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1. Introduction

The type of fuel used for catalytic combustion plays 
an important role in creation of environmentally friendly 
catalytic heat generators (KHG). Most catalytic heaters 
tend to use hydrocarbons. However, the disadvantage is that 
they require preheating of a catalyst before any combustion 
occurs. In addition, such generators emit unoxidized hydro-
carbons, thus, they contaminate a fuel storage area of KHG 
with unoxidized hydrocarbons. Therefore, construction of 
such KHG is undesirable in modern cities with increased 
requirements for environmental safety.

We can use available alcohols such as methanol, etha-
nol, and isopropanol, as fuel in KHG. The problem of the 
use of methanol is that its efficiency is highly dependent 
on a nature and type of a catalyst. Methanol has a low 
enthalpy of combustion [1], which increases fuel consump-
tion for achievement of the required power levels. The 

use of ethanol as a fuel for KHG is promising, since it is 
relatively environmentally safe raw material. However, 
ethanol is a scarce product. Significant amounts of it serve 
as octane-increasing additives for petrol [2]. Creation of 
ethanol-based KHG can lead to a grain shortage, since 
most ethanols are produced of plant materials. The use 
of isopropanol as a fuel for KHG is promising, since this 
alcohol is made of propylene produced in FCC units of cat-
alytic cracking-fluid [3]. Development of a catalytic heat 
generator operating on isopropanol is an urgent scientific 
and practical task due to excessive production of propylene 
in FCC units and its relative availability [4]. Application of 
the method of aerosol nanocatalysis (AnC) to this process 
is promising, as it uses micro amounts of a catalyst under 
conditions of their mechanical-and-chemical activation 
(MCA). Therefore, it will give possibility to develop KHG 
technology, which is more beneficial in terms of energy and 
economics [5].
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Досліджено процес глибокого окиснення ізопропи-
лового спирту в умовах способу каталітичної дії, що 
має назву аерозольний нанокаталіз. Процес проводи-
ли в реакторі із віброзрідженим шаром каталітичної 
системи, що складається із порошку каталітично 
активної речовини Fe2O3 та диспергуючого матеріа-
лу. Дослідження проводяться з метою подальшої 
розробки екологічно чистого каталітичного гене-
ратора тепла, що працює за принципами нанотех-
нологій. Основними факторами, за допомогою яких 
здійснюється керування в методі аерозольного нано-
каталізу, є температура та механохімічна актива-
ція каталізатору. Саме механохімактивація дозво-
ляє регулювати режим віброзрідження каталітичної 
системи, керуючі селективністю каталітично-
го процесу для отримання необхідних продуктів. 
Модернізовано лабораторну установку для дослід-
ження хімічних процесів методом аерозольного 
нанокаталізу в віброзрідженому шарі каталітич-
ної системи під завдання глибокого каталітичного 
окиснення ізопропанолу. Проведено експерименталь-
ні дослідження із вивчення впливу температури на 
вміст оксиду вуглецю в газах окиснення, ступінь кон-
версії ізопропанолу та селективність процесу гли-
бокого окиснення. Показано, що практично стовід-
соткове окиснення ізопропанолу в СО2 в аерозолі 
наночасток оксида заліза досягається за темпера-
тури, що менша 630 С. При розробці майбутньої 
технології це дозволить застосовувати низьколего-
вані сталі та зменшить витрати на устаткування. 
Результати роботи дозволили визначити напрямки 
подальших досліджень для оптимізації параметрів 
керування процесом окиснення ізопропилового спир-
ту з метою його глибокого окиснення та отриман-
ня теплової енергії екологічним способом. Проведене 
порівняння деяких техніко-економічних показників 
нового процесу з технологіями, що застосовують 
гетеронегнно-каталітичне окиснення

Ключові слова: аерозольний нанокаталіз, меха-
нохімактивація, окиснення, ізопропиловий спирт, 
частота, каталітичний генератор тепла
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2. Literature review and problem statement

The process of deep oxidation of substance is a process 
of its complete combustion to carbon dioxide and water. The 
main negative factor for thermal combustion is high tem-
perature. Incomplete oxidation produces toxic products such 
as nitrogen oxides and carbon monoxide. It is expedient to 
use catalytic oxidation to avoid such consequences. Existing 
KHG units have a powerful system of cleaning of exhaust 
gas for a case of an unexpected change in mode. Catalytic 
oxidation reduces reaction temperature and energy of the 
process activation. According to the technological charac-
teristics, the catalytic combustion makes it possible [6]:

‒ to conduct the process at temperatures significantly 
below 1,200 °C, such temperature almost excludes formation 
of nitrogen oxides;

‒ to use highly active catalysts capable to ensure com-
pleteness of the catalytic oxidation;

‒ to control the process selectivity.
The best catalysts for the oxidation process are com-

pounds based on noble metals. They include platinum and 
palladium, their oxides and mixtures. In this case, it is pos-
sible to coat a porous carrier with platinum, as it is the most 
expensive metal. Thus, we can increase a specific surface of 
a catalyst. It is expedient to use aluminum or silica gel as a 
carrier, since they have certain microporosity [7].

Article [8] described the study of the oxidation of iso-
propyl alcohol in a microwave oven in a stationary bed of a 
granulated Fe3O4 catalyst. The article showed possibility of 
using of base metals as a catalyst. However, the technology 
consumes a large amount of catalyst.

Paper [9] described the study of the process of oxida-
tion of isopropyl alcohol in a quartz reactor in a fixed bed of 
NiFe2O4 catalyst. Authors noted that the process of complete 
oxidation goes at 250 °C. They also revealed that formation 
of acetone, as a by-product, is possible at lower temperatures 
(130–230 °C). Therefore, it is necessary to maintain the reac-
tion temperature above 250 °C. A preparation of a catalyst is 
a separate stage of technology, which requires increased costs, 
since it is necessary to coat a porous carrier with nickel. The 
available literature describes very few studies of the deep oxi-
dation process with the use of metal oxide catalysts. The lim-
itation for the use of such catalysts [10, 11] is that application 
of such materials as silica, aluminum, and zirconium oxide as 
carriers is inefficient at temperatures above 1,000 °C.

An important point in the development of deep catalytic 
oxidation technology is the correct choice of suiTable cata-
lyst under given conditions. However, existing technologies 
use catalysts applied on a porous carrier. They become in-
active under reaction conditions after some time. A catalyst 
based on noble metals is active longer than a catalyst based 
on other metals. However, its cost is very high.

The technology of aerosol nanocatalysis (AnC) solves 
this problem successfully. It uses a catalyst in a fine-dis-
persed state (aerosol) without a carrier [5, 12]. The basis of 
AnC technology is creation of a catalytic system, which con-
sists of catalyst particles and dispersing material. Chemical 
transformation occurs in an air-fluidized bed of a catalyst 
(AnCFB technology) or in a vibro-fluidized bed (AnCVB 
technology) of a catalytic system with continuous genera-
tion of catalyst nanoparticles in situ. According to earlier 
studies of AnC technology, researchers revealed the follow-
ing principles for the deep oxidation process [12]:

‒ use of Fe2O3 only as a catalyst, without a carrier;
‒ variation of reaction temperature in the range of 

400–600 °С;
‒ maintenance of the catalyst concentration at 5 g/m3 of 

a reaction volume;
‒ implementation of equally accessible catalyst surface 

for reagents;
‒ maintenance of uniform weight- and heat exchange 

mode in a reactor.
The authors proposed to choose an aerosol nanocatal-

ysis reactor with a vibro-fluidized catalyst bed. A device, 
which creates oscillations with an adjusTable frequency in 
a vertical plane, maintains such mode in a laboratory. In 
this case, catalyst particles become active in the reactor 
under the mechanical-and-chemical action of dispersing 
material of the catalytic system. They reach the aerosol 
state, which increases the specific surface. Thus, it is 
possible to achieve chemical reaction rates of the order 
of 109 mol per catalyst weight per unit of time, which is 
almost 106 times higher than reaction rates in traditional 
heterogeneous catalysis [12].

We compared using of a catalyst of noble metals [13] 
and complex chemical compounds [14]. And we can consider 
using of an aerosol of iron oxide catalyst as economically 
advantageous, since such a catalyst will be cheaper than 
usual catalyst applied to a carrier due to a smaller number of 
technological operations for its manufacture.

It is necessary to monitor scientific studies on the devel-
opment of design solutions for future technology, since the 
main purpose of the study on the process of deep catalytic 
oxidation of isopropanol under conditions of aerosol nanoca-
talysis is to create a catalytic heat generator, which operates 
with high economic and ecological efficiency.

Patent [15] described the invention. It was a spi-
ral-shaped reactor with a three-stage catalytic package 
based on Pd–Ge–Al2O3. Such a special design of the reactor 
and the complex composition of the catalyst made it possible 
to keep fuel in a rotating bed until its complete combustion 
at low temperatures.

Authors of paper [16] developed a design of a catalytic 
heat generator. The reactor operated on a heterogeneous 
catalyst based on CuCr2O4, Mn3O4 and La2O3 with a sub-
strate based on synthetic cordierite. The catalyst completely 
oxidized hydrocarbon materials and their mixtures at low 
temperatures.

Authors of work [17] studied a reactor with an air-flu-
idized bed of a catalyst used as a catalytic heat generator 
for combustion of solid fuels (carbon-containing materials). 
Article [18] described a reactor with an air-fluidized bed of a 
granulated catalyst used as a catalytic heat generator.

Authors of paper [19] considered a technology of aerosol 
nanocatalysis and the use of a reactor with an air-fluidized 
bed of a catalyst for disposal of industrial waste of various 
aggregative states.

We considered the existing methods of catalytic oxi-
dation of substances, and we noted that the study on the 
process of deep oxidation of isopropanol might be promising. 
Especially if we carry out the process applying a new tech-
nology of aerosol nanocatalysis, which will make it possible 
to obtain the final product in one run. Further, it is possible 
to apply the process of deep oxidation of isopropanol in cat-
alytic heat generators. Currently, the field is little studied, 
therefore, it is promising. 
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3. The aim and objectives of the study

The aim of this study is to identify patterns in the course 
of reactions of deep oxidation of isopropyl alcohol according 
to the technology of aerosol nanocatalysis in an apparatus 
with a vibro-fluidized catalyst bed. The identified patterns 
will give possibility to create a catalytic heat generator with 
enhanced economic and environmental parameters compar-
ing to the existing processes.

We set the following tasks to achieve the objective:
‒ to modernize the laboratory unit of aerosol nanocatal-

ysis for the catalytic oxidation process;
‒ to study the effect of temperature on the process of 

deep oxidation of isopropyl alcohol;
‒ to study the influence of intensity of mechani-

cal-and-chemical activation on the course of the oxidation 
process;

‒ to compare certain environmental and economic pa-
rameters of the process being developed with the existing 
technologies.

4. Description of a laboratory unit, methodology of the 
experiment and analysis of the experimental data

Papers [20, 21] described the principle of operation of a 
reactor with a vibro-fluidized bed of catalyst in detail [20, 21]. 
Fig. 1 shows a schematic diagram of the laboratory unit to 
study the process of deep oxidation of isopropyl alcohol.

The volume of the reactor was 40 cm3. It was necessary 
to prepare a catalytic system before the start of the experi-
ment. The system consisted of a dispersing material (glass 
beads with a diameter of 0.8 mm) and catalyst particles of up 
to 200 microns in size. The methodology of preparation of a 
catalytic system is the same for any process. Paper [21] de-
scribed it. Next, we had to load the catalytic system into the 
reactor and to turn on heating. The vibrating device turned 
on to create a vibro-fluidized state in the reactor when the 
temperature reached 250 °C. The catalytic system crushed 
catalyst particles to the nanoscale size. Authors of [5, 20] 
noted this fact in their papers.

After reaching the planned reaction temperature, iso-
propyl alcohol and air went to the reactor. We carried out 
analytical control of exhaust gases for the content of CO 
and СО2 chromatographically. Paper [21] 
described the technique of gas chromato-
graphic analysis in detail.

The first stage of the study was to 
determine an effect of temperature on 
the process of deep oxidation of isopropyl 
alcohol. We chose a temperature variation 
in the range of 400–600 °C.

The second stage of the study was 
to investigate an influence of the oscil-
lation frequency (frequency of mechani-
cal-and-chemical activation) on the deep 
oxidation process. We chose the interval 
of variation of the oscillation frequency of 
3–7 Hz.

We chose the intervals of variation 
based on earlier studies on the technology 
of aerosol nanocatalysis of other chemical 
transformations.

5. Experimental study of the process of deep oxidation of 
isopropyl alcohol in a catalyst aerosol

5. 1. The effect of temperature on the process of deep 
oxidation of alcohol

Fig. 2 shows the results of study into the effect of tem-
perature (from 400 to 560 °C) on the course of the process 
of deep oxidation of isopropyl alcohol. We can see the de-
pendence of an output of the final reaction product (СО2) 
at different temperatures while maintaining the oscillation 
frequency at 3 Hz and a catalyst concentration at 5 g/m3.

Fig. 2 shows that the temperature of 450 °C is a turning 
point between the two modes of the process (transitional and 
kinetic ones) for the process of deep oxidation of isopropyl 
alcohol according to the technology of aerosol nanocatalysis. 
Therefore, equations in Fig. 2 correspond to the mentioned 
modes. A further increase in temperature under conditions 
studied may possibly accelerate other chemical reactions, 
which reduces the output of СО2 as the main reaction prod-
uct. We carried out the analytical control of СО2 chromato-
graphically with an accuracy of 0.01 % of vol. We should 
clearly determine the choice of controlling and controlled 
parameters in further studies.

Fig.	1.	Schematic	diagram	of	the	laboratory	unit	with	the	
reactor	with	a	vibro-fluidized	bed	of	catalyst:	1	–	reactor	
with	a	catalytic	system;	2	–	electric	heater;	3	–pocket	for	

thermocouple;	4	–	device	for	monitoring	and	control	of	
temperature	and	frequency	of	oscillation;	5	–	air	supply	
unit;	6	–	device	for	creation	of	oscillations	of	a	reactor;	

7	–	isopropyl	alcohol	supply	unit;	8	–	unit	for	sampling	of	
exhaust	gases	for	analysis

Fig.	2.	Dependence	of	output	of	СО2	reaction	product	on	temperature	(frequency	
was	3	Hz,	catalyst	concentration	was	5	g/m3,	alcohol	consumption	was	0.1	ml/min)
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Fig. 3 shows the effect of temperature on the degree of 
transformation of isopropyl alcohol.

The temperature measurement error was ±5 °C. The de-
viation between the results of parallel experiments did not 
exceed 7 %.

We know that catalytic reactions, in comparison with ther-
mal reactions, are capable not only of acceleration of chemical 
transformation, but also of lowering its flow temperature. The 
experimental results in Fig. 3 confirm the assumption that the 
temperature of 450 °C is a transition point from one mode of the 
process to another one under the conditions studied. The exper-
imental equations (Fig. 3) also confirm the above. An increase 
in temperature above 450 °C is inexpedient, because it leads to 
a decrease in the transformation of alcohol.

The assumption also confirms the dependence of the 
selectivity by СО2 on the temperature (Fig. 4). We can 
see that the process proceeds with high selectivity at the 
temperature of 400 °C, and it is a transitional mode of the 
process. We noted that the selectivity decreased with an 
increase in temperature. Therefore, we could suggest that 
the process proceeded in a kinetic mode. In this case, a 
change in the reaction mechanism may occur and other 
control parameters of the reaction may appear. In addi-
tion, formation of products of sub-oxidation in a minimum 
amount is possible.

5. 2. The effect of oscillation frequency on the process 
of deep oxidation of alcohol

We obtained the study data, which reflected the influence 
of the oscillation frequency of the vibro-fluidized bed of the 
catalyst aerosol on the process of deep oxidation of isopropyl 
alcohol (Fig. 5). We carried out the studies at the constant 
temperature of 440 °C and the catalyst concentration of 5 g/m3. 
The type of dependence showed the typical nature of the influ-
ence of mechanical oscillations on any process. The effect of the 
chemical transformation in AnC reactor almost did not affect 
the nature of the mechanical effect curve. We noted the wave-
like nature of impacts. According to the previously obtained 
results, we maintained temperature at 440 °C and the catalyst 
concentration at 5 g/m3 of the reaction volume. We revealed 
two oscillation frequencies, which showed the highest alcohol 
transformation. These frequencies were 3.5 and 5 Hz. We can 
also assume two modes of chemical transformation: transitional 
one within 5 Hz and kinetic one within 3.5 Hz, in the study. 
Perhaps that is why, there were two degrees of transformation 
under the conditions studied. The maximum degree of transfor-
mation obtained was 0.55. Possibly, the supply rate of reagents 
was higher than the contact time in the volume studied.

Therefore, other side materials may appear in the reac-
tion products in addition to СО2. This leads to a decrease in 
the degree of transformation of alcohol.

Fig.	3.	Dependence	of	the	degree	of	transformation	of	isopropyl	alcohol	on	the	temperature	(frequency	was	3	Hz,	catalyst	
concentration	was	5	g/m3,	alcohol	consumption	was	0.1	ml/min)

Fig.	4.	Dependence	of	the	selectivity	of	the	oxidation	process	on	the	temperature	(frequency	was	3	Hz,	catalyst	concentration	
was	5	g/m3,	alcohol	consumption	was	0.1	ml/min)
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5. 3. Comparative analysis of methods of the oxidation 
of isopropyl alcohol

Table 1 presents some technologies for the study on the ox-
idation of isopropyl alcohol and their basic control parameters.

Table	1

The	main	parameters	of	the	process	of	oxidation		
of	isopropyl	alcohol

Parameters
Vibroreactor for 

aerosol  
nanocatalysis

Quartz 
reactor with 
fixed bed of 
catalyst [9]

Reactor with a 
fixed bed of cata-
lyst under micro-
wave radiation [8]

temperature 
of the reac-

tion, °С 
440 250 800–900

catalyst Fe2O3 Ni/Fe Fe3O4

mass of cat-
alyst in the 
reactor, g 

0.0002 5 25

presence of 
a catalyst 

carrier 
no required no

technology 
highlights

mechanical- 
and-chemical activa-
tion with a frequen-

cy of 3–6.5 Hz

preparation 
stage of a 
catalyst 
required

high microwave 
radiation with 
a frequency of 

2.450 MHz

It was necessary to load almost a grain of catalyst into 
the laboratory reactor. It was of course on the verge of 
the accuracy of analytical balances (4th decimal place), 
but it was this amount that created the necessary con-
centration in the laboratory reactor. A dispenser supplies 
the required concentration of catalyst for an industrial 
reactor. Comparing the data in Table 1, we can note some 
advantages of using of aerosol nanocatalysis over the 
other methods. The advantages include low reaction tem-
perature; use of a catalyst of simple composition and its 
rather low cost; creation of aerosol of particles with high 
specific surface.

6. Discussion of results of studying the deep oxidation of 
isopropyl alcohol

We noted that temperature affected the process of ox-
idation of isopropyl alcohol. We found that the optimum 

temperature was 440 °C at the constant frequency of 3 Hz 
and the catalyst concentration of 5 g/m3. It was 2 times 
lower than, for example, for oxidation by microwave ra-
diation. Fig. 4 shows a high selectivity of the oxidation 
process at 55 % degree of alcohol transformation (Fig. 3) 
and a maximum output of СО2 (Fig. 2). The main product 
of the deep oxidation of alcohol was СО2.

The influence of the oscillation frequency on the 
oxidation process at the constant temperature of 440 °C 
and the catalyst concentration of 5 g/m3 or two modes of 
chemical transformation (Fig. 5). The data showed that 
there was a high degree of alcohol transformation (55 %) 
at the oscillation frequencies of 3.5 Hz and 5 Hz under the 
conditions studied.

Presumably, there were modes of the chemical oxida-
tion reaction created at these frequencies of oscillations in 
the reactor. Presumably, oscillation frequency of 5 Hz cre-
ated the transitional mode, and 3.5 Hz – the kinetic mode. 
We could observe manifestation of this fact on rate and 
quality of chemical transformation. The surface of cata-
lyst particles remained active. The oscillation frequency 
is a special control parameter in the technology of aerosol 
nanocatalysis with a vibro-fluidized bed. Therefore, one of 
the main dependencies studied on the oxidation process is 
the influence of the oscillation frequency.

We chose to study the process of deep oxidation of iso-
propyl alcohol not accidentally. We knew that isopropanol 
is easily susceptible to combustion due to its tendency to 
spontaneous combustion. It also has a high thermal effect 
and is readily available as a raw material, as it is a by-prod-
uct in the oil refining process.

The results of the study on the technology of aerosol 
nanocatalysis in a fluidized bed reactor showed that iron 
oxide proved itself as a catalyst for deep oxidation pro-
cesses. Studies of the deep oxidation in a vibro-fluidized 
bed reactor also showed a positive effect for iron oxide as 
a catalyst.

The results of the study on the process of deep oxidation 
of alcohol in a reactor with a vibro-fluidized bed made it 
possible to estimate an effect of the control parameters of 
the process, which, in turn, gave us possibility to determine 
a mode of deep oxidation of isopropyl alcohol. The obtained 
data made us suggest using a deep oxidation process in cat-
alytic heat generators. We know that any technology has 
difficulties in its application. The proposed technology is not 
an exception, but its limitations relate to properties of the 

Fig.	5.	Dependence	of	the	degree	of	transformation	of	isopropyl	alcohol	on	the	oscillation	frequency	(temperature	was	440	°C,	
catalyst	concentration	was	5	g/m3,	consumption	of	alcohol	was	0.1	ml/min)
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proposed design of an industrial reactor only. In general, the 
technology is universal and development of KHG unit under 
conditions of aerosol nanocatalysis will make it possible to 
bring chemical technology to a new level. It can be an eco-
logically safe project with generation of heat energy.

7. Conclusions

1. We modernized a system of supply of initial reagents 
to study the process of catalytic oxidation by aerosol 
nanocatalysis in the laboratory unit. Previous units were 
designed for gaseous reagents. Isopropyl alcohol is a liq-
uid, so it was necessary to organize a system for dispens-
ing a reagent into a reactor.

2. The effect of temperature revealed two modes of the 
oxidation process. The turning point was the temperature 
of 450 °C. The reaction with a high degree of transformation 
proceeds in a transient mode at temperatures up to 450 °C. 
An increase in temperature above 450 °C leads to the stabi-
lization of the oxidation process. In this case, the degree of 
transformation reduces slightly, and the reaction is supposed 
to proceed in the kinetic mode. Thus, we determined that 
the “critical” temperature is about 440 °C and the degree of 
transformation is almost one. This temperature is almost 2 
times lower than the temperature of the oxidation process 
carried out according to the other existing methods.

We observed only complete oxidation products in the 
reaction products when we used AnC technology. We main-

tained constant parameters of reaction control, such as oscil-
lation frequency ‒ 3 Hz and catalyst concentration ‒ 5 g/m3.

3. The results of the study on the influence of inten-
sity of the mode of mechanical-and-chemical activation 
on the oxidation process showed a wave-like nature. We 
found modes with the degree of transformation of alcohol 
of 50 % and modes with a degree of transformation of 
about 30 %. We obtained 50 % degree of transformation 
of the process at the oscillation frequency of about 3.5 Hz 
and 5.5 Hz. We obtained 30 % degree of transformation 
under the mode of mechanical-and-chemical activation at 
about 4.5 Hz and 6.5 Hz. The modes with a high degree 
of transformation also confirmed presence of two modes 
of the oxidation process. Presumably, the mode is close to 
the transitional mode at the frequency of 5.5 Hz, and it is 
close to the kinetic mode at 3.5 Hz.

4. The results of the comparison of the main charac-
teristics of the technology of aerosol nanocatalysis with 
the other methods make us suggest that the direction is 
promising. The obtained data on the process under study 
using the technology of aerosol nanocatalysis with a vi-
bro-fluidized bed made it possible to suggest creation of 
an environmentally friendly KHG unit. This fact should 
lead to development of a new direction in the chemical 
industry. We determined the following key parameters 
for control of the process: using of iron oxide as a catalyst, 
its operational concentration should be 5 g/m3, oxidation 
temperature should be 440 °C and oscillation frequency ‒  
5 Hz. Such process produces non-toxic oxidation prod-
ucts, namely carbon dioxide.
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