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Summary. This paper proposes a new, simple and an
efficient method for methanol formation under the
cavitation influence of hydrogen-peroxide using a
dynamic cavitation reactor. The process involves the
reaction of the generated hydroxyl radical with propanebutane gas (C3–C4) to form propyl and butyl radicals
which decompose into methyl radicals and alkenes,
followed by the subsequent yield of methanol (via the
interaction of methyl-radical with hydroxyl radical).
Technological process parameters employed in this
investigation are quite achievable for industrial
production.
Key words: Propane-butane gas, hydroxyl radical,
dynamic cavitation, hydrogen peroxide solution.
INTRODUCTION
Owing to the rapidly increasing cost of hydrocarbon
raw materials, the industrial enterprises of Ukraine are
forced to reconsider the use of hydrocarbons as raw
materials for fuel production. According to many experts
[1–2], the heat energy expended must be obtained
from renewable energy sources, and it is believed that
hydrocarbon feedstocks should be applied for the
synthesis of organic products such as methanol, acetic
acid, synthetic oils, plastics, and etc. This approach will
efficiently enhance the use of hydrocarbon feedstocks, as
well as significantly reduce Ukraine’s dependence on
energy.
It is note-worthy that in the petroleum refining
process [3], a substantial amount of C3–C4 gas (existing
as a mixture rather than individual component), is
recovered from primary crude oil distillation and by
catalytic cracking of heavy molecules; bulk of which is
flared through the refinery-furnace into the atmosphere
due to the lack of processing facility in the production
field. Given the higher chemical reactivity of propane
and butane molecules compared to methane, and because
the C3–C4 gas is practically a waste during refining
process, the use of a C3–C4 gas as an alternatively cheap
source of raw materials for methanol production appears
very promising. However, a major problem appears to be
the activation of propane and butane molecules (as well
as other alkanes) under normal conditions. The activation
process for alkanes requires large amounts of energy, and
largely determines the economic performance of most
chemical and petrochemical industries. Therefore,
finding cost-effective ways to activate alkanes under

"soft" conditions (at a temperature of 1000 C, and at an
atmospheric pressure P = 1 atm.) is an important and
urgent task [4–6]. This direction would allow to the
synthesis of quite a number of important chemical
products such as methanol, in a simple and efficient way
compared to the conventional technology.
The importance of atmospheric reactions is
supported by the high reactivity of the hydroxyl radical,
which provides activation of such inert molecules like
methane. The sink of methane in the upper troposphere is
realized by reaction with the hydroxyl radical [7]. From a
number of studies devoted to alkane oxidation by
hydroxyl radical, it has been demonstrated that hydroxyl
radical is a key reactive intermediate in both combustion
[8–12] and tropospheric free-radical chemistry [13–18] of
hydrocarbons.
Conventional technologies for the conversion of
methane into alternative fuels such as the initial
conversion of methane to syn-gas at a temperature of
about 850 0C and a pressure of 4 MPa [1, 19], followed
by the high-pressure catalytic conversion of syn-gas to
methanol are energy-intensive, less-efficient and not costeffective mainly due to the limitations imposed by the
reaction equilibrium and low heat efficiency [20].
Considering the above, the relevance of this work
involving the creation of a new and an efficient
technology for the production of basic organic products
[21] with the initial formation of hydroxyl radical, and
subsequently methanol in particular, is undoubtful.
One of the promising directions for the industrial
implementation for methanol production is via cavitation
method, and the driving force behind the proposed
process involves the dynamic cavitation of hydrogen
peroxide [22–23]. In order to carry out this process, it is
expedient to implement a design mechanism for hydroxyl
radical generation in a cavitation reactor [24]. To ensure a
subsonic-flow, the calculation of the basic parameters
such as the nozzle-hole diameter, the linear flow-rate, and
the pressure-drop of the reactant-mixture across the
injector were performed.
The main objective when designing the cavitation
reactor involves the calculation of the shape and size
of nozzle to determine the laval nozzle flow. To calculate
the nozzle-hole diameter, the flow-rates of reactionmixture through the nozzle must be pre-determined. To
do this, we made use of Navier-Stokes equation for
describing the motion of fluids as shown below [23]:
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where: P1, P2 – pressure before and after nozzle injection,
(МPа);
v1, v2 – flow-rate before and after nozzle injection, (м/s);
ρ – fluid density (кg/м3).
From Equation (1), the dependence of pressure (P2)
on the flow rate (v2) after the injection nozzle is
determined, and shown in Equation (2):
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Dependence graph of pressure (P2) on the flow-rate of
nozzle (v2) is shown in Fig. 1. At a mass flow-rate of 140
м/s [24], the pressure after nozzle-injection (P2) reaches a
point where cavitation starts. This speed allows to
calculate the value of nozzle diameter to be equals ~ 0.7
мм, at a pump pressure in nozzle (P 1 = 16 MPa), and feed
flow-rates of 3.5 – 5.0 L/min. To do this, we use the
formula:

F  v2 S ,

(3)

where: F – flow-rate through the nozzle, м3/с;
V2 – flow-velocity, м/s;
S – cross sectional area of nozzle opening, м2.

Fig. 1 Dependence graph of pressure (P 2) on the flow-rate
of nozzle (v2)

Given that S = πd2/4 from equation (3), then the
diameter of the nozzle-hole may be determined, which is
calculated to be equals 0.7 мм.
Therefore, by using laval subsonic-flow of nozzle
with a diameter of 0.7 мм, and at a pressure above 110

atm., hydrogen peroxide, under the action of dynamiccavitation decomposes into two hydroxyl radicals.
From the results analysis in work [24], it can be
concluded that a mass flow-rate of 140 м/s, the pressure
after nozzle injection reaches a point where the cavitation
starts. The value of flow-velocity (140 м/s) and the
nozzle diameter (~ 0.7 мм) at a pump pressure in nozzle
(P1 = 16 MPa) allow to calculate the feed flow-rates to be
equals 3.2 L/мin, but equals 7 L/мin., at a nozzle
diameter of ~ 1.0 мм.
The reactor is shown schematically in Fig. 2. It
consists of two parts: the top (1) and bottom (2) of the
reactor, which are interconnected with a flange (3) via
pins (9) as pivots to hold the cavitation chamber. The
reactor lid (10) is mounted on a threaded inlet pipe
connecting the high pressure line. At (5) is the highpressure inlet line. The flow across the main line are
impeded by sharp-edged constriction (6) such that the
local velocities suddenly rise due to reduction in the flow
area resulting into lower pressures which is below the
liquid vapor-pressure. Consequently, the liquid flow turns
into a fog-like substance which is very well-mixed with
the gas-stream of hydrocarbon material fed into the
reactor via the outlet (11) (if the hydrocarbon feed gas is
methane, propane, butane). The inlet and outlet openings
are fitted with a mesh-grille (7) so that the the reaction
mixture passes through it into the diffuser (8) in order to
create conditions for liquid-phase condensation. The
liquid flow at high velocity entering the tank ensures
uniform-mixing of the reactant mixture due to intense
circulation-currents generated in the tank. The liquid and
gaseous reaction products were discharged from the
reactor through the nozzle located at the reactor bottom
(2) and then directed to the separator. The resulting
products were collected at the tank (8), and thereafter
separated into their individual components.
The reactor can also operate on liquid raw material
such as gasoline and diesel. In this case, the raw material
and hydrogen peroxide solution are fed together into the
nozzle (5). The Fitted lid and the high-pressure inlet line
allow the moveement of nozzles (5) with respect to the
conical interference (6) with a view to determining the
optimum parameter range of the inner diameter during the
cavitation processes, which are experimentally-obtained
to be within 3 – 5 мм [24].
The paper presents the proposed experimental setup
(Fig. 3) for methanol production from propane-butane gas
using cavitation reactor, which operates as follows: A
predetermined concentration of hydrogen peroxide
solution ae fed through the high-pressure inlet, and then
supplied into the reactor using the control valve (1). The
resulting mixture are then throttled down using a 3 мм
centrifugal pump/nozzle (4) as the fuel injection system
into the cavitation reactor at 16 MPa. Liquid with pressure
up to 30 Mpa and at a flow rate of 5 L/min reaches the
nozzle (5). Using the nozzle (5), a static pressure-flow
occur which subsequently leads to the cavitation ofthe
liquid stream.
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Fig. 2. Cavitation Reactor for Hydrocarbon Processing: 1, 2 – Upper and lower part of reactor; 3 – Flange; 4 – High-pressure
inlet line; 5 – Nozzle; 6 – Cone-shaped obstacle; 7– Mesh grille; 8 – Diffuse; 9 – Pin; 10 – Cover; 11 – Union

Fig. 3. Schematic of the Dynamic Flow Reactor System: 1 – vessel with solution of hydrogen peroxide; 2,7 – High-pressure
pump; 3,8,10 – control valve, 4 – rotameter, 5 – nozzle, 6 – cylinder of propane-butane gas; 9 – container for the reaction products
[25]
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Propane-butane gas is fed into the reactor via the
tank 6 through the flowmeter (7) and the control valve
(8). In the reactor, following processes are observed.
In the first stage, hydrogen peroxide, under the
action of cavitation dynamic decomposes into two
hydroxyl radicals [24]:
Н2O2 + (Cavitation) → 2 •OH,

(4)

Upon the interaction of the generated hydroxyl
radical (•OH) with an alkane molecule, hydroxyl radical
cracking. In terms of this process [25, 26], the
selectivity of formation of •CH3 is certain:
•CnH2n+1→ •СН3 + Cn–1H2n–2, (n = 3, 4)
(6)
•C3H7 → •CH3 + C2H4,
(6 a)
•C4H9 → •CH3 + C3H6,
(6 b)
•
CH3 + •ОH → CH3ОН,
(7)
From the reactor outlet, the reaction products are
discharged into the receptacle (9), and are subsequently
selected for analysis through the valve (10). If gas
conversion is low, the unreacted gas-fraction can be re-fed
back into the reactor through the input processing circuit.
Analysis of the liquid and gaseous reaction products is
removed. The feed flow-rate of hydrogen
peroxide solution was 5 L/мin, but was varied from 0 to
100 L/мin for propane-butane gas. Pressure at reactor

reaction proceeds by hydrogen atom abstraction from the
C–H bond to form alkyl radicals and water molecules:
CnH2n+2 + •OН → •CnH2n+1 + H2O,
(n = 3, 4)
C3H8 + •OH → •C3H7 + H2O,
C4H10 + •OH → •C4H9 + H2O,

(5)
(5 a)
(5 b)

Whereas, the subsequent homolytic decomposition
of C–C alkyl radical to form methyl radical and alkene
molecule (in our case – C2H4 и C3H6) is a well-known
radical-chain
process
in
thermal
carried out by chromatography using LKhM-8 GC of 3 m
POLYSORB and CLARUS-500.
This flow chart (in Fig. 3) can be used for
processing as gaseous and liquid hydrocarbons. If the
hydrocarbons are in the liquid state such as low-octane
gasoline, the control valve (1) of cavitation reactor
overlaps and the hydrocarbon feed stream from vessel (8)
is mixed with hydrogen peroxide solution from tank (7)
using the high pressure pump (6). The resulting products
were collected at the tank and thereafter separated into
their individual components i.e. the liquid products were
collected at container but the gaseous products from
container may either be flared, or sent to separation
capacity (9), whereas the hydrocarbon phase is
inlet (before nozzle) was also varied within the range of
0 to 30 MPa [27].

Fig. 4. Dependence of methanol concentration on pressure:
1 – Q (H2O2) = 0%; 2 – Q (H2O2) = 3%; 3 – Q (H2O2) = 5%; 4 – Q (H2O2) = 10%; 5 – Q (H2O2) = 20% [25]
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The dependence of methanol concentration on the
pressure from the reaction of propane-butane gas with
hydrogen-peroxide solution in the cavitation reactor is
shown in Fig. 4. From the results presented in Fig. 4, it
can be concluded that: At a pressure lower than 9 MPa,
the nozzle flow-rate is less than 140 m/s. Thereby, the
decomposition of hydrogen-peroxide solution, the
formation of hydroxyl-radical, and methanol are not
observed. At a pressure between 10 – 20 MPa, methanol
concentration increases with increase in the concentration
of hydrogen-peroxide which tends to be maximum at a
pressure of 19 MPa. A pressure above 20 MPa has
negative impact on methanol yield i.e the liquid’s boiling
process starts due to throttling effect. At a pressure greater
than 23 MPa, hydrogen-peroxide is converted to steam
and therefore, neither the dissociation of hydrogenperoxide solution into hydroxyl-radical nor methanol
formation is observed. Conclusively, increasing the
concentration of hydrogen peroxide to 20 wt. %. and the
pressure to approximately 19 MPa, the methanol yield
increases to about 1 wt. % which is 50 times higher
compared to the methanol concentration under water’s
cavitation effect. With a further increase in the
concentration of hydrogen-peroxide, a rise in methanol
concentration unnoticeable. Thus, it can be argued that
use of hydrogen-peroxide solution with a concentration of
10 – 20 % wt. is optimal for cavitation process. The
calculated degree of propane-butane conversion to
methanol equal 5.56 % per pass. The oxidation-products
are methanol (major), as well as ethylene and propylene
(by-products). In view of the low conversion-rate of
propane-butane gas, the gaseous by-products may be
recycled via the cavitation unit for further conversion.
CONCLUSIONS
In this work, a new and technological-viable
approach for methanol synthesis under the effect of
hydrogen peroxide has been investigated using a dynamic
cavitation reactor. The following important conclusions
can be drawn from this study:
1. The use of hydrogen peroxide solution is simple,
environmentally-benign, and economically-attractive. In
addition, hydroxyl radical (obtained via the cavitation of
hydrogen peroxide solution) possesses a tremendous
oxidizing influence on alkane molecules;
2. In addition to methanol formation, the presence of
low-molecular weight alkenes (e.g. ethylene and
propylene: both considered important starting materials in
the petrochemical and refining industries) were observed;
3. Hydrogen-peroxide solution with a concentration
of 20% wt. and a reaction pressure of approximately 19
MPa are optimal operating conditions for obtaining the
maximum yield of methanol (~ 1% wt.);
4. The proposed experimental set-ups provide a great
flexibility in terms of operating conditions (pressure
control inlet, the inlet flow rate and temperature). Thus,
depending on the application and requirements, geometry
and operating conditions may be selected in the dynamic
cavitation reactor; Therefore, the proposed methodology
in this work is deemed as energy-efficient, cost-effective,
environmentally friendly, and can serve as a useful guide
for the development of the industrial plan for large-scale
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conversion of propane-butane fraction in methanol. In our
view-point, the broad consistency between the theoretical
concepts and the experimental results makes the proposed
method extremely interesting for further research.
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КАВИТАЦИОННАЯ УСТАНОВКА
ПЕРЕРАБОТКИ УГЛЕВОДОРОДОВ
А. Целищев, М. Лория, А. Иджагбуджи
Аннотация. Разработан способ синтеза метанола
из алканов с использованием динамической
кавитации
перекиси
водорода,
который
характеризуется
простотой
и
достаточной
эффективностью. В основу способа поло-жено
взаимодействие гидроксильного радикала с пропанбутановым (С3– С4) газом с образованием пропил- и
бутил- радикалов и последующим получением
метанола и разработке на их основе новойтехнологии
неполного окисления алканов в метанол в «мягких»
условиях.
Ключевые слова: гидроксильный радикал,
пропан-бутановый газ, метил-радикал, кавитация,
метанол.

