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Summary:

Introduction/purpose: Ultrasonic spray pyrolysis (USP) is usually used for
the preparation of submicronic and nanosized gold powders. This is a
simple method for a synthesis from an aerosol containing dissolved
metallic salts such as gold chloride, gold nitrate, and gold-acetate,
obtained in the ultrasonic field using frequencies ranging from 0.8 to 2.5
MHz.

Methods: The USP method combines aerosol formation in an ultrasonic
field, transport of an aerosol with a carrier gas to the reactor and final
reduction of HAuCl,; with a used gas such as hydrogen and carbon
monoxide. The thermal decomposition of gold acetate takes place in a
neutral atmosphere such as nitrogen and argon at elevated temperatures.
The chemical reduction of HAuCl, takes place in the aqueous phase using
sodium citrate and sodium boride after heating water solution.

Results: Powders of gold were obtained at room temperature using
hydrogen reduction in an ultrasonic field at room temperature from HAuCl,
using a frequency of 0.8 MHz. The obtained gold particles were analysed
using scanning electron microscopy (SEM) and energy disperse
spectroscopy (EDS). The formed particles are round and agglomerated.
An increase in temperature to 260°C and 500°C leads to the formation of
spherical and cylindrical gold particles.
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Prizma Company, Kragujevac, Serbia, for their continuous support in the synthesis of
nanosized gold particles and for their permission to use some photos from their
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experimental setup.
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Conclusion: New improved equipment for an ultrasonic spray pyrolysis
synthesis of gold powder from HAuCl, with hydrogen reduction was
offered by PRIZMA, Kragujevac, Serbia, enabling a controlled reduction
process with better prevention of piezo transducers in an ultrasonic field
and increased aerosol production and its transport to the reaction furnace.
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Introduction

Various strategies are used for the synthesis of gold nanoparticles.
Traditionally, physicochemical techniques have increased environmental
concerns due to the reduction of metal ions followed by surface
modification, toxic compounds added for stability, and dangerous by-
products. The currently used nanoparticle synthesis based on chemical
and physical methods at high temperature and pressure values, with
reduced introduction of stabilizing agents, asks for a new nanoparticle
synthesis based on improved ultrasonic spray pyrolysis of water solutions
at a room temperature and atmospheric pressure, in the presence of
some additives and stabilizing agents. A green synthesis method
provides a faster metallic nanoparticle production by offering an
environmentally friendly, simple, economical, and reproducible approach.

Gold as a noble metal has resistance to corrosion and it is mostly
used in jewellery and currency. Schmid and Corain (2003, pp.3081-3098)
studied the synthesis, structures, electronics, and reactivity of gold
nanoparticles. Both physical and chemical methods are usually used in
order to produce gold nanoparticles. A decrease in the size of gold
nanoparticles had dramatic consequences on their physical and chemical
properties.

Gold nanoparticles can accelerate the oxidation processes better
than micron-sized ones (Bond, 2008, pp.235-241). Examining the
published results and especially the patents granted before 1978 reveals
frequent observations of the potential of gold as a catalyst. (Qi, 2008,
pp.224-234) reported the production of propylene oxide over nanosized
gold catalysts in the presence of hydrogen and oxygen. Polte et al (2010,
1296-1301) reported the mechanism of gold nanoparticle formation in the
classical citrate synthesis method derived from coupled in situ XANES
and SAXS Evaluation. The same method was used by Turkevich in 1953
(Turkevich et al, pp.670-673). This method confirmed good quality control
of the particle size, in the range between 22 and 120 nm. A big
disadvantage of the citrate method is that high excess remains in the
final solution. The residual citrate and sodium in the solution, acting as a
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passivation layer on the surface of nanosized gold, reduce the
effectiveness of surface functionalization with other biological markers.
The efficient recovery of scraps and wastes in gold jewellery
manufacture is a vital component of a profitable manufacturing business,
irrespective of whether it is a large factory or a small, traditional
workshop (Corti, 2002, pp.111-130). Possible techniques for gold
purification contain: 1) cupellation, 2) Miller chlorination process, Wohlwill
electrolytic process, 3) Fizzer cell, 4) solvent extraction, 5) Aqua regia
process, and 6) pyrometallurgical process. The process for recovering
gold from a chloride solution involves adding finely divided activated
carbon to the solution for the reduction of gold metal and subsequent
absorption of gold metal by carbon (Piret et al, 1977). The most used

methods for the synthesis of gold powder are presented in Table 1.

Table 1 — Most used methods for the synthesis of gold powder
Tabnuua 1 — Haubonee pacripocmpaHeHHbie Memodbl MOy4YeHUs1 30/10MOo20 NMopowKa
Tabena 1 — Hajyewhe kopuwheHe memode 3a cuHme3y ripaxa 00 3nama

Author Method Precursor aRgeg:tcmg Particle Size (nm)
(Schmid & Corain,
2003, pp.3081- Reduction HAuCl4 P Spherical
3098)
(Polte et al, 2010, . - Spherical
pp.1296-1301) Reduction | HAuCl NasCeHsO7 | - below 100 nm
Precious metal
Reduction containing - Agglomerated
(Piret et al, 1977) N . Zn, Fe irregular form
precipitation | chloride
- above 1000 nm
leach
(Young et al, . Spherical
2011) Reduction HAuCl, CO 2:100 nm
(Treguer- -Non-spherical
Delapierre, 2008, Reduction HAuCl, NaBH4 -below 100 nm
pp-195-207)
. Water solution .
(Rudolf et al, lSJIt::sonlc after dissolution ;:S“Fr)] Zerirg;?l’
2012, pp.595-612) | SPray of jewellery Hz Y ’
pyrolysis scrap in triangular
&reduction P - below 100 nm
HNO3/HCI
(Turkevich et al, Reduction in .
Spherical
1953, pp.670-673) | an aqueous HAuCl, NazCsHs07
phase 20-150 nm

Young et al (2011) reported on a successful hydrometallurgical
production of nanosized gold from HAuCl, using carbon monoxide gas as
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a selective gold precipitating agent. The size of gold nanoparticles is
adjustable from 4 and 100 nm by altering the concentration of HauCl,
and the inlet carbon monoxide injection flow rate. Fast synthesis rates at
room temperature ease tunability and the absence of cytotoxic by-
products allows these CO-based gold nanoparticles to be optimized and
readily produced for biomedical and industrial application.

The development of a colloid chemistry route continues to be
essential for the synthesis and manipulation of anisotropic gold
nanoparticles, with the major requirements already demonstrated by
Tréguer-Delapierre et al (2008, pp.195-207), such as the control of the
nuclei shape and the growth on specific facets. A key feature of non-
spherical nanoparticles is that their optical properties vary dramatically
with their physical dimensions. In contrast to gold spherical
nanoparticles, their resonance frequency is tuneable over a wide range
from blue to near infrared and enables one to set the surface plasmon
resonance to a wavelength or spectral region specific to a particular
application. Together with a high degree of biocompatibility of gold, these
structures show potential in a wide variety of biological applications
(Rudolf et al, 2012, pp.595-612). Spherical, round and -cylindrical
nanosized particles of gold were synthesized by ultrasonic atomization of
chloride-nitrate solutions based on gold from jewellery scraps and an
alloying element (Cu, Ag, Zn, In, and Ni). A subsequnt decomposition of
the obtained solution at temperatures of 300°C and 800°C in hydrogen
and nitrogen atmospheres was performed. The aerosols produced by the
resulting frequencies of 0.8 and 2.5 MHz were transported by a carrier,
mostly a reduction gas, into a hot reactor, where aerosol droplets
undergo drying, droplet shrinkage, solute precipitation, thermolysis, and
sintering to form particles with different forms.

The gold formation from HAuCI, takes place in two steps (Stopic et
al, 2013, pp.577-583) using ultrasonic spray pyrolysis:

First step:2 HAuCl, = Au,Clg + 2 HCI (2)
Second step: Au,Clg + 3 H, = 2Au + 6 HCI (3)

Under the spray pyrolysis conditions, hydrogen was passed
continuously through the quartz tube (1= 1.0 m, b= 20 mm) at a flow rate
of 1 I/min. Then, atomized droplets of the solution from gold auric acid
were transported further by hydrogen to the furnace for the subsequent
reduction of gold chloride at a different reaction temperature between
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260°C and 500°C. After the completed reduction process, the obtained
gold nanopowder was collected in a reaction tube and in two bottles with
ethanol and water. The presence of triangular, rounded, and irregular
particles revealed that the synthesis of gold nanoparticles is possible at
temperatures lower than the melting point of gold.

On the other hand, both the methods and the parameters for the
synthesis depend on the available equipment capable of supplying
suitable conditions for ultrasonic spray pyrolysis and a subsequent
treatment of the prepared powder. Kozhukharov and Tchaoushev (2013,
pp.111-118) showed a basic construction of the equipment for spray
pyrolysis in a vertical chamber, a horizontal chamber and a chamber for
film deposition. The horizontal construction permits the separation of
drops and particles based on their size. The basic operation units of each
spray pyrolysis installation, regardless of its construction, are a spray
nozzle or a nebulizer, a heat source and a product collector or a
substrate for deposition. The employment of an ultrasonic nebulizer
instead of a conventional nozzle enables production of nanomaterials in
a form of monodispersive fine powders with easy particle size control by
the variation of the ultrasound frequency and the concentration of water
solution.

The present work is our attempt to summarize the basic parts and
types of equipment as well as the conditions for the preparation of gold
nanoparticles using ultrasonic spray pyrolysis. Regarding the very acidic
and corrosive properties of a precursor solution such as HAuCl,4, the aim
is to propose new equipment for an environmental friendly process for
the synthesis of gold nanoparticles aiming for a continuous process in
laboratory conditions with on-line control of an injection of precursor,
level of liquid in an ultrasonic atomizer and improved transport with
increased residence time in the reactor.

Laboratory scale horizontal USP equipment without a
furnace

The experimental setup for the synthesis of nanogold particles is
shown in Figure 1. The proposed equipment contains a gas station for
hydrogen (a bottle with hydrogen and a flowmeter with a connection), a
thermostat and an ultrasonic spray pyrolysis generator, as shown in
Figure 1.
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Figure 1 — One step USP lab-scale horizontal equipment
Puc. 1 - NopusoHmarnsHoe ycmpolicmeo 071 osy4eHus rnopowka nymem
00HOWa208020 yrbMpPa3ssyKoe8o20 pacribiieHUs pacmeopa
Cnuka 1 — Xopu3soHmarHa anapamypa 3a CUHme3y rpaxosa ynmpasgyyHum
pacnpwusar-eMm pacmeopa y jeOHOM KopaKy

The thermostat is responsible for the prevention of overheating of
the piezo transducer. Our first results are related to a new study of the
preparation of gold nanoparticles from gold auric acid (1 g/L) by
ultrasound-assisted reduction using 0.8 MHz at room temperature in
hydrogen (a flow rate of 2 I/min) in the absence of a reaction furnace.
These first results have confirmed the formation of gold nanoparticles
under the above mentioned conditions, as shown in Figure 2, where a
scanning electron microscope (ZEISS DSM 982 Gemini, Carl Zeiss
Microscopy GmbH, Oberkochen, Germany) was used for the
characterization of the obtained gold powders. The SEM images were
used to observe the surface morphology of the particles formed at
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different parameter sets. The qualitative characterization of the impurity
level was performed by the energy disperse spectroscopy (EDS) analysis
with an Si(Bi) X-ray detector connected to the SEM and a multi-channel
analyser.

Au

L A
N —

— 1.Iﬂl'l 2.Iﬂl'l 3.Iﬂl'l 4.l"ll'l S.hﬂ ﬁ.hn T.hﬂ ﬁ.hﬂ Q.Inﬂ 1ﬂl.ﬂl'l 11I.ﬂl'l 12I.l'll'l 13I.l'lﬂ
SE 150KV ¥50000 100nm WD 9.8mm Energy - keV

Figure 2 — SEM and EDS analysis of the gold particles obtained in the ultrasound field at
room temperature
Puc. 2— COM u OSPC aHanu3 30/10mbixX MOPOWKO8, M0/1y4EHHbIX 8 YIbmpa3gyKoeom
rosne rpu KoOMHamHolU memnepamype
Cniuka 2 — CkeHupajyha eflekKmpoHcKa MUKpOCKoriuja u eHepaemcka ducrep3usHa
criekmpocKoruja npaxoea 3nama 00bujeHUX y ynmpa3sey4YHoOM Mosby Ha CObHOJ
mewmnepamypu

These results confirm that ultrasound can induce the reduction of
HAuCI, with hydrogen. This study has to establish the current limitations
of this induced synthesis. The relationship between the ultrasound
frequency and the produced nanoparticles will be investigated in order to
explain this phenomenon. Kinetic studies of the reduction of Au(lll)
complex ions and the gold nanoparticle formation with hydrogen at room
temperature will be studied. The rate law and the rate limiting step will be
established. The Finke-Watzky Two-Step Nucleation—Autocatalysis
Model will be studied for gold nanoparticles. The two-step particle
synthesis mechanism, also known as the Finke—Watzky (Watzky &
Finke, 1997, pp.10382-10400) mechanism, has emerged as a significant
development in the field of nanoparticle synthesis. It explains a
characteristic feature of the synthesis of transition of metal nanoparticles,
an induction period in the precursor concentration followed by its rapid
sigmoidal decrease. The two-step mechanism considers slow continuous
nucleation and autocatalytic growth of particles directly from the
precursor as its two kinetic steps.
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Laboratory scale horizontal USP equipment with a
furnace

In order to improve the gold preparation by USP and hydrogen
reduction, an additional furnace was used in the experimental set, as
shown in Figure 3. With a concentration of gold in auric acid of 1.25 g/L,
temperature of 260°C and 500°C, a hydrogen flow rate of (2 L/min), and
an ultrasound frequency of 0.8 and 2.5 MHz, the obtained particles have
cylindrical and spherical forms, as shown in Figure 4. (Dittrich et al, 2011,
pp.1065-1076)
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Figure 3 — Schematic drawing of the experimental apparatus for the synthesis of gold
nanopatrticles from a gold-chloride solution
Puc. 3 — Cxema skcriepumMeHmarnbHo20 ycmpoticmea 0r1si u3enedyeHus HaHo4acmuy,
30/10ma u3 pacmeopa xropuda 30/10ma
Cnuka 3 — LLlemamcku npuka3 ekcriepuMeHmarsiHe anapamype 3a cuHmesy
HaHoYecmuya 3rnama u3 pacmeopa 3ramo-xnopuda

Three most important components of the USP equipment contain: 1)
aerosol production in an ultrasonic field, 2) aerosol transport to the
reaction furnace and the reduction of HAuCl, to Au, and 3) collection of
gold particles in water and alcohol with its stabilization.
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Figure 4 — Gold nanoparticles produced by USP (T=260°C, 2.5 MHz)
Puc. 4 — HaHowyacmuupbl 3051oma, rosy4YyeHHble yibmpaseyKo8biM pacrbiieHuem
pacmeopa (T=260°C, 2.5 MHz)
Cnuka 4 — HaHo4yecmuuye 3rama rpousgedeHe ynmpassyyHUM pacrpuiusarb-em
pacmeopa (T=260°C, 2,5 MHz)

The big disadvantage of this process is frequent destruction of the
piezo-transducer in contact with an acidic solution in the ultrasonic
generator during aerosol production. This problem becomes very urgent
for the solution obtained from secondary sources based on the
dissolution of jewelry scraps in a high acidic solution of aqua regia, where
the solution pH-Value is negative and the gold concentration is higher
than 20 g/I. The losses of aerosol were detected during aerosol transport
to the reactor. A higher flow rate of the carrier gas brings better transport
of aerosol to the reactor furnace, but the residence time is shorter.
Finally, collection of gold nanoparticles using either an electrofilter or a
wet scrubber system is an open question for the future work in order to
increase collection efficiency. A fully controlled process with an
continuous injection is of the highest challenge in particular.

Improvement of the horizontal USP equipment

Regarding the previously mentioned disadvantages of the USP
processes, some improvements are required and achieved firstly for the
aerosol production using a new ultrasonic atomizer: PROFI SONIC and
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PRIZNano, Kragujevac, Serbia. The main aim is to enable
environmentally friendly aerosol production in an ultrasonic generator.

PROFI SONIC ultrasonic generator

Aerosol production from water solution was performed using the
ultrasonic nebuliser (power: 55 W), PROFI SONIC, PRIZMA Kragujevac,
transmitting the energy of ultrasonic vibrations (ultrasonic frequency of
1.7 MHz) from the vibrator located at the bottom of the water tank into
water, as shown in Figure 5. Ultrasonic vibrations are transmitted to the
medication cup (volume of 300 ml) through water in the water tank.
Ultrasonic vibrations emit medication from the medication cup (like a
fountain) and it is dispersed as aerosol. The air from the fan carries this
nebulised medication out of the medication cup. The maximum
production of aerosol amounts to 3 ml/min with a droplet size between
0.5-5 ym. The operation temperature is between 15 and 40°C. This
ultrasonic generator allows the water solution of metallic salt to be
separated from the piezo transducer, and protected during this work. This
atomizer has also a control unit and a possibility to monitor the required
time for the production of an aerosol.

FRILNES
=! B
w’
@

Figure 5 — Principle of aerosol production with an ultrasonic atomizer
Puc. 5 — MpuHyumn nonyyeHuss aspo30sis C MOMOWbIO yIbmpa3syKo8o2o pachbinumers
Cnuka 5 — MpuHyun npou3eodre aepocona ca ynmpa3syyHUM amomu3epom

PRIZNano Generator

The usage of three piezo-electric crystals with a frequency of 1.7
MHz guarantees a large atomization capacity up to 1.2 I/h, which
provides the production of large quantities of aerosol, ideal for
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independent use (humidification of large spaces) or, in a combination
with other systems, for the production of nanoparticles, as shown in
Figure 6. The result of new development by PRIZMA, Kragujevac,
Serbia, is a compact PRIZnano ultrasonic pyrolysis generator with the
dimensions of 300x300x450 mm and a weight of 3 kg. The atomizer can
be powered from an AC power supply of 110 V to 240 V, 50 Hz or 60 Hz,
and the maximum power consumption is 150 W. This generator was
successfully used for the synthesis of metallic and oxidic particles at the
RWTH Aachen University. Then, this PRIZNano is connected with a
control unit as shown in Figure 6, which regulates the operation of each
of three transducers. A flow meter is especially installed at an ultrasonic
atomizer for the carrier gas. A special sensor is added for monitoring the
solution level in the ultrasonic atomizer in order to prevent destruction of
piezo transducers through the total consumption of the studied solution.
The second sensor is responsible for the continuous injection of the
solution in time. This type of generators does not use additional
thermostats for cooling the solution in the ultrasonic atomizer. A special
electronic unit controls the operations of all three piezo transducers in
time, solution injection, and aerosol production power, as shown in
Figure 6 (right). In contrast to the most frequently used GAPUSOL, RBI,
France, this ultrasonic atomizer has shown many advantages (corrosion
resistance, aerosol production and its transport, better control of
transducer operation, and continuous solution injection).

I w—

Figure 6 — PRIZNano aerosol generator, Kragujevac, with the electronic control unit
Puc. 6 — N'eHepamop asposonel NPU3HaHo, 2. Kpazyeesau, ¢ 351eKmpOHHbIM 6510KOM
yrnpasneHusi
Cnuka 6 — l'eHepamop aaepocona PRIZnano ,lMpusme” u3, Kpazyjesua, ca KOHMPOITHOM
€/1eKMPOHCKOM jeOUHULU0M
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The first measurement of the production and transport of aerosol in
a PRIZNano generator from the water solution using different flow rates
is shown in Figure 7.

Transport of aerosol of H,O
1 hour, power (97%), 3 x 1.7 MHz

400 -

300 ~ /
200 4

100 - ~

transported volumen of aerosol
{ml/hour)

0 1 2 3 - 5 6 7 8 9 10 11

flow rate of air (I/min)

Figure 7 — Transport of aerosol depending on the air flow rate
Puc. 7 — lNepemeuweHue aspo30ss 8 3agucuMocmu om pacxoda 8o3dyxa

Cnuka 7 — lNpeHowere aepocorna y 3agucHocmu 00 rnpomoka ea3dyxa

As shown in Figure 7, an increase in the flow rate increases the
transport of aerosol.

The maximal transport is 330 ml in 60 min using 10 I/min.

Improved horizontal USP setup

Based on the previously mentioned improvements, new horizontal
USP equipment was installed at PRIZMA, Kragujevac, Serbia.
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Figure 7 — Improved USP Setup: a bottle with HAuCl, solution (yellow color), a peristaltic
pump, an ultrasonic atomizer (f=1.7 MHz), an electronic unit with on-line process control,
a quartz tube, a horizontal furnace and a bottle with water for the collection of gold
nanoparticles (purple color, particle size approx. 50-80 nm)

Puc. 7 — Yny4yweHHoe ycmpolicmeo yrbmpasgyKoeo2o pacribiiumeris: 6asnioH ¢
pacmeopom HAuCly (xenmbil ugem), winaH208bIl Hacoc, yrbmpasgyKkoeol
pacnsinumens (f = 1,7 MI'y), anekmpoHHbIl 6510K yripasneHusi, keapyesasi mpybka,
20pu3oHmMarnbHasi ne4s u 6asnnoH ¢ 8o0ol Orisi U3eieyeHuUsi HaHo4acmuy 3o/0ma
(¢puonemosniti ysem, pazamep Yacmuy, okoso 50-80 Hm)

Cnuka 7 — lNobosbwaHa onpema 3a cuHme3sy rpaxosa yrmpa3ssyyHUM pacrpuiugarem
pacmeopa: boya ca pamsopom HAuCl,, (kyma 60ja), nepucmamudyka nymna,
ynmpassyyHu eeHepamop (cbpekseHua 1,7 MHz), enekmpoHrcka jeduHuya ca
HerpeKkuGHOM KOHMPOJIOM fpoueca, KeapyHa ues, xopudoHmarsnHa neh u 6oya ca eodom
3a caKyrn/bake HaHodYecmuuya 3rnama senuduHe npubnuxHo usmehy 50 u 80 nm
(mbybuyacma 6oja)

The advantages of new USP equipment:

- On-line control of the liquid level in the ultrasonic atomizer,

- Continuous injection of the solution into the ultrasonic atomizer,

- Better protection of the piezo transducer, because a separate
bottle with HAuCI, solution prevents contact with the piezo
transducer and its destruction,
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- Higher aerosol production and its transport to the furnace in order
to decrease losses of aerosol,

- Full control of aerosol production using three transducers (f=1.7
Mhz) via the electronic unit,

- Improved collection of powder using a newly constructed
electrofilter which is not presented in this work but is available as
part of this USP equipment constructed by PRIZMA, Kragujevac,
Serbia.

Conclusion

A critical analysis of the state of the art in preparation of nanosized
gold particles using different reducing agents such as sodium citrate,
sodium boride, zinc and iron powder, carbon monoxide, hydrogen, and
phosphorus, producing spherical, cylindric and agglomerated gold
particles, has made ultrasonic  spray pyrolysis a  highly promising
method. The use of gaseous reducing agents such as hydrogen and
carbon oxide leads to the synthesis of gold particles using reduction at
room temperature. An increase in temperature between 260°C and
500°C supports the formation of spherical and cylindrical particles. New
horizontal USP equipment offers many advantages in order to obtain one
continuous controlled process, which is missing in the production of
nanogold particles. Because of their very low production rate, USP
processes are not industrially developed in comparison to traditional
primary metallurgy for gold production. Therefore, scaling up these USP
processes is a big challenge in the future related to the synthesis of
nanogold.
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COBEPLIEHCTBOBAHWE YIIbTPA3BYKOBOI'O PACIILINIEHUA
AnA U3BNEYEHNA HAHOYACTWL, 3OJTIOTA

Cpeuko P. Ctonny, koppecnoHaeHT, 6epHO . Ppugpux

TexHnuyeckuit yHuBepcuTeT ropoga AxeH,

MHCTUTYT MeTannypru4yecknx NpoLeccoB U peLuKMpoBaHusi MeTarsos,
r. AxeH, PepepatueHas Pecnybnuka MepmaHus

PYBPUKA M'PHTU: 61.00.00 XUMNYECKAA TEXHONOTIMA. XUMUYECKAA
MPOMBIWIIEHHOCTb:
61.13.21 Xvimuyeckne npouecchl

BWO CTATbW: opurmHansHas Hay4Has ctaTbs

Peswome:

BeeneHue/uens: Yrbmpa3sykogoe pacriblieHue 0bb/4HO UCMob3yemcsi
0ns1 nMonyYeHus1 CyOMUKPOHHbBIX HaHoYacmuy, U HaHoYacmuy, 3orioma ¢
MOMOWbIO  YIIbMPassyKo8o2o pacrbiiumerns. 3mo npocmol mMemod
cripeli-nuporu3sa, codepxxawieao Colu Memarios, makux Kak: X/opud
30/10ma, HUmpam 30/10ma u auemam 30/10ma, Komopble 06pa3yromcsi 8
yribmpasgykogom riosie ¢ Yacmomamu om 0,8 do 2,5 My,

Memodbi: B yrnbmpa3sgykosom pacribiiieHuu codemaemcsi obpasosaHue
aspo30/sisi 8 OOHOM YIbMPa3gyKoBOM r10/1e C €20 MepeMewieHUeM 8
peakmop ¢ ucriofnib3oeaHueMm 2asa-Hocumernsi USP u okoHyamesibHoe
80ccmaHoerieHUe € ucriofib3o08aHuemM eodopoda usu  MOHOOKcuda
yanepoda. TepMmudyeckoe pasfioxeHue auemama 30/10ma rnpoucxooum 8
HeldmparnbHolU ammocghepe, makol Kak a3om U apaoH, npu rnoebIUEeHHbIX
memrepamypax. NosbilweHue memrnepamypbi eoccmaHoeneHusi 00 260
u 500 ° C npueodum k obpa3osaHUO UYUIUHOPUYECKUX U CehepuyecKux
Yacmuuy. Xumudeckoe eoccmaHoerieHue rnpoucxodum e 8o0Hol ¢hase ¢
ucriofie308aHUeM yumpama Hampusi u bopuda Hampusi rocre
HazpesaHUusi pacmeopa.

Pesynbmamsi: 3onomabie nopowku 6biu nosyqYeHb! rnpu KOMHamHou
memrnepamype 8occmaHoerieHueMm 8000po0OM 8 YIbmpassyKo8oMm
rnone npu KoMHamHoU memnepamype u3 pacmeopa HAuCl, c¢
yacmomol ynbmpa3ssyka 0,8 MIy. llonydyeHHble 4Yacmuuybl 30110ma
aHanu3upoeanucb € OMOWMbI0  CKaHupyrowel  37eKmpOoHHOU
Mmukpockoriuu  (COM) u 3sHep20duCcrepCcUoOHHOU pPEeHM2eHO8CKOU
crnekmpockonuu  (3PC). ObpasosaHHble  aarioMepupO8aHHbIE
yacmuuybl umetom cghepudeckyro ¢popmy. lNosbiwieHUe memnepamyps!
0o 260 ° C u 500 ° C npusodum k obpasosaHuio cghepudecKux u
YUIUHOpUYECKUX Yyacmuy, 30/10ma.

Bbigeodbl:  Hosoe  ycosepuwieHcmgogsaHHoe  obopydosaHue — Ons
u3sernedyeHusi 30/10ma fymem yJrbmpa3sgyKo8o20 pacribifieHUsi pacmeopa
HAuCI, u eoccmaHogrieHusi 8000p000oM bbInio rPedrioXeHO KomraHueu
PRIZMA, ea. Kpaeyesau, Pecnybnuka Cepbus, 4mo ro3eosnsgem
KOHMpOouposame npouyecc c nyqwed 3awumodi
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nbesonpeobpazoeamersi 8 yrbmMpasgykogoM rlofie U yeenudusams
obpa3osaHue as3po307isi U €20 MepemMeLeHUe 8 PeaKyUOHHYIO Meyb.

Krtouegble criosa: 30710mMo, COBEpLUEHCMBO8aHUe, Yilbmpa3sgyKoeoe
pacribiieHue, CUHMe3.

HAMPEOAK Y YNTPASBYYHOM PACIPLUMBAHY 3A CUHTE3Y
HAHOYECTULA 3NATA

Cpehko P. Ctonuh, ayTop 3a npenucky, 5epHd I'. ®puapnx

TexHnukn yHuBepaunTeT y AxeHy, IHCTUTYT 3a npouecHy MeTanyprujy u
peunknupake metana, AxeH, CaBesHa Penybnuka Hemauka

OBNACT: xemujcke TexHornoruje
BPCTA YJTAHKA: opyruHanHu Hay4Hu pag

Caxemak:

Yeod/yurb: Ynmpa3sey4yHo pacrnpuiusarbe 06U4YHO je KopuwheHo 3a
npuripemy Cy6MUKDPOHCKUX U HaHoyecmuua 3rama. To je jeOHocmasHa
Memoda cuHmMe3e U3 aepocosia Koja cadpXXu MemarsiHe Cosu Kao Wmo cy
3/1amo-x/1o0pud, 31amo-HUmpam u 3ramo-ayemam, Koju cy ghopmupaHu
y yrimpa3sey4HOM rosby ca ¢hpekeeHyujama usmedjy 0,8 u 2,5 MHz.

Memode: Ynmpasgy4Ho pacripwueare KoMbOuHyje ¢hopMupaH-e
aepocora y jeGHOM yrmpa3gy4yHOM M0oJsbYy ca H-e208UM MPaHCIOPMOoM Y
peakmop kopuwherem Hocehez 2aca USP u 3aspwHoM pedyKyujom
rmomohy eo0oHuUKa unu yarbeH-MoHoKcuda. [Jo mepmuykoz pasrazar-a
3namo-auemama doriasu y HeympasiHoj ammocrighepu Kao Wwmo je asom
U apeoH Ha MosuweHUM memrepamypama. Yeehawe memrnepamype
pedykuuje 0o 260°C u 500°C eodu 0o dobujarba YUMUHOPUYHUX U
copepHUx Yecmuua. Xemujcka pelykyuja Oewaea ce y 600eHOj hasu
KopuwheweM  Hampujym-yumpama U  Hampujym-6opuda  HakoH
3azpesarba pacmeopa.

Pesynmamu: [lNpaxosu 3nama 0obujeHu cy Ha CObHOj memnepamypu
Kopuwherem pedykuuje 8000HUKOM y jeOHOM yrimpa3ey4yHOM ro/by Ha
cobHoj memnepamypu u3 pacmeopa HAuCl, npu dbpekeeHUyU
ynmpa3ssyka 00 0,8 MHz. [JobujeHe Yecmuuye 3rama aHasusupaHe cy
CKeHupajyhom enekmpoHckoM Mukpockonujom (CEM) u eHepeemcku
Oucniep3usHom criekmpockonujom (ELJC). Ob6pasosaHe yecmuue cy
chepHe u azriomepucaHe. Yeehare memnepamype do 260°C u 500°C
800U 00 ghopmupar-a cehepHUX U UUMUHOPUYHUX Yecmuua 31ama.

Bakrbyyak: Hogy noborbwaHy onpeMy 3@ CuHmesy  3nama
yrnmpa3sey4YHuUM pacrnpuwusaem pacmeopa HAuCl, u pedykyujom
8000HUKOM roHyduna je ,[lpusama” u3z Kpazyjesua (Cpbuja). OHa
omoeyhasa KoHmMporsucaH npouec ca 60/bOM 3amumumoM fnpemesapaya
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y ynimpa3agy4HoM rosby U yeehaHoM Mpou3800H-0M aepocosia U he208um
MpaHCropmom y peaxuuoHy reh.

KJ'by'-IHe peyu. 3r1amo, HanpeOaK, ynmpasaegy4Ho pacripuwusame,
CUHMe3a.
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