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Abstract: The possibility of a significant reduction in material
costs and the number of pollutants by using an electrochemical
method for synthesis of ultramicrodispersed nickel oxide powders on
alternating current has been shown. The effect of frequency of
alternative sinusoidal current and solution concentration on the rate
of synthesis of ultramicrodispersed nickel oxide powder has been
revealed. Efficient synthesis modes of ultramicrodispersed nickel
oxide powder have been presented. The physico-chemical
characteristics of produced ultramicrodispersed nickel oxide
powders have been examined. The technological scheme of
production of ultramicrodispersed nickel oxide powder with a closed
cycle of water and reagents has been described; the possibility of its
use in a catalytic synthesis of carbon nanofibers has been verifed.

Introduction

The desire to reduce the environmental burden of chemical production has
led to a rapid increase in scientific, industrial, and commercial interest in the
application of electrochemical technologies for the synthesis of various organic
and inorganic compounds. At present, the production of ultramicrodispersed
nickel oxide powders, which are used in the catalytic synthesis of carbon
nanomaterials as nickel catalyst precursor is of great interest [1-4].

The existing ways to get ultramicrodispersed nickel oxide powder — sol-gel
method, the “wet” combustion require various toxic chemicals, as well as a
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large number of emissions of pollutants that create environmental problems for
industrial implementation [5, 6]. Thus, during the production of one kilogram of
ultramicrodispersed nickel oxide powder by “wet” combustion method about
336 dm” of nitrogen dioxide is emitted in the atmosphere. The production of one
kilogram of nickel oxide by homogeneous sol-gel method outputs 0.64 dm’
nitric acid and 2.8 dm’ of ethanol thermal decomposition which leads to the
formation of 360 dm’ of nitrogen dioxide and 1672 dm’ of carbon dioxide.
One of the stages of preparing a catalyst for heterogeneous sol-gel method is a
synthesis of the precursor by co-precipitation of nickel. The chemical reaction is
accompanied by the hydrolysis of ammonia generated by dissolving nickel
nitrate in aqueous ammonia. A by-product of the reaction is ammonium nitrate,
which is removed by washing with water. The production of one kilogram of
catalyst requires 10 dm® of water to remove 1.714 kg of produced ammonium
nitrate. The combustion of 1.07 dm® of ethanol produces 821.3 dm® of carbon
dioxide. The synthesis of the catalyst with citric acid (citrate method) is
accompanied by a significant amount of nitrogen oxides and carbon dioxide:
nitrogen oxides 804.545 and 4827.433 dm’ of carbon dioxide per kilogram of
catalyst. The method of the explosion of metal wire, as described in [7, 8], is
characterized by low productivity, the complexity of the process equipment and
high cost of electricity per unit of output.

The disadvantages of the considered methods require the development of
methods of synthesis of ultramicrodispersed metal oxide powders to organize
the production of carbon nanomaterials by pyrolysis of hydrocarbons with a
lower environmental load. These requirements are met by the electrochemical
synthesis on a sinusoidal alternating current, which is carried out without the
use of expensive equipment and reagents [9, 10].

Experimental

For the electrochemical preparation of the ultramicrodispersed nickel oxide
powder a special apparatus is designed that enables to vary the frequency of
sinusoidal alternative current (AC) in the range of 10...500 Hz [9-11].
The electrodes for the preparative electrolysis are made of nickel of H-0 grade
in the form of rectangular plates with a surface area of 1 cm”. The electrolysis is
carried out in a glass cell with a jacket of 200 ml. The electrodes and
thermometer are mounted in the teflon lid. The constant temperature of the
solution in the cell is maintained by a thermostat with an accuracy of 0.5 K. The
dissolution rate of nickel is determined by weighing.

The qualitative phase analysis of nickel powder is determined by X-ray
diffraction analysis. X-ray analysis of the samples is carried out at ARL X'tra
diffractometer using monochromatic X-rays, whose source is X-ray tube with
copper anode A = 1,50452, A. The research of thermal stability of nanomaterials
iss carried out in air atmosphere with derivatograph Q-1500D.

Experimental data and discussion

The passage of symmetrical sinusoidal AC through the nickel electrodes in
alkaline solution leads to their intense destruction and to the formation of the
ultramicrodispersed nickel oxide powder. The experiments prove that the
increase in the concentration and current density increases the rate of nickel
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destruction [12, 13]. The maximum rate of a powder formation is observed in
17 M NaOH solution at the current density of 2.5 A/cm” and the temperature of
343 K (the increase and decrease in the temperature lead to the decrease in the
destruction rate of nickel electrode). There is a gradual clouding of the solution
in the electrolysis process. The formed slurry is distributed evenly over the
entire volume of the electrolytic cell.

The results of investigation of the effect of frequency of AC sinusoidal
current in the range 20...500 Hz, the rate of destruction of the nickel electrodes
show that the maximum rate of nickel destruction in all the investigated
solutions of sodium hydroxide is observed at the frequency of 20 Hz alternating
current, which is almost three times higher than when using the frequency
50 Hz. At frequencies above 100 Hz the rate of destruction of nickel electrodes
practically does not depend on the frequency of the AC (Fig. 1).

It must be noted, that the color of the destruction products of nickel
depends on the applied AC frequency. So, in 17 M NaOH at the frequencies of
the alternating current higher than 50 Hz the color of the product has a greenish
color that proves the formation of divalent nickel compounds at these current
frequencies. Black powders are developed at lower frequencies and it is a
characteristic of trivalent nickel compounds (Ni,O3 and NiOOH).

To determine the shape and geometrical dimensions of the particles of
ultramicrodispersed nickel oxide powder the studies were carried out using
transmission and scanning electron microscopes. The electron microscopic
photographs (Fig. 2) show that the precursor of nickel catalyst particles is
relatively flat with the formation of agglomerates and the particle size from
10 to 500 nm.

The X-ray analysis of nickel oxide powder dried at 373 K showed that the
powder of nickel oxide is X-ray amorphous (Fig.3). The results of X-ray
analysis suggest that the 573 K is observed the beginning of crystallization of
X-ray amorphous samples. Radiographs revealed reflexes corresponding
interplanar distances 0.242, 0.207,

0.1474, 0.1259 nm, which aggregate K, mg/(cm’h)

hardened samples can be identified as g _
nickel oxide (II). With increasing the *
treatment temperature to 873 K the
particles become more regular form 60}
and powder crystallization occurs.
Micrographs  clearly show the 40|
dependence of particle size on the
hardening temperature (Fig. 4). The
average particle size calculated by
Selyakov-Scherrer formula [14, 15]
for the particles hardened at 573 and 0 ==
873 K is respectively 6 and 37 nm. 0 50 100
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Fig. 2. Electron microscopic images of nickel powder:
a — transmission EM image; b — scanning EM image
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Fig. 3. Radiographs of nickel oxide powder obtained at a frequency of AC sinusoidal 20 Hz,
T=343 K, i=2,5 A/cm* and calcined at temperature, K:
1-373;2-573;3-873

= - fér_
g

0 20

100 nm

a)
Fig. 4. Micrographs of nickel oxide powder obtained at a frequency of AC sinusoidal 20 Hz,

f=35kHz ultrasonic 7=343 K, i=2,5 A/cm’ and calcined at temperature, K:
a—573;b—873
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weighing 100 mg was diluted in 10 ml of B-70 gasoline. 10x50 mm glass-
ceramic plate coated with slurry of nickel powder was placed in a Petri dish.
The Petri dish was fixed on an electric heater with the heating temperature of
363 K; after the evaporation of gasoline we monitored the distribution of
sedimentated powder by means of an optical microscope. Glass-ceramic plates
prepared in this way were placed into a pyrolytic reactor. A set of experiments
was carried out at three temperature values — 873, 923 and 973 K respectively,
the rest of the technological parameters such as the consumption of hydrogen
and propane, and the duration of the synthesis process remained unchanged.
The reactor was purged with hydrogen at the flow rate of 2 cm’/s to achieve the
predetermined temperature at the range of 873...973 K. When the
predetermined temperature was achieved, propane with the flow rate of 1 cm’/s
was supplied to the reaction zone during 15 min, at the same time the hydrogen
flow rate was reduced to 0.1 cm’/s. After 15 minutes, the supply of propane was
interrupted, heating was cut off and the flow of hydrogen was increased to
1 cm’/s. When the glass ceramic plate was cooled to 313...333 K, the reactor
was opened and the glass ceramic plate was removed from it. The derived
carbon nanomaterial was mechanically removed from the surface of the glass
ceramic plate, and was placed on the polymer film which was 20...25 nm thick,
fixed on 3 mm copper grid. The derived object (a copper grid with the film) was
put under the electron microscope, and the synthesized carbon nanostructures
were examined. The obtained carbon nanomaterial was a conglomerate of
nanotubes with a diameter of 10 to 80 nm.

Figure 5 shows photographs of nanomaterial samples (a) — without pre-
treatment (with visible particles of the catalyst) and (b) — with the cleaning of
the catalyst. To clean the nanomaterial of catalyst particles we used
concentrated hydrochloric and nitric acid at 363 K for 15 minutes.

To evaluate the thermal stability of the synthesized carbon nanomaterial
derivatograph was obtained (Fig. 6).

Fig. 5. Electron microscopic images of carbon nanostructures synthesized
by ultramicrodispersed nickel oxide powder
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m, mg The study of the derivatograph

250 established the temperatures (803, 893,
963, 1023, 1083 and 1178 K) at which
200 1 an abrupt change of the mass of heated
nanomaterial occurs, apparently, due to
150

the removal of nanocarbon structural
100 - formations (soot and multi-walled
nanotubes). After heating the sample of
50 1 carbon nanomaterial up to 1273 K the
0 powder mixture is ultramicrodispersed

273 473 673 873 1073 1273 carbide and nickel oxide is produced.

We established conditions for
efficient preparative electrochemical
synthesis [16—19] taking into account
the data of electron microscopy, X-ray
diffraction and derivatographic studies that formed the basis of the
technological scheme of production of ultramicrodispersed nickel oxide powder
(Fig. 7). The stage of washing of the target product is the most time-consuming
operation in the scheme of nickel oxide powder. The traditional method of
washing of the electrolyte requires 1 dm® of gel per 100 dm® of water. To reduce
this figure studies were carried out, as a result of which it was established that
the neutralization of alkali in the first stage of the washing solution of acetic
acid leads to the formation of large flakes of sodium acetate and a decrease in
the amount of water to clean nickel oxide from the electrolyte solution. First,
the resulting suspension settles for days, and then it is separated by decantation.
Alkali, after monitoring its concentration in the recycle was used as the
electrolyte.

T,K
Fig. 6. Derivatograph
of carbon nanomaterial heating
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Fig. 7. Technological scheme of the nickel oxide powder synthesis
by electrolysis by means of sinusoidal AC
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The trapped sediment nickel oxide alkaline solution is neutralized with 80 %
acetic acid. The resulting reaction solution of sodium acetate is filtered more
easily than a concentrated solution of alkali and washing time is reduced by
50 % compared with currently used technology. At the same time the washing
of gel requires 1 to 50 dm® of water, which in general reduces the amount of
wash water to 50 %. This method of separation of nickel oxide powder from the
reaction solution does not change the physical-chemical characteristics of the
target product. The resulting neutralization of sodium acetate solution is
directed to electro dialysis.

The developed process consists of the following stages: 1) preparing a
solution of sodium hydroxide; 2) the electrolysis of nickel on an alternating
current (frequency 20 Hz) in sodium hydroxide solution; 3) upholding of the gel
nickel oxide from alkaline solution; 4) separation of the precipitate by
decantation nickel oxide (filtrate-containing alkali is sent for re-use);
5) neutralization with acetic acid of alkali seized by sediment nickel oxide;
6) separation of the precipitate nickel oxides from sodium acetate on the filter
(sodium acetate is directed to electrodialysis, electrodialysis products are used
in recycle); 7) washing of nickel oxide powder with distilled water; 8) drying
the resulting product; 9) packaging of the desired product.

Cost calculation of production of 1 kg of ultramicrodispersed nickel oxide
powder by electrolysis on alternating current for 2010 prices (unit capacity of
200 kg/year) was performed by the standard technique.

The following table shows comparative data on the consumption of
reagents and waste in the methods of synthesis and electrochemical wet
combustion.

Consumption of reagents and the amount of waste
to obtain 1 kg of nickel catalyst precursor

~ Waste
— [ = g
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2o » o = 2o ° o = S = w2
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2 = —E = 2 = 8
= [Sa]
Sodium hydroxide. ) Glycine 5 40
NaOH NH,CH,COOH ’ 360 dm®
NOg;
Nickel. Magnesium nitrate 2
Ni 0,59 0,48 - 3
Mg(NO3)26H,0 1672 dm
Acetic acid. o1 Nickel nitrate 360 CO2
CH3COOH" ’ Ni(NO3)6H,0 ’

"Sodium hydroxide and acetic acid used in the recycle.
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The economic efficiency of the developed process is ensured by the
reduction in production costs by 30 %, which is 195.2 thousand rubbles per year
(in 2010 prices), compared to the existing conventional method of preparing the
catalyst by the “wet” combustion and a significant reduction in the cost of waste
disposal.

Conclusion

Thus, we have developed the method and technological scheme of
synthesis of ultramicrodispersed nickel oxide powder on the sinusoidal
alternating current with frequency of 20 Hz, current density of 2.5 A/cm’
(asymmetry current 2.5:1) and ultrasound exposure of 17 M NaOH at 343 K,
that reduces the environmental burden of production of carbon nanomaterials by
catalytic pyrolysis of hydrocarbons, eliminates the emission of pollutants, and
reduces the cost of the desired product by 30 %, compared with the existing
conventional method for preparing a catalyst by “wet” combustion, and
significantly decreases the cost of waste disposal.

The work carried out within the framework of the analytical departmental
target program "Development of Scientific Potential of Higher Education for
2006-2008" (PHII 2.1.1 1635) and the Federal Program "Scientific and
scientific-pedagogical personnel of innovative Russia" for 2009-2013
(TK Ne [11146, TK Ne 14.740.11.0376).

We gratefully acknowledge Professor A.B. Kilimnik for the generous
assistance in conducting experiments and discussing the results.
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DJIeKTPOXHUMHUYECKH A CHHTE3 YIbTPAMUKPOIUCIEPCHOT 0
MOPOIIKA OKCHAA HUKEJISI — MYyTh CHHKEHUS IKOJIOTHYeCKOH
HArpy3KH NMPOU3BOJCTBA YIJEPOIHBIX HAHOMATEPHAJIOB

E.1IO. Hukudoposa, /I.B. O6pa3zuos

@I'BOY BIIO «Tambosckuii 20cyoapcmeeHtblll mexHU4ecKutl
YyHugepcumemy, 2. Tambos

KuroueBble cjioBa u (ppasbl: THUIPOKCHI HATPHUS; OKCHUI HH-
Kelld; MEPEeMEHHBIH CHHYCOUNAIbHBIM TOK; YIJIEPOJHOE HAHOBO-
JIOKHO.

Annotanus: [TokazaHa BO3MOXHOCTh 3HAUUTEIBHOTO CHUXKE-
HUS MaTepHaIbHBIX 3aTPAT U KOJUYECTBA MOJIOTAHTOB 3a CUET IPH-
MEHEHHSI JIEKTPOXHUMHUYECKOTO METOJla CHHTE3a YIbTPaMHKPOIMC-
IIEPCHBIX MOPOIIKOB OKCHJIA HUKEJIS HA TIEPEMEHHOM TOKE. Y CTaHOB-
JIEHO BIJIMSHUE YacTOThl MEPEMEHHOI0 CHHYCOMIAIBHOIO TOKa M
KOHIEHTpAIlMM pacTBOpa Ha CKOPOCTb CHUHTE3a YIBTPAMHKPOIMC-
NIEPCHOTO TMOPOIKa OKcuaa Hukens. [IpuBeneHbl 3G GeKTHBHBIEC pe-
JKUMBI CUHTE3a YIBTPAMHUKPOAUCIIEPCHOTO IOPOLIKA OKCUA HUKEJS.
UccnenoBanbl (hU3NKO-XMMUYECKUE XapaKTEPUCTUKU I1OJIyYEHHBIX
YIBTPAMHUKPOIMUCIIEPCHBIX TIOPOLIKOB OKcHaa HuKensd. Omnrcana Tex-
HOJIOTMYECKAsi CXEMa MIPOU3BOJACTBA YJIBTPAMUKPOIUCIEPCHOIO II0-
pOIIKa OKCHJA HUKENS C 3aMKHYTBIM IIMKJIOM HCIOJB30BaHUS BOIBI
1 PEarcHTOB, U MOATBEPKIEHA BO3MOXHOCTh €TI0 HCIOJIB30BaHUS B
KATAJIMTUYECKOM CHHTE3€ YIVIEPOIHBIX HAHOBOJIOKOH.

© E.JO. Hukudoposa, /I.B. O6pa3sios, 2012
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