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Abstract

In this paper, the sorption of the heavy metal ions (SIer, Ba’*, and Cs™) on the hybrid CNF/TiO, and CNF/Fe,0; materials is
considered. The colloid—chemical properties of the TiO, and Fe,O3 nanoparticles and carbon nanofibers in the dispersions were
studied, and interaction between nanoparticles and nanofibers in accordance with the hetero-coagulation principle was estimated.
The carbon nanofibers used were prepared by catalytic chemical vapor deposition of a propane—butane mixture over the nickel—
copper catalyst and then functionalized by boiling in a mixture of concentrated hydrochloric and nitric acids. The TiO, and
Fe,O3 nanoparticles were synthesized via a sol-gel technique. The sol was mixed with carbon nanofibers. After drying, the
hybrid materials with a uniform distribution of the oxide NPs along the nanofiber’s surface were obtained. The CNF-to-metal
oxide ratios were 10:1 and 1:1. The samples were characterized by a set of physicochemical methods. The hybrid CNF/TiO,
system was found to have a synergetic effect toward the sorption of the metal ions from their aqueous solutions.
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Highlights

e Hybrid materials CNF/Fe,O5; and CNF/TiO, were synthesized by ex situ method.

e The colloid—chemical properties of metal oxide NPs and CNFs in the dispersions were studied.

e Metal oxide NPs are coaxially coated and uniformly distributed on the CNF surface.

e Sorption of Sr**, Ba*", and Cs™ on the hybrid materials is considered.

e The hybrid CNF/TiO, was found to have a synergetic effect toward the sorption of Sr** and Cs™.
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1 Introduction

Creation of the hybrid materials based on nanostructured
carbon is an excellent investment in development of the
future functional materials. There are several types of
carbon-based nanomaterials that have different structures
and properties. The first of them are nanocomposites, which
contain a filler (carbon) and a matrix or base (e.g., ceramic
or polymer) and which usually combine the individual
properties of both compounds [1]. Unlike nanocomposites,
carbon hybrid nanomaterials provide access to a large
specific surface area and an extended interface. Due to this
morphology, charge and energy transfer processes create
synergistic effects that lead to unique physicochemical
properties and increased productivity [2, 3].

Hybrid carbon nanomaterials are intensively researched
and applied in various areas of nanotechnology, such as
environmental catalysis, photocatalysis, sensors, batteries,
and photovoltaics [2, 3]. One of the most promising areas
for application of these materials is adsorption of harmful
pollutants from air or water.

Rational use and protection of water resources remain
one of the world’s environmental problems. The solution
largely depends on the treatment of wastewater from human
activities in the industrial sector [4]. It is especially
important to control the content of heavy metals and liquid
radioactive wastes because even at low concentrations, they
are able to bind the organic molecules and penetrate the
human body and living organisms, which could be the
cause of physiological disorders and other diseases [5, 6].

Since the discovery of carbon nanotubes (CNTs) by
Iijima in 1991 [7], a present investigation of their individual
properties and application possibilities as a part of nano-
composites and hybrid materials has begun [8]. The use of
CNTs and materials based on them as sorbents is obvious,
due to the developed specific surface area, heat resistance,
hydrophobicity, and mechanical strength [9].

Development of the carbon nanomaterials has led to
appearance of different morphological and variety structure
forms of carbon [10]. Among them, carbon nanofibers
(CNFs) should be mentioned especially. CNFs belong to
sp>-hybridized filamentary carbon nanomaterials, but differ
from CNTs since they do not have an internal hollow
channel. The structure and morphology are very diverse:
graphene layers can be oriented perpendicular to the fiber
axis or at a variable angle [10—12]. The most well-known
structures of CNF are “stack of coins” (or plane—parallel,
“stacked”); “herringbone” (or a stack of cones, “fishbone”,
and coaxial-conical); “stack of cups” (or “lampshades”);
“feathery” (highly disordered) [8, 10, 11]. Also, there are
amorphous CNFs, which exhibit high adsorption capacity
[12]. Their length is several micrometers, and the diameter
is from tens to 200 nanometers [8, 10]. Both the exact
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morphology and secondary structure of CNF depend on the
reaction (catalytic chemical vapor deposition) conditions,
carbon source used, and composition of the catalyst
[13—15]. Also worth noting is that they are generally sig-
nificantly cheaper than the CNTs.

The study of CNFs has not received such a wide reso-
nance as CNTs that allows the CNF-based hybrid materials
to be considered as a unique object of research. On the other
hand, it is well known that both the reactivity of carbon and
the possibility of the formation of hybrid materials or
nanocomposites can be significantly improved by functio-
nalization of the CNF surface, since they are unique in that
their entire surface can be activated [10].

Among the variety of adsorbents, nanosized metal oxides
(NMO) due to the large specific surface area, mesoporous
structure, and the ability to ion exchange are considered as a
promising material for the removal of heavy metals from
aqueous systems. Thereby, such types of nanosized parti-
cles have high capacity and selectivity [16-20]. In com-
parison with organic resins, these materials are much more
preferable in terms of thermal, mechanical, and radiation
resistance [21]. However, since the size of metal oxides
decreases from the micrometer level to the nanometer level,
an increase in surface energy inevitably leads to a stability
decrease. Consequently, NMOs tend to agglomerate due to
Van der Waals forces or other kinds of interactions, and the
high capacity and selectivity of NMOs will be significantly
reduced or even lost. From this point of view, the usability
of NMOs under real conditions of wastewater treatment can
be enhanced by supporting them on a porous substrate and
thus obtaining composite adsorbents with new unique
properties [16].

In this paper, hybrid materials based on CNFs with
supported nanosized metal oxides Fe,O; and TiO, were
synthesized. The resulting hybrids were characterized and
examined toward extraction of Sr**, Cs™, and Ba’*' ions
from the aqueous solutions.

2 Experimental
2.1 Materials and methods

Carbon nanofibers were obtained as described elsewhere
[22]. Catalytic chemical vapor deposition was performed at
700 °C using propane-butane mixture as a carbon source
and Ni—Cu/Al(OH); as a catalyst. The catalyst was syn-
thesized by a method of mechanochemical activation. The
resulting CNFs possess a pore volume of 0.43 cm®/g and a
specific surface area of 313 m%/g.

CNFs were functionalized as follows: 0.1 g of CNFs
were added to 30 mL of a 1:1 mixture of concentrated HCI
(37 wt.%) and HNO; (65 wt.%), and were boiled for 2 h.
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Then they were washed with deionized water (until
achieving a neutral pH of the water) to remove the acids and
dried at 110 °C. Due to this process, the catalyst particles
are converted into soluble salts and removed from the
system, as well as carboxyl and hydroxyl bonds formed on
the surface of nanofibers, which are involved in the for-
mation of hybrid materials. The oxidized CNFs were used
in the experiments.

Hydrosol of Fe (IIT) hydroxide was synthesized accord-
ing to the Krekke’s method, which is based on the endo-
thermic reaction of hydrolysis of a soluble iron (III) salt:

FeCl; + 3H,0 = Fe(OH), + 3HCI

To this end, 7ml of an iron (III) chloride solution (w
(FeCl;3) = 2%) was added slowly to 40 ml of distilled water
heated to boil, the mixture was brought to the boil, and then
cooled to room temperature. As a result, a red—brown iron
(IIT) hydroxide sol was formed, the micelle of which can be
written as {m[Fe(OH);]nFe**3(n-x)C1~}>3x CI".

Hydrolytic process of the synthesis of nanosized titanium
dioxide was prepared according to the reaction

To that end, 0.35 ml of concentrated HNO3 was added to
50 ml of distilled water. The resulting solution was heated
to 70 °C with a magnetic stirrer turned on. When the tem-
perature reached 65 °C, a solution was prepared: in 6 ml of
isopropanol, 8 ml of titanium isopropoxide was added.
Upon reaching 70°C, a solution of isopropoxide was
poured into it. After 80 °C, the solution was kept for 1h
with constant stirring without the heating. The sol of tita-
nium dioxide was prepared for 5 days.

Hybrid materials were synthesized by ex situ method in
two mass ratios, CNF:MeOx =10:1 and 1:1. Oxidized
CNFs were placed in the corresponding sol. The solutions
were homogenized at room temperature using a magnetic
stirrer overnight. The impregnated CNFs were separated
from the solution by dispersion medium filtration and then
dried at 110 °C for 2 h.

2.2 Characterization technique

CNFs were investigated by a scanning electron microscopy
(Tescan Vega 3 SBH, Czech Republic, detector of sec-
ondary electrons). Particle size distribution was received by
dynamic light scattering, and zeta potential by electro-
phoretic light-scattering method using Photocor Compact — Z,
Russia.

The structure and microstructure of the powders were
examined by a high-resolution transmission electron
microscopy (HRTEM) on a JEM-2010 electron microscope
(JEOL, Japan), at an accelerating voltage of 200kV and

point-to-point resolution of 0.14nm. Prior to electron-
microscopic examination, the particles were immersed in
ethanol and deposited onto porous carbon substrates (hole
diameter about 1 um) secured on copper grids.

Samples were studied using Raman spectroscopy on a
LabRam HR800 high-resolution Raman spectrometer
(Horiba Jobin Yvon, Japan) using an integrated He—Ne
laser with a power of 0.2, 2mW and an excitation
radiation wavelength of 632.8 nm. In the process of
recording the spectra, the spectrometer grating was 600
W/mm, the confocal orifice size was 300 um, and the slit
was 100 um (Objective x50—Iaser spot 1.5 um, size of
the analyzed region 5 um). The accumulation time of the
signal ranged from 1 to 10 s, the number of measurements
in one section of the spectral range varied from 1 to 10
times. The spectra were recorded at room temperature.

XRD measurements were performed on the X-ray dif-
fractometer SHIMADZU XRD-6000, Japan. It was oper-
ating in the reflection mode with a Cu X-ray target (30kV,
30 mA), using a step scan mode with a step of 0.05° (20)
and scan speed of 1° per minute.

The adsorption and textural properties of the samples
were estimated from isotherms of low-temperature (77 K)
nitrogen physical adsorption—desorption via volumetry on
Quantachrome Nova 1200e surface area and porosity ana-
lyzer. The specific surface area was determined by the BET
method (Aggr). Before the analysis, the samples were held
in a vacuum for 2 h at 150 °C.

Hybrids were characterized in terms of sorption capacity
with respect to stable cations Sr**, Ba>*, and Cs*. Aqueous
solutions of the mentioned cations are prepared from
SrCO;, BaCl,, and CsCl salts to an initial concentration of
1 g/l of cation. pH values of the stock solutions obtained
with the use of a pH meter “Expert-001” were 5.59 +0.10
(Sr*"), 5.55+0.10 (Ba*"), and 5.56 +0.10 (Cs™). Sorption
was carried out as follows: 20 mg of the sample was placed
in a polypropylene tube and poured into 10 ml of solution;
the ratio of solid and liquid phases was 1:500. The resulting
suspension with periodic shaking was kept at a temperature
of 20 °C for 24 h (static conditions). After conducting the
experiments, the suspension was centrifuged at a rate of
4500 rpm. To reduce losses during sorption on third-party
surfaces, an aliquot of the analyzed solution was taken
without additional filtration. The determination of the initial
and equilibrium concentrations of cations was performed by
an atomic emission spectroscopy with inductively coupled
plasma on a Vista MPX Rad spectrometer. The sorption
capacity of the samples can be calculated using the fol-
lowing equation:

G, —C,
B m

qe 14
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Fig. 1 SEM images of CNF: a with catalyst particles (as prepared); b without catalyst particles (after acid modification)

where g, (mg/g) represents the sorption capacity; Cy (mg/L)
and Ce (mg/L) are the initial and equilibrium ion
concentrations, respectively. V (L) is the total volume of
the suspension, and m (g) is the mass of the adsorbent. All
the experiments were performed in duplicate.

The energy of the pair interaction of Fe,Os;-Fe,0;,
Fe,O3;-CNF, TiO,-TiO,, and TiO,—CNF was determined
by the DLVO theory, which takes into account electrostatic
(Ue) and molecular (U,,) components of pair interaction
energy U:

U="0U; + Up.

All the calculations have been performed based on the
assumption that the NMO form is spherical and the CNF
form is cylindrical. The electrostatic component was
calculated according to the formula of Ohshim [23, 24]:

U — EEYF 1T ((p% + go%) { 20,9, In [1 + exp{—xh}}
¢ r+r @1+ @5 1 —exp{—«h}
+In[1 4+ exp{—2xh}]}

where ¢ is the permittivity of the dispersive medium; g, is
the permittivity of vacuum, F/m; r; are particle radii, m; ¢;
are the potentials of the interacting particles, V; k is the
Debye parameter, m~'; and A is the distance between the
surfaces of the particles, m.

The molecular attraction energy (U,,,) of the particles was
calculated by the equation [25]

U _é{ 2rir) 2r1ry

"o 6 h2+2}"1h+27’2]’l I’l2+27‘1h+21"2h+4}"17‘2
h? 4+ 2rh + 2rh

h2 4+ 2r1h 4 2rh + 41y r2}

+ In
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where A is the Hamaker constant for particles interacting
through a layer of water. For Fe,O; particles, the value of
the constant A;3; was taken as 3.4-1072°J [26], for TiO,—
2.5:1072°J [26], and for CNFs 9.39 107*'J [27]. When
calculating the pairwise interaction energy of MeO,—CNF,
the A3, value was determined by the equation

A132=(\/A_11—\/1‘\_33)'(\/E—\/A_33)7

where A;;, Ay, and As; are the Hamaker constant for Fe,O5
particles [28], TiO, [26], CNFs [27], and water [23].

3 Results and discussion
3.1 Characterization of hybrid materials

Figure 1 shows the SEM images of CNFs before and after
acid modification. As can be observed, the materials are
represented by fibers of up to 10 um in length and 100-200
nm in diameter, twisted in agglomerates.

Figure 2 shows particle size distribution of hybrid
materials, CNFs, and sols of metal oxide NPs. As can be
seen, the hydrodynamic diameter of Fe,O; NPs is about 9
nm, and that of TiO, NPs is 24 nm. Suspension of CNFs in
deionized water shows a maximum intensity at 220 nm.
Hybrid CNF/TiO;, (mass ratio 10:1) has a hydrodynamic
diameter of about 230 nm, CNF/Fe,O5; (mass ratio 10:1)—
150 nm.

Figure 3 shows the HRTEM images of CNF/TiO, and
CNF/Fe,03 hybrid materials, with a mass ratio of 10:1. It is
evident that in both the cases, the metal oxide NPs are
uniformly distributed along the carbon nanofiber.

The results of calculation by DLVO theory on the pair
interaction energies of the particles are shown in Fig. 4. As
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Fig. 2 Particle size distribution of the samples: a a system with iron (III) oxide, b a system with titanium dioxide

Fig. 3 HRTEM images of a CNF/TiO, (mass ratio 10:1), b CNF/Fe,05 (mass ratio 10:1) hybrid systems

can be seen from the given potential curves, a potential
barrier that prevents the particles from approaching each
other and from coagulation occurs when particles of the
same nature, i.e., CNF-CNF, TiO,~TiO,, or Fe,O3;-Fe,0;,
interact. The potential barrier height of CNF is higher than
that for iron oxide. When oppositely charged Fe,O; parti-
cles and CNF interact with each other, the attractive forces
prevail at all the distances. The value of the potential barrier
decreases in the following order: Fe,O3;>TiO,>CNF. In
general, the energy of attraction between Fe,O; particles
and CNF is greater than that between TiO, and CNF. Thus,
the rates of adsorption and coagulation are higher with the
interaction of Fe,Oj3 particles and CNF.

The characteristics of the Raman spectra of the CNF of
the initial samples were compared with hybrid materials
(mass ratio 10:1). The results of the comparison became a
proof of statement that the observed parameters of the
spectra, such as the position of the bands, the intensity of

7 ——CNF/TiO,
—TiO,
——CNF r\
S
2
a i ’\
C
I
£
N LA | N MR | N MRS | 'k'""'l
0,1 1 10 100 1000
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— Fe,0,-Fe,0,
——— Fe,0,-CNF
-~ TiO,TiO,
~— TiO,CNF
>
S
T -20
o)
-40 -
-60 4
-80 T T T T T T T 1
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h (nm)

Fig. 4 The dependence of the interaction energies on the distance
between the particles
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Fig. 5 Raman spectra for the CNF/Fe,O5 hybrid sample: a laser power
0.2 mW; b 20 mW; ¢ reference spectrum of the red ocher (Spectral ID
Database)

the bands of the first and second order vary within the limits
of error. Those visible differences in the structure of the
CNFs by the method of Raman spectroscopy were
not found.

In the Raman spectra for the CNF/Fe,O5; hybrid sample
with minimal laser exposure (laser power was 0.2 mW), the
D-band (position 1336 cm ™! is clearly distinguished, its full
width at half maximum or FWHM is 100cm™'), and G-
band (position 1598 cmfl, FWHM = 59) are presented. The
bands of the second order are weakly expressed (Fig. 5a).
As the laser power increases during registration of the
Raman spectra, the D- and G-bands of the CNF are shifted,
which is associated with the sample heating, and the bands
at 217, 279, 391, 592, and 654 cm ™! begin to appear (Fig.
5b). It is noteworthy that these bands are characteristic for
the mineral red ocher (Fig. 5c¢). During the temperature
exposure, a partial burnout of the CNF most likely occurs,
and the signal from the red ocher contributes to the analyzed
spectrum.

A similar picture was observed for CNF/TiO, samples.
With minimal laser exposure (laser power was 0.2 mW), the
D-band (position 1332 cm™ !, its full width at half maximum
or FWHM is 100 cm ') and the G-band (position 1600 cm !,
FWHM = 53) are presented. Second-order bands are weakly
expressed (Fig. 6a). As the laser power increases, the D- and
G-bands of the CNF are shifted, which is associated with the
sample heating during the registration of the Raman spectra,
and the bands at 154, 404, 512, and 622 cm™! characteristic of
the anatase mineral (Fig. 6¢) have appeared (Fig. 6b). A slight
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Fig. 6 Raman spectra for the CNF/TiO, sample: a laser power 0.2

mW; b 20 mW; c reference spectrum of anatase (Database rruff.info)

shift of the bands and the broadening of the lines in the
studied samples, in contrast to the reference ones, may be
associated with the disordering of the structure. Further,
during the temperature exposure, a partial burnout of the CNF
most likely occurs, and the signal from anatase also con-
tributes to the analyzed spectrum.

XRD measurements, shown in Fig. 7, represent that the
crystal structure of the hybrids is primarily determined by
the crystal structure of the starting components. The dif-
fraction pattern of the Fe,O; sol dried at 110 °C is char-
acterized by the peaks of akaganeite ($-FeOOH). The
intense diffraction peak of CNF/Fe,O3; (mass ratio 10:1)
corresponds to graphite. All the diffraction peaks in the
XRD pattern of the hybrid CNF/TiO, sample (mass ratio
10:1) and of the TiO, can be perfectly assigned to the
anatase phase. The crystalline structure was determined
using the AMCSD database (for anatase _database_co-
de_amcsd 0010735, for akaganeite _database_code_amcsd
0001349).

Nitrogen adsorption—desorption isotherms and pore size
of the CNFs, hybrids, TiO,, and Fe,0; are shown in Fig. 8.
The isotherms and pore size of hybrids determined by the
structure of the fibers refer to the type IV (IUPAC classi-
fication). They exhibit combined H2 and H3 hysteresis
loops. These features indicate the existence of a mesoporous
structure and slit-like pores. The Brunauer—-Emmett—Teller
(BET) surface areas of the CNFs, CNF/Fe,O5 (10:1), and
CNF/TiO, (10:1) samples were calculated to be 161 m%/g,
123 m?/g, and 131 m?/g, correspondingly.
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Fig. 7 XRD analysis of hybrid materials: a CNF/Fe,O3; (mass ratio 10:1); b CNF/TiO, (mass ratio 10:1)
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Fig. 8 Isotherms of low-temperature nitrogen adsorption—desorption a and pore size distributions b, calculated using the BJH method

Table 1 pH values of the solutions after the sorption of Sr** ions

Sample pH
CNF 35
CNF/Fe,03 (10:1) 33
CNF/Fe,05 (1:1) 2.7
CNF/TiO, (10:1) 3.6
CNF/TiO; (1:1) 32
TiO, 2.7
Fe,03 2.6

Titanium dioxide isotherm is of the type I, which indi-
cates the predominant presence of micropores, BET surface
area—148 m*/g. Iron (III) oxide isotherm refers to the type
IV hysteresis loop combined with H2 and H4 types, BET
surface area is 29 m%/g.

3.2 Sorption properties
The pH values of Sr*" solutions after interaction with the

studied samples were measured in advance. The solid-to-
liquid ratio was 1:500 (10 mg to 5 ml), and the contact time
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Fig. 9 Sorption capacity for CNF/TiO, a and CNF/Fe,O3; b hybrids

of the solution with the sample was 5 min. When a complex
with Sr** ions is formed, a proton is displaced from each
reagent molecule; therefore, after the sorption, a decrease in
the pH of the solution is observed (Table 1). In this case, the
mechanism of chemisorption is most likely to be
implemented.

Figure 9a illustrates data on sorption capacity for the
CNF/TiO,. The growth of the sorption capacity for CNF/
TiO, (10:1) can be explained by the fixation mechanism of
TiO,. There is a blocking of free protons, which can be seen
when measuring pH.

In hybrids CNF/Fe,03, a gradual decrease in the sorption
capacity is observed with increasing iron (III) oxide content
(Fig. 9b). This can be explained by the fact that iron (III)
oxide has a less developed specific surface area.

As a result of the research, it was found that for a CNF
with deposited TiO, with a mass ratio of 10:1, a synergistic
effect is observed, manifested in an increase in the sorption
capacity.

4 Conclusion

Hybrid CNF/Fe,05; and CNF/TiO, materials were synthe-
sized by ex situ method and characterized by a number of
techniques (SEM, DLS, TEM, Raman, XRD, BET, and
DLVO theory). TEM images showed coaxial coating and a
uniform distribution of MeOx NPs on the CNF surface.
Raman spectroscopy results demonstrated the electrostatic
attraction between components without the formation of
covalent bonds. Sorption property results revealed the
synergistic effect of the hybrid CNF/TiO, (10:1) in relation
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b 20 4
CNF/Fe,O,
15 —=—q_(Cs")
—e—q,(Ba")
S —A—q_(Sr")
g 104
o

to Cs* and Sr**, which demonstrates its prospects to be
used as an effective adsorbent.
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