason of the carbon filler, the oxide material acquires
the capability to adsorb both slightly dissociated (phenol) and molecular (lactose) organic substances. When the
initial content of phenol is 5mg dm™, it is possible to reduce its content in water down to maximal permeable
concentration. After adsorption, the content of lactose is much lower than this parameter. It means, that the
composite provides practically complete removal of organics from water.

Keywords: graphene oxide, hydrated zirconium dioxide, standard contact porosimetry, hydrophilic pores,
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INTRODUCTION Such reagents as NaNOz;, KMnO,4, H,SO, and
H,0O, are used. Sometimes the preformed acidic
oxidizing medium (KMnO, and H,;SO,) Iis
applied to GO synthesis [8].

Similarly to graphene, GO is in a focus of
attention, since the materials of this type possess
unique physico-chemical properties. Among
these properties, high specific surface area (from
560 [9] to 900 m® g * [10]) has been reported.

Graphene oxide (GO) is a layered material
consisting of nanosheets, a thickness of which is
one atom (0.54 nm) [1-4]. As opposed to
reduced graphene, vibration spectra for GO
indicate carbon-oxygen bonds: C—OH (attributed
both to hydroxyl and carboxyl groups), C=0

o These data were measured by the BET method,
(related to carboxyl groups) and which involves nitrogen adsorption-desorption.
(epoxy groups) [2,5]. Carboxyl groups are The surface area that is obtained by this manner
mainly placed along the perimeter of GO scales, is lower in comparison with the theoretical value
hydroxyl and epoxide groups are located on their for completely exfoliated and isolated graphene
basal plane [5, 6]. GO is obtained by means of sheets (2600 m*g* [5]). This disagreement is
chemical exfoliation of oxidized graphite [7]. caused by agg|0merati0n, Over|apping and
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curling the sheets of graphene. Nitrogen
molecules are not capable to penetrate between
the graphene sheets under low temperature. As
opposed to BET technigue, the method of
standard contact porosimetry (MSCP) [11, 12],
which involves octane as a working liquid, gives
the values of 2000-2400 m*.g™* [13]. This is
possible due to disjoining pressure of octane: this
liquid completely wets carbon materials
penetrating between graphene sheets. Since the
MSCP is confirmed by the IUPAC [14], the
obtained magnitudes look rather probable.

Other remarkable properties of GO are
excellent mechanical strength [15], dispersibility
both in organic solvents [16] and water [17],
structural transformability. The last property
gives the possibility of adsorption interaction of
GO with different materials, such as iron oxide
[18], quartz sand [19], kaolin [20, 21], glass [22],
composites that include chitosan and oxides of
aluminium, zinc or magnesium [23], goethite
[24]. The mechanism of adsorption depends on
the solution pH. In many cases, electrostatic
attraction with the surface of oxide materials and
GO scales occurs [23,24], formation of
hydrogen bonds is also considered. Based on the
data of IR spectroscopy, complexation of metal
ions on goethite surface with —COOH groups of
GO is suggested [24]. The interaction between
GO and mineral surface gives additional
possibilities to develop the composites
containing carbon materials.

Highly developed surface of GO, ion
exchange groups (carboxyl and hydroxyl) as well
as hydrophobic regions allow one to use this
material as an adsorbent for removal of toxic
mineral and organic components from aqueous
solutions: cationic dyes [25-27] (adsorption of
anionic dyes is negligible [27]), antibiotics [28],
algal toxins [29], deoxyribonucleic acid [30],
polycyclic aromatic hydrocarbons [31] and other
substances. It should be noted that hydrophylic
groups of GO depress adsorption of hydrophobic
compounds in comparison with reduced
graphene. However, GO is attractive as an
adsorbent of toxic inorganic cations: Cd(ll)
[32-34], Co(Il) [32], Cu(ll) [33, 34], Zn(Il) [33],
Pb(Il)  [33].  Ni(ll), UNVI)  [34,35].
Unfortunately, practical application of GO
materials in adsorption columns is difficult due
to their small particle size, since such particles
provide high hydrodynamical resistance. Other
important limitation is good dispersibility.
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The solution of this problem is to develop
GO-containing composites, which include such
matrices as chitosan [36], chitosan-gelatin [37],
chitosan-Fe;O4 [38] (this composite shows also
magnetic properties), carboxymethyl cellulose
[39]. These polymers as well as related
composites are biodegradable. Among the
composites, which can be used repeatedly, the
materials that include inorganic ion-exchangers,
such as hydrated oxides of multivalent metals,
are considered. These compounds are the
exclusive inorganic materials: they demonstrate
cation and anion exchange properties [40].
Oxides form smaller primary nanoparticles
comparing with other ion-exchangers, for
instance,  phosphate  materials  [41, 42].
Adsorbents based on hydrated oxides are used
for modification of ion exchange resins [43-45],
ion exchange membranes [46] and inert porous
polymers [41, 42] to enhance their selectivity
towards ionic species [43-46] or rejection
capability towards colloidal particles [41, 42].

Oxide-based composites containing GO
show remarkable functional properties. For
instance, the adsorbent that includes double iron-
aluminium oxide is highly selective towards
As(II1) (traditional ion-exchangers cannot be
applied, since arsenite salts are not dissociated)
[47]. Moreover, the adsorbent based on hydrated
zirconium dioxide [48] is capable to remove
simultaneously As(lll) and As(V) from water.
The nanocomposite of MnO,-GO possesses high
selectivity towards Pb(Il). Since GO contains
both hydrophilic and hydrophobic regions, it is
possible to suppose to use the composites also
for recovery of organics from water. The aim of
this investigation is synthesis of oxide-based GO
composite and its testing for adsorption of
different species: inorganic ions and organic
substances.

EXPERIMENTAL

Finely-dispersed spectrally pure graphite
(MG-1) was purchased in «Zaporizhskii graphit»
Ltd. GO was obtained by exfoliation of graphite
flakes using the improved Hummer’s method
[50]. A mixture of concentrated H,SO4
(360 cm®) and H3PO, (40 cm®) was prepared, 3 g
of graphite were added to the liquid under
stirring. After mixing during 10 min, 18 g of
KMnO, were gradually added into the reaction
system that was cooled in ice. The mixture was
stirred for 36 h at 50 °C until formation of dark
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viscous substance. Then the reaction system was
cooled down to room temperature, and
transfused slowly into 400 cm® of cold deionized
water (3 cm® of 50 % H,0, was added to water
preliminarily). The suspension was centrifuged
and washed subsequently with HCI, water, and
methanol up to pH 6. The solid material was
collected after centrifugation and dispersed again
in 1.2dm® of water. The GO content was
determined after drying of 1cm® of the
suspension. As found, the content of solid was

2.8 mg-cm™.
Sol of insoluble zirconium hydroxo-
complexes, in which globular nanoparticles

(6 nm) and their aggregates dominated, was
prepared from a 1 M ZrOClI, solution similarly to
[51]. Sol was stable: no change of particle size
over time was found. 90 cm® of GO suspension
and 100 cm® of sol were mixed and treated with
ultrasound for 5 min using a Bandelin bath
(Bandelin, Hungary). After this, the granules of
composite  containing hydrated  zirconium
dioxide (further HZD) and GO were precipitated
with a NaOH solution. In alkaline media, GO
lost a part of functional groups: additional
fragmentation of the particles occurred [52].
Hydrogel obtained by this manner was washed
subsequently with NH,OH solution and
deionized water up to neutral pH of the effluent,
dried at room temperature, and heated at 70 °C
down to constant mass. The two-component
material (marked further as HZD-GO) contained
20 mg of GO per 1 g of fully dehydrated ZtO,,
i.e. approximately 2 % of the carbon filler.

The method of standard contact porosimetry
(SCP) [11-13] was used for investigations. First of
all, pore size distributions were determined for
ceramic standards by means of known techniques
of nitrogen adsorption, mercury intrusion, and
SEM. Before the measurements of tested sample, it
was dried at 150 °C under vacuum, two standards
were heated at 170 °C. After heating, both the
sample and standards were weighed separately.
Then the tested sample was placed between the
standards, vacuumized, impregnated with water
or octane and dried under vacuum. The set was
disassembled from time to time, the sample and
standards were weighed. The state of capillary
equilibrium was determined for each point of
pore size distribution. The measurements were
performed to constant mass of the set
components. The equilibrium curve of relative
moisture content was plotted for the tested
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sample (amount of liquid in the studied sample
vs amount of liquid in the standards). Further
pore size distributions for the tested sample were
plotted. Particle density was determined with the
Archimedes technique [53].

FTIR spectra of the samples, which were
preliminarily compresses with KBr, were
recorded using a Spectrum BX FT-IR
spectrometer (PerkinElmer Instruments, USA).
Preliminarily the samples of HZD and HZD-GO
were regenerated electrochemically using a
three-compartment cell similarly to [54].
Electroregeneration was carried out at 90 V.
XRD patterns were obtained by means of a
DRON-3 spectrometer (Burevestnik, RF) with
copper anode and nickel filter. Total cation
exchange capacity towards Na* was determined
by treatment of the sample with a 0.1 M NaOH
followed by titration of the effluent with a 0.1 M
HCI [55].

PbCl, and NaCrO, salts were used for prepa-
ration of the solutions (0.0001-0.01 mol-dm®),
which were applied to obtaining adsorption
isotherms, The solutions were analyzed using a
S9 Pye Unicam atomic absorption spectro-
photometer (Philips, the Netherlands) at 283.3
(Pb) and 357.9 (Cr) nm. Adsorption capacity was
determined from the difference of concentrations
before and after adsorption.

The solutions containing phenol
(5-70 mg-dm™>) were also prepared. 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)
[56].

Adsorption of lactose was also investigated
(this disaccharide is a component of the liquid
wastes produced by dairy industry). The
concentration of this substance was expressed in
terms of COD (chemical oxygen demand).
Analysis was carried out by oxidation of
organics with K,Cr,O; and H,SO, followed by
titration with Mohr's salt with N-phenylanthranilic
acid as an indicator [57].

The adsorption experiments were performed
at 25 °C, the dosage of a solid was 0.1g per
10 cm® of a solution.

RESULTS AND DISCUSSION

During precipitation of HZD hydrogel
followed by hydrogel-xerogel transformation,
rather large granules of adsorbent were formed
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(up to 1 mm). The nanoparticles of insoluble
zirconium hydroxocomplexes coalesced forming
larger particles, a shape of which is close to
spheric or elliptic (Fig.1a). The particles of
xerogel (= 20-50 nm) are in the form of very
compact aggregates. GO nanoparticles (~ 2—3 nm)

Primary p:

are also aggregated (Fig.1b). The shape of
aggregates is irregular, their size is 30-100 nm.
As known, GO aggregates form agglomerates of
micron size, this information is available
elsewhere, for instance, in [37].

Fig. 1. TEM images of HZD (a), GO (b) and two-component material (c—€). HZD surface is covered with GO
nanoparticles (c) and free from GO (d), traces of GO aggregates after chemical transformation of carbon
affected by accelerated electrons of microscope (e)
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In the case of two-component material, HZD
structure is evidently more friable comparing
with  one-component inorganic  adsorbent
(Fig. 1 ¢c). This gives a possibility to observe
individual aggregates in TEM images. Similarly
to pure HZD, the globules of sol coalesced to
larger particles (up to 50 nm) during hydrogel
deposition. In turn, these particles formed elliptic
splices (up to 150 nm) with uneven edges. As
seen, GO nanoparticles are distributed on the
HZD surface. Under the action of accelerated
electrons of the microscope, graphene structure
is destroyed, further carbon is redeposited onto
copper substrate, when the sample is placed.
Nanosized bubbles are formed (they are seen as
white spots).

Chains of fused spherical and elliptic HZD
nanoparticles (~ 20 nm) have been also found
(Fig. 1d). Their surface is free from GO
probably due to its small content. The material
includes also GO aggregates (50-150 nm),
which are not associated with HZD surface.
Their traces after chemical transformation of
carbon are seen in Fig. 1 e. Thus, the HZD-GO
sample consists of HZD particles, which are
partially covered with GO, and GO aggregates.

Fig. 2 illustrates the XRD patterns of GO,
HZD and HZD-GO. In the case of GO, typical
peak at 11.41° is visible. This signal is attributed
to the (001) reflection of GO and corresponds to
the distance between layers of 7.68 A [58].
Regarding HZD, the peak is blurred indicating
amorphous structure. Similar result was obtained
for the two-component material: the typical GO
reflex is invisible evidently due to small content
of the carbon filler in the inorganic matrix.
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Fig. 2. XRD patterns of GO (1), HZD (2) and two-

component material (3)
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The data of FTIR spectroscopy are given in
Fig. 3. The spectra for all samples show very
broad peaks in the region of 3100-3400 cm™:
these bands are attributed to OH vibrations of
adsorbed water molecules. Regarding GO,
several peaks are visible, they are related to
stretching vibration of C-O-C (epoxy groups,
1070 cm™), C-OH (hydroxyl and carboxyl
groups, 1257 cm™), O=C-OH (carboxyl groups,
1401 cm‘l), C-C (aromatics, i.e. carbon skeletal
network, 1620 cm™), C=0 (carbonyl of carboxyl
groups, 1722 cm™) [58].
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Fig.3. FTIR spectra of GO (1), HZD (2) and
HZD-GO (3)

The spectrum of HZD demonstrates
following peaks that correspond to stretching
vibrations: Zr-O (Zr-OH surface groups,
490 cm™), Zr—O-Zr (bulk of primary particles,
broad band at 550-750 cm‘l), Zr—OH (1380,
1553 cm™), and O-Zr-OH (1640 cm™) [59].
The band at 1050 cm™ is evidently attributed to
deformation vibration of Zr—O-H fragments.
Formation of Zr—O-Zr bonds occurs during
hydrogel-xerogel transformation, these bonds
cause coalescence of particles, and provide
compactness of HZD xerogel.

In the case of two-component material, no
bands attributed to GO has been found. The
spectrum shows the peaks, which are
characteristic to hydrated metal oxide. No shifts
of bands and no additional peaks mean different
phases of HZD and GO indicating no formation
of new types of bonds or destruction of existing
bonds.

This composition of HZD-GO affects its
porous structure, as shown in Table 1 and Fig. 4.
First of all, GO is characterized by high
microporosity and large specific surface area.

4000
1
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The MSCP gives much higher values comparing
with BET method [9, 10], since octane provides
disjoining pressure, wets GO sheets completely
penetrating between them. In the case of water
medium, the extension of graphene sheets is
caused by hydration of functional groups. As
opposed to [13], larger microporosity and
specific surface area were obtained in aqueous
medium. It means, GO behaves similarly to ion
exchange polymers at the level of micropores
[60]. This is evidently due to hydration of
functional groups followed by GO swelling. At
the same time, porosity in octane is higher than
that in water due to significant contribution of
hydrophobic meso- and macropores.

Addition of small amount of GO to HZD
significantly decreases particle density of the
inorganic matrix (16 %). This indicates higher

Table 1. Data of porometric measurements

content of —OH groups per unit of area of
inorganic surface (note that the surface area
increases insufficiently for HZD-GO comparing
with HZD). Indeed, a total ion exchange capacity
(towards Na) is 1.16 mmol-g™ (HZD) and
1.30 mmol-g* (HZD-GO). In the case of GO,
this value is 1.05 mmol g™. At the same time, the
growth of content of functional groups enhances
hydration of HZD surface: water associated with
the surface cannot be removed completely during
thermal pretreatment at 150 °C. Mass losses are
only 83 (HZD) and 11.7% (HZD-GO) under
these conditions. Thus, the increase of content of
—OH groups and bonded water provides reducing
particle density, which is determined by
Archimedes method.

Working Particle Total

Micropores,

Surface area, m’g™"

Sample . . 3 . 3 . meso- and
liquid density, g cm porosity cm’g total  micropores macropores
HzZD water 5.07 0.73 0.19 382 379 2
water 0.85 0.45 2250 900 1350
GO octane 1.81 0.95 0.23 1200 460 740
water 0.67 0.19 391 381 10
HZD+GO octane 4.24 0.66 0.17 363 350 13
The composite shows slight reducing total hydrophilic  materials like HzZD, r*=r.

porosity, microporosity remains the same. As
opposed to GO and similarly to HZD,
micropores make main contribution to the
surface area.

Integral pore volume distributions, which
were obtained both in water and octane media,
are plotted in Fig. 4 a, b as dependences of pore
volume (V) on logarithm of effective pore radius
(r*) [11-13]. The r* term is applied to the
materials containing both hydrophilic and
hydrophobic pores, this value corresponds to:
r* = r-seco, @
where 6 is the wetting angle. In fact, the
experimental curves for hydrophilic-
hydrophobic materials are V— r* dependences.
Both hydrophilic and hydrophobic pores (total
porosity) are determined with octane that wets
all materials ideally. Here cosé = 1, r* = r, where
r is the true pore radius. Water is used for
recognition of hydrophilic pores. For completely
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Regarding hydrophilic-hydrophobic materials,
the experimental V— r* distributions are shifted
towards larger r* values relatively to the curve

obtained in octane medium. This shift is
observed in most cases.

Figs. 4 c—d illustrate differential
distributions. Since  the  equality of
logr, r
| av_ d(|gr*)=.[d_\<dr* is valid, the
oo d(lgr) Ir;dr

area of each peak corresponds to a contribution

of certain pores to total porosity,
vV —pgrdv

d(lgr’) dr

HZD is characterized by compact structure:
this adsorbent is practically non-porous within
the r* interval of 1 nm — 2 ;m: only a small peak
is visible at r*=1.5 nm. This confirms SEM data
(see Fig. 1a). Only micropores (intersection of
integral curves with ordinate axes) and
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macropores (r* > 2 ym) contribute to porosity.

At r*>15m, the effect of voides between
granules is observed, this interval is outside the
focus of our attention.

As opposed to completely hydrophilic HZD,
GO contains both hydrophilic and hydrophobic
regions. In contrast to ordinary carbon materials
[11-13], the V —r* distribution for water

medium is shifted towards lower r* values
relatively the curve obtained in octane
(r*<2pum). It is typical for ion exchange
membranes [60], which demonstrate strong
swelling in water, or carbon paper for gas-
diffusion layer of fuel «cells [61]. This
«superhydrophilicity» is caused for hydration of
functional groups. Formally, cosd =0 in this
region due micropores, which are evidently
attributed to the wvoids between primary
nanoparticles. Micropores are mainly
hydrophilic. The region at 10-100 nm is related
to hydrophilic pores caused by the interstices
between aggregates. These pores are rather
regular in octane medium: the half-width of
apparent peak is 15 nm (r* = 10-30 nm and 50—
80 nm). Hydration of the GO surface results in
broadening the peaks.

Starting at r* =2 um, hydrophobic pores
dominate in GO. These macropores are
attributed to agglomerates of micron size, curing
of sheets etc. Thus, the pores caused by
nanosized fragments and their aggregates are
hydrophilic. At the same time, the voids between
agglomerates are hydrophobic. It means,
aggregation is due to formation of hydrogen
bonds between functional groups along the
particles (Fig. 5). On the contrary, agglomerates
are formed by hydrophobic regions. This is
probably due to involvement of hydrophilic
regions in aggregate formation.

As opposed to HZD, the HZD-GO sample is
characterised by developed pores in the interval
of r*=3nm-1.5um (see Figs.1a,c,d). The
integral distributions, which were obtained in
different media, are rather close to each other
due to the effect of hydrophilic inorganic matrix.
However, the volume of hydrophilic pores is
higher than that obtained in octane. This is
observed within the interval of r* =1 nm-100 pm.
In other words, this interval is much wider
comparing with GO. The regular peaks at 20
(water) and irregular maximum at 50 (octane)
nm are evidently due to the carbon filler. This is
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confirmed by different positions of the maxima,
and by correspondence to the curves for the
individual GO.

Regarding the integral curve, which was
obtained using water, the build-up is 0.1 cm®g™
at r* = 1-100 nm. The growth of 6 cm®g™ is for
GO in this region. It means 1.5 mass. % of GO in
the composite. Similar ratio for the curves
obtained in octane medium gives 2.3 mass. % of
GO (0.7 cm®g™ for HZD-GO and 3 cm®.g™ for
GO). The composite contained ~ 2 mass. % of
GO. Thus, the results are close to reality
indicating significant contribution of GO into
porosity at r* = 1-100 nm. Further the pore size
distribution for water medium shows plateau up
to 10 um (GO) or growth up to 1.5 um (HZD-
GO). This means, the region of r* > 100 nm is

related mainly to HZD aggregates. However, the
volume of «water» pores is larger comparing
with «octane» voids. This shows coverage of
large HZD particles with GO sheets. The
adsorbed sheets of the carbon material prevent
compaction of HZD particles through Zr-O-Zr
bonds. Thus, at the level of macropores (100 nm
—10 um), porous structure of the HzZD
constituent is much more developed comparing
with pure HZD.

Let us note also higher ratio of volumes of
pores, which are recognized by water and octane
(r* =1-100 nm), for the HZD-GO sample
comparing with pure GO. Thus, GO sheets are
associated with HZD surface by means of
hydrophilic fragments. As a result, these
fragments are excluded from formation of pores
of mentioned size. This is accompanied by
enhancing hydrophobicity.

GO sheets are associated with HZD surface
through hydrogen-bonding and Lewis acid-base
interactions (the m-electron system of graphite
planes acts as Lewis basic sites) [62]. When the
solution pH is lower than point of zero charge of
oxide (positive charge of the matrix surface), but
higher than 3 (dissociation of -COOH groups of
GO, negative charge of carbon surface), these
interactions are enhanced by electrostatic
attraction [18].

In general, the structure of HZD and HZD-GO
can be represented schematically (Fig.6). The
inorganic adsorbent is characterized by compact
structure, GO sheets partially screen the surface
of HZD particles making impossible their
compactness. This provides more friable
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structure of the composite comparing with pure linkage of HZD through Zr—O-Zr bonds. The
HZD. However, some HZD particles are free linkage prevents fragmentation of granules in a
from GO (see Fig. 1d). This allows one partial solvent.
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Fig. 4. Integral (a, b) and differential (c-e) pore size distributions obtained for HZD (1), composite (2, 3) and GO
(4, 5). Working liquid is water (1, 2, 4) or octane (3, 5)
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Fig. 5. Formation of hydrophilic (a) and hydrophobic (b) pores due to aggregates and agglomerates respectively.
Only fragments of aggregates and agglomerates are shown for clarity

Insertion of GO into HZD affects functional
properties of the inorganic material, for instance,
the capability to sorb inorganic cations and
anions. In the case of adsorption of Pb(ll) and
Cr(VI)-containing ions, the pH of equilibrium
solutions slightly shifted to acidic region. Thus,
it is possible to say about HCrO4 adsorption.
The pH shift is due to Pb(I1)>H" or Na*— H*
exchange (since HZD is amphoteric, cations of
chromate salt are also adsorbed).

The isotherm of Pb(ll) adsorption on GO is
characterized by a rapid build-up in the field of
low equilibrium concentrations (C) followed by
plateau (Fig.7a). In the case of HZD, the
growth of adsorption capacity (A) is much
slower, the tendency to plateau is visible in the
region of high concentrations. In comparison
with HZD, the isotherm for HZD-GO shows a
steeper ascent. Adsorption capacity of the
composite is higher in 1.7 times evidently due to
GO contribution. At the same time, GO in the
composite depresses HCrO4 adsorption: this is
caused by screening of adsorption centers on the
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HZD surface. No adsorption of chromate ions on
GO was found, this was due to the absence of
anion exchange groups.

The Langmuir model can be applied to the
isotherms in accordance to equation [63]:

i_ 1 .1, )
AT KAC A

where C is the equilibrium concentration, A, is
the monolayer capacity, K is the constant that
characterizes energy of interaction with surface.
The A, values were determined also from the
original data by extrapolation of the isotherms to
infinity (Fig. 8b). The experimental and
calculated A., magnitudes are close to each other
indicating validity of the Langmuir model for ion
adsorption (Table 2). The HZD-GO sample
demonstrates intermediate A, and K constants
(between HZD and GO) for Pb(Il) adsorption
isotherm. Regarding HCrO, adsorption, the
constants are lower for the composite comparing
with pure HZD.



Yu.S. Dzyazko, V.M. Ogenko, Yu.M. Volfkovich et al.

HZD

GO

Fig. 6. Schematic image of HZD (a) and HZD-GO (b) structure in a solvent
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Fig. 7. Isotherms of Pb(ll) (1-3) and HCrO4 (4, 5) adsorption on HZD (1, 4), GO (2) and HZD-GO (3, 5) in
common and Langmuir coordinates

Table 2. Application of Langmuir model to adsorption of Pb(ll) and HCrO,™ ions

Removal degree, % Aco, mmol g™
Sample ) . . calculated K, g mmol™* R?
maximal minimal experimental according to
the model
Pb(Il)
HZD 56 38 0.51 0.58 37 0.99
GO 99 75 1.46 1.33 279 0.99
HZD- GO 81 67 0.86 0.81 217 0.98
HCrO4
HzD 67 33 0.53 0.64 233 0.98
HZD- GO 63 12 0.17 0.10 175 0.99
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Despite  depressed  anion  exchange
properties, the composite adsorbs phenol that is a
weak acid (Table3). When the initial

concentration of this component is 5 mg dm,
the HZD-GO sample removes it down to
maximal allowable concentration for tap water
(1 pg-dm™). Adsorption is due to hydrophobic
regions of GO sheets. Indeed, pure GO sorbs
phenol very efficiently. In the case of one-

Table 3. Removal of organics from water

component HZD, is
inconsiderable.

The composite is also effective towards such
molecular substance as lactose. It allows one to
reach the COD value that is lower than the
maximal allowable concentration for tap water
(5mg-dm™). Conversely, HZD shows no

adsorption of lactose.

adsorption of phenol

Initial concentration

Residual concentration

Sample (phenol) or COD (phenol) or COD Removal degree, %
(lactose), mg dm (lactose), pg dm
phenol
HZD 5 4700 6
21 20500 2
70 69000 1
GO 5 <1 100
21 <1 100
70 4 99
HZD- GO 5 <1 100
21 30 99
70 420 99
lactose
HZD 55 0
GO 55 1 98
HZD- GO 3 94
CONCLUSIONS lactose. Possible fields of the composite
The composite that includes HDZ and appllcat-lon is water purification and water
processing.

~2mass. % of GO has been synthesized by
deposition from sol containing dispersed
particles of the filler. The composite includes
HZD particles covered with GO sheets,
uncovered particles, free and agglomerated GO.
Mechanical strength of granules are due to
uncovered HZD particles.

As opposed to BET method, the MSCP gives
high specific surface area of GO in octane: this
solvent wets ideally the sheets penetrating
between them. Much higher value of surface area
for water medium is caused by hydration of
functional groups followed by swelling of GO.
This behavior is similar to ion exchange
polymers. The filler provides loosening of HZD
within a wide interval of pore size.

The filler improves adsorption of Pb(ll) ions
increasing the capacity in 1.7 times due to its
expressed cation exchange properties. Contrary,
GO depresses adsorption of HCrO,4~ anions. The
composite is effective towards weakly acidic
phenol and molecular organic substance, such as

ISSN 2079-1704. CPTS 2018. V. 9. N 4

427

The main direction of further investigations
are composition control for multifunctional
composites, which would provide both high
adsorption capability and mechanical strength of
granules. It is also desirable to replace the
inorganic matrix to cheaper material, to ascertain
the possibility of multiple usage of adsorbents.
The modification with GO is expected to be
efficient for modifying of other inorganic cation-
exchangers, which could be easy regenerated
with acids without destruction. At last, the
composite can be proposed for modification of
membranes similarly to HZD [41, 42, 51] or
carbon materials [64, 65].
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Kommno3uT, iIkKuii CKJIAZA€THCA 3 TIPATOBAHOI0 JiOKCHIY IIUPKOHIIO Ta OKCUY rpadeny,
AJIsl BWIYYeHHSI OPraHiYHMX Ta HEOPraHiYHUX KOMIIOHEHTIB 3 BOIH
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Tucmumym 3azanvroi ma neopeaniunoi ximii im. B.1. Beprnaocvkozo Hayionanvroi akademii nayk Ykpainu
npocn. Akademixa Ilaanadina, 32134, Kuis, 03680, Vkpaina, dzyazko@gmail.com
ITnemumym ¢hizuunoi ximii ma enexmpoximii im. O.H. @pymkina Pociiicoroi akademii nayk
Jenincokuti np., 31, Mockesa, 119071, Pocis, yuvolf4A0@mail.ru

Mema pobomu nonseana y pospodyi bazamo@yHKYioHATbHO20 A0COpOeHma, AKULL 30amHUll BUOANAMU 3 BOOHUX
PO3UUHIB AK HEOP2aHIYHI [OHU, MAaK i MONEeKYIAPHI opeaHiuni cnoiyku. OKUCHeHull epagern ompumMaHo mMemooom
Xammepa. Komnosum, sxuil eéxmouae 2iopamosanuii Oiokcuo yupxonilo ma oxcuo epageny (=2 mac. %), 6ys
CUHME308AHULL OCAONCEHHAM 3 307110, WO MICMUE8 OUCHePCHI YaCMUHKU 8yeneyesozo mamepiany. Aocopbenm ma
11020 CKAA008I 00CAIONCEHO Memodamu penmeenopazoeozo ananizy, I4-@yp’e cnexkmpockonii, TEM ma emanonnoi
KOHMaKmoi nopomempii npu 3acmocy8anui 00U ma OKmauy sx pobouux pioun. Busigreno cunvhy ciopamayiio
oxcudy epageny y 800i: 06’ em MIKpO- Mma Me30n0p Yy 600HOMY Cepedosuwyi € Habazamo euwuM, Hisc ¢ okmani. Lle
6KA3YE HA AHANOZIYUHY NOBEOIHKY epageHy ma ioHooOMiHHUX noaimepis. Lle, souesuds, nos'szano 3 ciopamayiero
020 pynkyionanvrux epyn (2I0pOKCUNLHUX, KAPOOKCUNbHUX Mma enokcuepyn). s okcudy epapeny euseieHo GenuKi
3Hauenns naowi numomoi nosepxui, axi docsearoms 1200 (6 opeanivnomy pozuunnuxy) abo 2250 m’e™ (v 600i).
THoxkazano, wo epaghen 6KpUBAE YACMUNKU HEOPLAHIYHOT Mampuyi, po3nyuiylouu il 6 WuUpoKoMy iHmepsean po3mipie
nop (6i0 10 um oo 1.5 mxm). Ax euseneno, isomepmu adcopoyii ionie Pb(Il) ma HCrO4~ sionosioaioms mooeni
Jlenemiopa. 3a60KuU SUPAdICEHUM KAMIOHOOOMIHHUM GIACMUBOCHIAM, HANOBHIOBAY NOKPAWYE a0COpOYilo i0Hi8
Pb(Il), s6invwyrouu emnicmo y 1.7 pasu. Haenaxu, anionooOMinHa (yHKyis KOMROZUMY NPUSHIMYEMbCS, OCKINbKU
wapu okcudy epagheny expamylomv adcopoyiini yenmpu Heopeaniunoi mampuyi. Inuioro npuuunoio mooice Oymu
eleKkmpocmamuyte GiOUMOoBXy8anHs aHIiONI8, Addce MOUKA HYTb0BO2O 3apsdy KOMNO3UMY 3CYEAECMbCs 00 KUCLOL
obnacmi. 3asosiku  gyzneyesoMy HANOBHIOBAYY OKCUOHUL Mmamepian HAOY8AE CHPOMONCHOCMI A0COpOysamu sk
crnabrooucoyitiosani (peron), max i monexynapui (1axkmosa) Opaaniuni cnoayku. AKuo noYamko8a KOHYeHmMpayis
Qenony cmanosume 5 me OM™2, ModCIUBO 3HUZUMU 020 6MICM Y 600i 00 2PAHUYHO RPUNYCIUMOI KOHYeHMPayil.
Hicra aocopbyii emicm n1akmosu y po3uuHi € Habazamo MeHWUM Ybo2o napamempa. Taxum YUHOM, KOMRO3UM
3abe3neuye npaKmuyHo NOGHe BUOANIEHHS OP2AHIKU 3 BOOU.

Knrouosi cnosa: oxcuo epageny, ciopamoganuii 0iOKCUO YUPKOHIIO, eMAIOHHA KOHMAKMHA NOpPOMempis,
2iopoghinvui nopu, 2idpogobHi nopu, aocopoyis, ceuneysb, Xxpomam, Qeno, 1aKmosa

Kommno3uT, cocTosimuii U3 ruIpaTUPOBAHHOIO IMOKCHIA HMPKOHMS M OKcHaa rpadena, 1
U3BJICYEHHS OPraHUYeCKUX U HEOPraHUYeCKUX KOMIIOHEHTOB U3 BOJbI

10.C. I3s3bK0, B.M. Orenxo, 10.M. Boab¢pxoBuy, B.E. Cocenkun,
T.B. Mansuesna, T.B. Sluenxo, E.O. Kyaeako

Hnemumym obweti u neopeanuueckoti xumuu um. B.U. Beprnaockozo Hayuonanenou akademuu Hayk Ykpaurul
npocn. Akademuka Iannaouna, 32134, Kues, 03680, Vrpauna, dzyazko@gmail.com
Hnemumym ¢usuueckoii xumuu u snekmpoxumuu um. A.H. @pymrxuna Poccutickou akademuu HayK
Jlenunckuii np. 31, Mockea, 119071, Poccus, yuvolf40@mail.ru

Lenv pabomer 3axarouanace 6 paspabomre MHOLOQYHKYUOHATLHO20 A0COpOenma, KOmopblli ChocoOeH y0aiims
U3 BOOHBIX PACMBOPO8 KAK HEOP2AHUYecKue UOHbI, MAK U MOLEeKYIaApHble opeaHudeckue coedutnenus. OKUcieHHblll
epagpen nomyuanu no memody Xammepa. Komnozum, exnrouarowuti euopamupo8anuviil OUOKCUO YUPKOHUS U OKCUO
epagena (=2 mac. %) cunmesuposan ocadicoeHuem u3 3015, COOEPIHCAWE20 OUCNEPCHbIE YACIMUYbL YeNePOOHO20
mamepuana. A0copbenm u e2o cocmagnauue Ucciedosansvl Mmemooamu penmeenogpazosoeo auanusa, UK-Dypve
cnexmpockonuu, TOM u smanonnoi kKoHmaxmuoi nopomempuy npu UCHOTL3I0BAHUU 6006l U OKIMAHA 8 Kadecmee
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pabouux sscuoxkocmeti. OOHAPYIHCEHO CUTLHYIO 2UOpamayuro oKcuoa epagena 6 6ooe. 0bvem MUKPO U Me30n0p 8
B00HOU cpede HAMHO20 0oabuie, YeM 8 OKmaue. DmMoO YKA3bleaem HA AHANOSUYHOe NnosedeHue epagena u
UOHOOOMEHHbIX noaUMepos. [annvlil haxm obycroenen suopamayueli e2o HYHKYUOHATbHBIX 2pynn (SUOPOKCUTBHBIX,
KapOOKCUnbHbIX, nokcuepynn). s okcuoa epagena naioenvl 8bICOKUE 3HAYEHUS. RIOWAOU YOETbHOU NOBEPXHOCMU,
komopuie docmuzaiom 1200 (6 opeanuueckom pacmeopumene) unu 2250 m*™ (6 600e). Iokazano, umo zpagen
ROKPbIBAEm YaACmuybl HEOPZAHUYECKOU MAMPUybl, Pa3puixiss ee 6 wupokom unmepesane pasmepog nop (om 10 nm
00 1.5 mxm). Kax obunapysceno, uzomepmor aocopoyuu uonos Pb(Il) u HCrO4 coomeemcmesyiom mooenu
Jlenemwopa. bnazooaps evipasiceHnviM KAMUOHOOOMEHHBIM CEOUCMEAM HANOIHUMENDL YIYYUdem aocopoyuio UoHo8
Pb(l), yeemuuusas emxocmv 6 1.7 paza. Hanpomue, anuonooOMmennas @YHKyus KOMNO3UmMa NOOAGISLemcsl,
HOCKOTILKY COU OKCUOA 2paghena 3KPaHupyrom aodcopoyuoHHble YEeHmMpPbl HeopeaHuyeckou mampuyvl. pyeoll
RPUYUHOL MOdcem Obimb INeKMPOCMAMU4ecKkoe OMMmMAIKUGAHUe AHUOHO8, NOCKONbKY MOUYKA HYNe8020 3apsiod
KOMRO3UMO8 cmewjaemcs 6 Kucayi obracmu. bnacodaps yenepoOHomy HanonHumento, OKCUOHBIL Mamepua
npuobpemaem cnocobHocms adcopbuposams Kax ciabooduccoyuuposannvie (enon), max u MoreKyIsApHbIE
(raxmo3a) Opeanuueckue coedunenus. Ecnu navansnas xonyenmpayus penona cocmaeniem 5 me OM™>, 603MONCHO
CHU3UMb €20 codepicanue 8 6ode 00 npedenvbHo donycmumou KoHyenmpayuu. Ilocne adcopbyuu xonyeHmpayus
JIAKMO3bl 8 PAcmeope HAMHO20 MeHbuie 3mo2o0 napamempa. Taxum obpasom, Komnosum obecneuusaem
NPAKmMu4ecKu noIHoe YOdneHue OP2aHUKY U3 600bl.

Knroueevie cnoea. oxcuo epagena, udpamuposanuvili OUOKCUO YUPKOHUSL, OIMANOHHASL KOHMAKMHAS
nopomempusi, 2u0po@uibHble nopul, 2UOPodobHBIE NOpbL, A0COPOYULL, C8UHEY, Xpomam, PeHO, TaKmo3a
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