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Abstract: This article presents the results of the development of membrane-catalytic methods for
obtaining purified hydrogen of various degrees of purity required for feeding high-, medium-, and
low-temperature fuel cells. In order to conduct this, porous ceramic catalytic converters were obtained
using self-propagating high-temperature synthesis. These converters are suitable for high-speed
processes for producing synthesis gas with different carbon monoxide content (0.08–0.1 vol. %),
which can be used to feed fuel cells of various types. Using a hybrid catalytic membrane reactor, in
which the stage of catalytic conversion of organic substrates was combined with the stage of selective
extraction of ultrapure hydrogen (content of H2 was not less than 99.9999 vol. %) from the reaction
zone, combined carbon dioxide and steam reforming of organic substrates of various origins were
carried out. The result of the work was the creation of a prototype of a small-sized electric generator
plant in which a catalytic membrane reactor was combined with a solid-oxide fuel cell.

Keywords: heterogeneous catalysis; porous ceramics; catalytic converters; hydrogen; synthesis gas;
self-propagating high-temperature synthesis; reforming; hydrocarbons; fuel cells

1. Introduction

One of the promising trends in the development of global energy production is the
design of small-sized electric generators based on fuel cells both for powering stationary
facilities and for use in the power plants of various vehicles and in portable electrical
appliances [1–4].

A distinctive feature of such devices is the use of the principle of the direct conversion
of the chemical energy of the fuel into electrical energy. As a result, the efficiency of fuel-
cell-based power generators is almost twice as high as that of traditional power generators
using internal combustion engines with electromechanical converters. Taking into account
heat recovery, their efficiency can reach 70–85%. It is important to note that the amount
of harmful emissions from power generators based on fuel cells is almost 100 times lower
than that of traditional ones due to the absence of direct chemical contact between the fuel
and the oxidizer [5–10].

There are various classifications of fuel cells, which are subdivided, most often,
in terms of operating temperatures (low temperature, 60–90 ◦C; medium temperature,
90–200 ◦C; high temperature, 650–1000 ◦C); the type of ionic conductor electrolyte (alkaline,
acid, solid polymer, molten carbonates, solid oxide ceramics, etc.); and the type of fuel used
(hydrogen, synthesis gas, methanol, etc.) [11–16].

Synthesis gas (H2/CO mixture) and hydrogen are currently considered as the most
important fuels for fuel cells [17–22]. These fuels can be of fossil (methane), biological
(ethanol, fermentation products), synthetic (dimethyl ether), and industrial (by-products
of the Fischer-Tropsch synthesis, products of the partial oxidation of aviation kerosene)
origins [23–26]. At the same time, it is important to note that high-temperature fuel cells
based on solid oxide ceramics (SOFC) are very undemanding in terms of the quality of raw
materials and can operate on synthesis gas that does not contain sulfur compounds [27].
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Medium-temperature fuel cells allow the use of technical grade hydrogen with concen-
trations of carbon monoxide impurities not more than 5 vol. % [28]. This circumstance makes
such fuel cells especially attractive in the absence of a developed hydrogen infrastructure.

For the stable functioning of low-temperature solid polymer fuel cells (SPFCs), ultra-
pure hydrogen is required (H2 content of no less than 99.9999 vol.%) with a residual CO
content of less than 10 ppm [29]. This is usually obtained by the electrolysis of water;
however, the most economical and widespread method at the moment is the steam re-
forming of methane into synthesis gas, followed by multistage purification from carbon
monoxide, which is produced in modern industry by a large-scale method of pressure
swing adsorption [30]. Thus, we can conclude that the stage of hydrogen extraction is an
important production step which is a half of its final cost.

A possible alternative to the existing large-scale solutions is the use of small-sized
catalytic membrane reactors based on porous ceramic converters aimed at producing a
hydrogen-containing gas of the required composition. This can be achieved both through
the number of targeted chemical processes, such as combined carbon dioxide and steam
reforming of various organic substrates, selective hydrogenation of carbon oxides present
in synthesis gas, and directly during its production from a wide range of hydrocarbons by
using a hybrid catalytic membrane reactor where the stage of chemical transformation is
combined with the stage of the selective extraction of ultrapure hydrogen from the reaction
zone on a palladium-containing membrane.

The main advantages of a hybrid catalytic membrane reactor are as follows:

• Obtaining highly pure products reduces their cost, and the possibility of placing the
reactor and the separator into a single vessel significantly reduces the size of the device;

• The possibility of bypassing the thermodynamic limitations of equilibrium processes,
which makes it possible to achieve the same substrate conversions at lower temper-
atures or higher conversions at the same temperatures as used in a conventional
flow reactor;

• Lower process temperatures enable new reactor heating strategies. One of these ap-
proaches is the use of turbine exhaust gases, which is an energy efficient technological
solution. In addition, this approach reduces the cost of structural materials, which
reduces the cost and increases the safety of the processes.

Thus, combining processes based on the principle of simultaneous chemical trans-
formation and the separation of reaction products is a powerful tool for increasing their
productivity. For this reason, catalytic membrane reactors represent a promising practical
application for fuel cell power generators [31–33].

This paper presents the results of reforming and selective hydrogenation of carbon
monoxide and continuous membrane hydrogen extraction from the reactor for the processes
of carbon dioxide, steam, and combined carbon dioxide and steam reforming of organic
substrates using a porous ceramic catalytic converter.

2. Experimental Part
2.1. Investigation Objects

The study was carried out using porous ceramic catalytic converters, which were
produced using the SHS and sol-gel method according to previously described proce-
dures [34,35].

These converters are hollow ceramic cylinders with porous gas-permeable walls,
which have a mounting cap for installation in a steel reactor by means of a clamping nut on
one side and a tight plug that prevents gas from slipping past the walls on the other. Thus,
the principle of operation of the converter is based on the forced diffusion of the reactant
from the outer wall to the inner wall through an extended system of tortuous channels
modified with nanosized catalytic components. Figure 1 shows the appearance and main
parameters of such a converter.
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Figure 1. Appearance of a porous ceramic catalytic converter.

The main parameters of the converter were: total length, ~115 mm; length of the
operation area (distance from the mounting cap to the plug), ~97 mm; tube outer diameter,
~25 mm; wall thickness, ~7 mm; operating volume, ~0.04 dm3; diameter of open pores,
1–3 µm; porosity, more than 50%.

The composition of the converters used in the study was varied (Table 1).

Table 1. Composition and method of preparation of catalytic converters synthesized for the study.

No Components Component Contents, wt. % Preparation Method

1 Ni(Al)-Co 45(5)–50 SHS

2 Ni-Co 50–50 SHS

3 Cu-Fe 50–50 SHS

4 FeNi36 (invar) 64–36 SHS

5 Pd-Co/α-Al2O3 0.034–0.017/α-Al2O3 SHS + sol-gel

6 Pd/Ni-Al 0.07/α-Al2O3 SHS + sol-gel

7 Pd-Co/Ni-Al 0.034–0.017/Ni-Al SHS + sol-gel

8 Mn/Ni-Al 0.07/α-Al2O3 SHS + sol-gel

2.2. Design of a Laboratory Setup and a Catalytic Membrane Reactor

The catalytic transformations of carbon oxides and organic substrates of fossil (methane),
biological (ethanol, fermentation products), synthetic (dimethyl ether), and industrial (by-
products of the Fischer-Tropsch synthesis, products of partial oxidation of aviation kerosene)
origin were studied using an original laboratory setup and a catalytic membrane reactor
designed as shown in Figures 2 and 3.

2.3. Experimental Procedure

Before the experiment on the laboratory bench described above, preparatory operations
were carried out. Particularly, the catalytic converter was mounted in the membrane reactor
(item 17 in Figure 2), the reactor was assembled, sealed, and mounted in the installation
position specified by the flow chart, and the whole system was pressurized with argon for
15 min. In order to prevent undesirable oxidation of the catalytically active components
of the converter with air oxygen, the reactor with the installed sample was heated to the
initial temperature of the process in an argon flow (99.998% GOST 10157-79) fed from gas
cylinder (1) through reducer (6). The argon flow rate was set at 2.5 L/h and was controlled
using an RRG Eltochpribor BUIP-1 electronic regulator (9). As the required temperature was
reached, the argon supply was stopped and a separate feed supply was started (depending
on the process, pre-prepared model liquid and gas mixtures or single substrates were used
as the feed) from gas cylinder (2) and built-in containers (4) and (5) and High-Pressure
Pump 5001 liquid dispensers (11). The volumetric feed flow rates of the substrates were set
according to requirements of the experiment, which were specified in each specific research
section. The reactant flows were mixed in the mixing valve (13).
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Figure 2. Design of the laboratory setup for the dehydrogenation of ethylbenzene to styrene. Designa-
tions: (1) argon gas cylinder for purging the reactor; (2) raw gas mixture cylinder; (3) gas cylinder with
argon carrier gas for purging the hydrogen-selective membrane; (4) container with liquid substrate;
(5) container with distilled water; (6) gas reducer; (7) three-way valve; (8) fine adjustment valve
for the argon carrier gas flow rate; (9) gas flow regulator valve; (10) gas flow controller; (11) liquid
pump; (12) liquid pump flow controller; (13) mixing valve for gas–liquid flows; (14) evaporator;
(15) temperature processor; (16) pressure sensor; (17) electrically heated catalytic membrane reactor;
(18) liquid separator; (19) shut-off valve; (20) liquid receiver; (21) gas flow indicator; (22) gas chromato-
graph; (23) gas chromatograph/mass spectrometer; (24) gas liquid chromatograph; (25) computing
workstation for data processing; (26) SOFC; (27) SOFC instrumentation and controls.

Figure 3. Design of catalytic membrane reactor (the dimensions are in mm). Designations: (1) ther-
mocouple pockets; (2) reactor vessel; (3) porous catalytic converter; (4) feed supply; (5) outlet for total
reaction products; (6) clamping nut; (7) graphite gasket; (8) hydrogen-selective membrane made of
palladium alloy (in the hybrid version of the reactor).
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In experiments with the extraction of ultrapure hydrogen from the reaction zone,
argon carrier gas was supplied from cylinder (3) to the palladium-containing membrane
mounted in the reactor. The argon flow was set at 30 mL/min by means of a fine adjust-
ment valve (8). In order to homogenize the total liquid flow sent to the reactor, it was
preliminarily evaporated in a coil evaporator (14) at a temperature of 200 ◦C. The heating of
the evaporator was controlled using an OVEN TRM-210 temperature controller (15). Next,
the gas vapor reaction mixture was fed to the catalytic membrane reactor (17). Heating and
temperature maintenance of the reactor furnace were controlled with an OWEN TRM251
temperature processor (TP-0198 Thermocouple, chromel-alumel (K)) (15). The pressure
in the reactor was controlled using an OVEN IP65 pressure sensor and an OVEN 2TRM0
pressure indicator (16). The product gas flow rate into the receiver was measured using a
Sinagawa DC2CM gas clock (21).

The obtained gas sample was analyzed by gas chromatography to determine the
contents of inorganic (H2, CO, CO2) and hydrocarbon (C1-C5) gases on CrystalLux-4000M
chromatographs (22) equipped with FID and TCD detectors. After analysis, the gas flow
was routed to SOFC (26) to generate electricity. The operating parameters of the fuel cell
were controlled by measuring instruments (27). The liquid sample was concentrated in
the liquid separator (18), and then by opening the shut-off valve (19) it was poured into
the liquid receiver (20). Next, the sample volume was measured, the aqueous phase was
separated from the organic layer, and the organic phase was analyzed by gas chromatogra-
phy/mass spectrometry (qualitatively) (23) and gas liquid chromatography (quantitatively)
(24). The data obtained from analytical instruments were processed using the computer
workstation (25) software. At the end of the experiment, the catalytic reactor was cooled
down to room temperature in an argon atmosphere in order to prevent unwanted oxidation
of the catalyst.

The contents of hydrogen, carbon oxides, and methane in the reaction products were
determined by gas chromatography on a CrystalLux-4000M chromatograph (Meta-Chrom,
Russia) with a thermal conductivity detector using high-purity argon (99.998% GOST
10157-79) at a flow rate of 10 mL/min as the carrier gas and a 1 m × 3 mm adsorption
column packed with the SKT-activated carbon (0.2–0.3 mm particle size). The column,
detector, and evaporator temperatures were 120 ◦C. The gas concentrations were found
from calibration curves using dedicated NetChrom v2.1 software.

Concentrations of carbon monoxide below 5 vol. % were determined more accurately
using a calibrated Riken Keiki Model RI-550A IR spectrometer.

The C1–C5 hydrocarbon gases were identified on a CrystalLux-4000M chromatograph
(Meta-Chrom, Russia) using a flame ionization detector (FID) and helium (TU 0271-001-
45905715-02) as the carrier gas. The following gas flow rates were established: helium,
30 mL/min.; hydrogen, 35 mL/min.; air, 300 mL/min. An HP-PLOT/Al2O3 chromato-
graphic column (Agilent Technologies, USA), 50 m × 0.32 mm, film thickness of 8.0 µm,
was used for analysis. The column temperature was 120 ◦C, the detector temperature was
230 ◦C, and the evaporator temperature was 250 ◦C.

Liquid organic reaction products were identified by GC/MS and GLC. GC/MS analy-
sis was carried out using a Thermo Focus DSQ II gas chromatograph/mass spectrometer
with a quadrupole mass analyzer and an electron energy of 70 eV. The voltage of the electron
multiplier was 1244 V. The ion source temperature was 280 ◦C. The interface temperature
was 280 ◦C. Detection was carried out in the selected ion monitoring (SIM) mode.

The content of liquid organic products was determined by GLC on a Varian 3600 chro-
matograph (Varian Chromatography System, USA), FID, Chromtek SE-30 capillary column,
25 m × 0.25 mm, Df = 0.33 µm. The temperature regime was as follows: 50 ◦C (5 min.),
10 ◦C/min., 280 ◦C, Tinj = 250 ◦C, Pinj = 1 bar, and a flow division ratio of 1/200, with
helium (TU 0271-001-45905715-02) as the carrier gas.
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2.4. Calculations

The conversion of substrates, %, was calculated as follows:

Xi =
ni,0 − ni

ni,0
·100% (1)

where ni,0, ni are the numbers of moles of i-th component at the reactor inlet and out-
let, respectively.

The mole fraction of a compound in the reaction products was calculated as follows:

ni =
Ci·ωout·t
100%·VM

(2)

where Ci is the concentration of the i-th product in the mixture, vol. %; ωout is the volumetric
flow rate of the mixture at the outlet of the reactor, L/h (STP); t is the time of experiment, h;
and VM is the gas molar volume at STP (22.4 L/mol).

The specific volumetric productivity of the catalytic converter for the target product,
L/(h·dm3

conv.) was calculated as follows:

ρ =
Ci·ωout

100·Vconv.
(3)

where Vconv. is the operating volume of the catalytic converter, dm3.
The volumetric feed rate to the reactor, h−1, was calculated as follows:

Q =
ωout

Vpor.
(4)

The contact time of a compound in the reactor, s, was calculated as follows:

τ =
Vpor.·T1·P2

ωin·T2·P1
·3600 (5)

Here, Vpor. is the total pore volume of the converter, dm3:

Vpor. = ε·Vconv. (6)

where ε is the converter porosity, %; ωin is the volumetric flow rate of the mixture at the
reactor inlet, L/h (STP); T1 (P1) is the temperature (pressure) at STP, respectively; and T2
(P2) is the temperature (pressure) in the reactor, respectively, K (atm).

The extraction rate of ultrapure hydrogen, %, was calculated as follows:

EH2 =
CH2 memb.·ωout memb.

CH2·ωout + CH2 memb.·ωout memb.
(7)

where CH2 memb. is the hydrogen concentration in the output stream of the palladium-
containing membrane, %; ωout memb. is the total flow of hydrogen and argon at the outlet of
the palladium-containing membrane, L/h; and CH2 is the hydrogen concentration at the
reactor outlet, %.

3. Results and Discussion
3.1. Water–Gas Shift Reaction on Porous Catalytic Converters

The highest CO conversion was achieved via water–gas shift reaction using porous
catalytic converters:

CO + H2O 
 CO2 + H2 (8)

As a result of studies on water–gas shift reactions in specially synthesized porous
catalytic converters of various compositions, the temperature dynamics of this process
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was established. When the volumetric flow rate of a vapor gas mixture to the reactor
was approximately 7000 h−1, the CO conversion over the most active copper/iron and
nickel/cobalt systems at 600–650 ◦C reached 86% (Figure 4). An important finding was
that a further increase in temperature induced a noticeable decrease in the conversion of
carbon monoxide due to exothermicity of this reversible reaction (41 kJ/mol). At lower
temperatures, the reaction equilibrium was shifted towards the products, mainly due to
the presence of a twofold molar excess of water in the reaction medium.

Figure 4. Temperature dependence of carbon monoxide conversion in water–gas shift reaction in
porous catalytic converters of variable composition.

Noteworthy is the relatively high activity of the iron copper system, especially at
temperatures below 500 ◦C, and, on the contrary, the low activity of the corundum con-
verter containing deposited palladium cobalt components over the entire temperature
range studied.

When the Ni-Co and FeNi36 (invar) converters were used, methane was formed as
a by-product in an amount not exceeding 1 vol. %. No methane formation was observed
with the other two catalysts (Table 2).

Table 2. Component concentrations in the products of water–gas shift reaction in porous catalytic
converters of variable composition (T = 650 ◦C).

Converter
Component Concentrations in the Reaction Products, vol. %

H2 CO CH4 CO2

Cu-Fe 70.6 11.3 0.0 18.1

Ni-Co 47.0 7.2 0.2 45.7

FeNi36 (invar) 45.4 11.4 1.0 42.2

Pd-Co/α-Al2O3 22.8 55.8 0.0 21.4
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As expected, an increase in the volumetric feed flow rate also led to an increase in
the specific productivity of the converters to hydrogen. From Figure 5, it follows that the
converters based on Ni-Co and Cu-Fe systems provided the highest productivity, which
made it possible to achieve 18,800 and 15,900 L/(h·dm3) of hydrogen, respectively.

Figure 5. Dependence of the specific productivity to hydrogen on the conditional contact time for
water–gas shift reaction in porous catalytic converters of variable composition.

3.2. Steam Reforming of Carbon Monoxide Mixed with Hydrogen

It is known that the carbon dioxide and steam reforming of methane and ethanol
produces synthesis gas, which is a mixture of carbon monoxide and hydrogen in ratio of 1
to 3 mol/mol, depending on the type of process. To reduce the costs associated with the
component separation of the resulting synthesis gas, it would be highly appropriate to carry
out steam reforming of carbon monoxide directly in a mixture with its own hydrogen. For
this purpose, we chose the two most active converters among those tested in this reaction,
namely the Ni-Co and Cu-Fe converters. However, it is worth noting here that the presence
of hydrogen in the initial mixture had an adverse effect on the equilibrium constant of the
main reaction, which led to a decrease in the carbon monoxide conversion. Therefore, to
increase the conversion, a four-fold molar excess of water with respect to CO was used.

From the data presented in Table 3, it follows that the nickel cobalt catalytic system
had a noticeable advantage over the copper chromium one, making it possible to obtain
more hydrogen-rich mixtures containing not more than 800 ppm of carbon monoxide, with
other conditions being the same.

3.3. Production of Ultrapure Hydrogen Using the Hybrid Catalytic Membrane Reactor

Ultrapure hydrogen (H2 content of no less than 99.9999 vol.%) has wide range of
practical applications. It is needed, for example, in the organic synthesis of highly pure
substances, both for large-tonnage purposes and for fine chemical synthesis. In addition, it
is required for low-temperature fuel cells, the electrochemical platinum-containing compo-
nents of which are particularly sensitive to carbon monoxide poisoning. For this purpose,
a process of combined carbon dioxide and steam reforming of various hydrocarbons in a
so-called hybrid catalytic membrane reactor was developed. In this process, a porous cat-
alytic converter, which runs the chemical reaction, was combined with a hydrogen-selective
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membrane based on a palladium alloy. Furthermore, the scope of the process included a
wide range of liquid and gaseous organic substrates of fossil (methane), biological (ethanol,
fermentation products), and synthetic (dimethyl ether) origin.

Table 3. Initial data and outlet characteristics of the steam reforming of carbon monoxide mixed
with hydrogen.

C
on

ve
rt

er Process Parameters Concentration of Components, vol. %

T,
◦ C

V
,h
−

1

X
(C

O
),

%

Initial Mixture Reaction Products

H2 CO H2 CO CH4 CO2

Ni-Co 450 7000 88.5 81.5 18.5 83.06 1.95 1.56 13.43

Ni-Co 500
7000 91.1

93.5 6.5

92.84 0.64 3.51 3.01

3500 96.5 91.56 0.31 5.53 2.60

Cu-Fe 500
7000 55.0 94.72 2.40 1.37 1.53

3500 68.8 94.70 1.65 2.27 1.38

Ni-Co 550
7000 92.4

98.2 1.8
97.51 0.19 1.48 0.82

3500 96.0 97.77 0.08 1.95 0.20

One more benefit of the hybrid catalytic membrane reactor is that it is a fairly compact
device applicable not only in stationary or mobile but also in portable power generators for
portable electronics.

3.4. Carbon dioxide Reforming of Methane

As shown in Figure 6, the implementation of the process of the carbon dioxide re-
forming of methane, in which ultrapure hydrogen was recovered from the reaction zone
on a palladium-containing membrane, significantly intensified the conversion of methane
compared to the traditional flow process carried out under the same conditions (catalytic
converter: Ni(Al)-Co; Ptot. = 2 atm; Q = 600 h−1), which was obviously associated with a
shift in the chemical equilibrium towards the products due to the selective removal of one
product, in accordance with the Le Chatelier–Brown principle.

CH4 + CO2 
 2CO + 2H2 (9)

It is also evident from Figure 6 that the selective extraction of hydrogen and the directly
related intensification of the carbon dioxide reforming of methane began at temperatures of
about 400 ◦C, while the greatest difference between methane conversions in the membrane
and traditional flow reactors was attained at 600 ◦C. This was apparently attributable to
the maximum rate of hydrogen diffusion through the wall of the palladium-containing
membrane at this temperature.

In addition, it is known that an increase in the partial pressure of hydrogen increases
the degree of its extraction through palladium-containing membranes. However, an in-
crease in the total pressure in the system reduces the rates of reactions that are accompanied
by increase in the volume, which also applies to the reforming.

While attempting to find a trade-off point between these two oppositely directed
effects, in order to identify the optimal conditions for the carbon dioxide reforming of
methane, we found that at 700 ◦C, an increase in the total pressure in the membrane reactor
from 2 to 5 atm did not induce a noticeable decrease in methane conversion, while the
degree of hydrogen extraction increased from 63 to 83 %. Meanwhile, in the traditional
flow process, which was carried out without hydrogen extraction, an increase in the total
pressure in the system deteriorated the efficiency of the process by decreasing the methane
conversion by 19% (Figure 7).
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Figure 6. Comparison of the temperature dependences of carbon dioxide reforming of methane
accompanied by ultrapure hydrogen extraction from the reaction zone (membrane process) and
without extraction (traditional process).

Figure 7. Dependences of methane conversion upon carbon dioxide reforming and degree of
extraction of ultrapure hydrogen on the total pressure in the system in the membrane and tradi-
tional processes.
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3.5. Carbon Dioxide Reforming of Ethanol

In view of the good prospects of the trend towards the use of renewable raw materials,
ethanol can also refer to this type of raw material for hydrogen production:

C2H5OH + CO2 
 3CO + 3H2 (10)

The implementation of carbon dioxide reforming of ethanol in the membrane reactor
suppressed the side reaction of methane formation. This effect became more pronounced
with increasing the temperature of the process, i.e., when more hydrogen was removed
from the reaction zone (Figure 8).

Figure 8. Comparison of the temperature dependences of methane concentrations in the re-
action products of the carbon dioxide reforming of ethanol carried out in the membrane and
traditional processes.

3.6. Steam Reforming of Methane

In the steam reforming of methane in the membrane reactor, such as in carbon dioxide
reforming, the conversion of methane became higher than that in the traditional flow mode
following a temperature rise. However, the numerical difference was not that pronounced.
This was probably due to the greater adsorption capacity of water molecules compared to
carbon dioxide molecules on the surface of the palladium-containing membrane, which
greatly hindered the selective extraction of hydrogen from the reaction zone (Figure 9).

For example, at a temperature of 700 ◦C, a total pressure of 2 atm, the conversion
of methane in the steam reforming process reached 69%, while the degree of hydrogen
extraction was only 36%, while in carbon dioxide reforming of methane carried out under
the same conditions, the degree of hydrogen extraction was almost twice as high (63%)
at a similar substrate conversion. In the steam reforming of methane, this result could
be attained by increasing the total pressure to 5 atm, but the conversion simultaneously
decreased by 6%, i.e., down to 63%. It was shown experimentally that the difference
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between methane conversions in the membrane and traditional flow regimes in the pressure
range studied (2–5 atm) did not exceed 10%.

Figure 9. Comparison of temperature dependences of methane steam reforming accompanied by
ultrapure hydrogen extraction from the reaction zone (membrane process) and without extraction
(traditional process).

In view of the foregoing, an increase in the H2O/CH4 molar ratio adversely affected
the hydrogen permeation through the palladium-containing membrane, but significantly
intensified the whole process of methane steam reforming, with the methane conversion
increasing by 16%, from 69 to 85% (Figure 10). At the same time, the total hydrogen
productivity increased by 35%.

3.7. Steam Reforming of Ethanol and Fermentation Products

The ethanol steam reforming process carried out in the membrane reactor also demon-
strated a significant intensification of the chemical reaction compared to the traditional
flow process, due to the removal of hydrogen from the reaction zone. This was specifically
indicated by a significant increase in the total hydrogen flow at the reactor outlet (Figure 11).

The steam reforming of a model mixture simulating the products of enzymatic fermen-
tation of corn, carried out in a Ni(Al)-Co catalytic converter, led to complete gasification
already at 350 ◦C. However, for the above-indicated reasons, the natural 25-fold molar
excess of water over the dissolved hydrocarbon substrates (mainly alcohols) hampered the
extraction of ultrapure hydrogen on the palladium-containing membrane. Therefore, in this
case, the total increase in hydrogen productivity was 18 % relative to that in the traditional
flow process, and the degree of extraction of ultrapure hydrogen did not exceed 32%.
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Figure 10. Dependence of methane steam reforming and the degree of extraction of ultrapure
hydrogen on the H2O/CH4 molar ratio (T = 700 ◦C).

Figure 11. Comparison of the temperature dependences of ethanol steam reforming accompanied by
ultrapure hydrogen extraction from the reaction zone (membrane process) and without extraction
(traditional process).
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3.8. Steam Reforming of Dimethyl Ether

It was found that the use of a membrane catalytic reactor significantly increased the
yield of hydrogen in the steam reforming of dimethyl ether (DME), which is a synthetic
raw material source. DME conversion can proceed according to three pathways depending
on the molar excess of water:

CH3OCH3 + 2H2O 
 2CO + 5H2 (11)

CH3OCH3 + H2O 
 2CO + 4H2 (12)

CH3OCH3 + 3H2O 
 2CO2 + 6H2 (13)

It was found that in the membrane process, the hydrogen flow at the reactor outlet
was approximately 30 % higher (W(H2) = 0.8 mol/h at 700 ◦C and Q(DME) = 0.25 mol/h)
than in the traditional flow process. The separated ultrapure hydrogen amounted to 50%
of the total hydrogen amount produced (Figure 12).

Figure 12. Comparison of temperature dependences of methane concentrations in the products of
steam reforming of dimethyl ether in membrane and traditional processes.

In turn, an increase in the water to dimethyl ether molar ratio led, as expected, to
an increase in the hydrogen yield, an increase in the carbon dioxide concentration, and a
decrease in the residual content of methane in the product gas (Figure 13).

3.9. Combined Carbon Dioxide and Steam Reforming of the Fischer–Tropsch Synthesis
By-Products

The reforming of by-products of the Fischer–Tropsch synthesis in porous catalytic
converters enables the efficient conversion of the organic pollutants present in wastewater
and industrial off-gases into synthesis gas, which is known to be a valuable intermediate
for petrochemistry and a promising energy carrier. This adds economic benefits to a plant’s
operation due to the useful utilization of industrial waste and significantly increases its
environmental friendliness.
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Figure 13. Molar excess of hydrogen over carbon monoxide formed in the process of steam reforming
of dimethyl ether carried out at different reactant ratios.

The experimental results of testing of nickel/cobalt converters under conditions opti-
mized for the specified task are presented below.

The by-products of the Fischer–Tropsch synthesis included methane, carbon dioxide,
and water with dissolved oxygenated compounds (Table 4). The molar ratios between the
reaction components were CH4/CO2/H2O = 1/10/2.5 [36–39].

Table 4. Composition of Fischer–Tropsch synthesis products dissolved in water, rel. %.

Alcohols Ketones Acids

Methanol Ethanol Butanol Pentanol Acetone Butanone Acetic Acid

2.8 18.2 1.3 0.4 1.3 4.0 5.0

As a result of the carbon dioxide and steam reforming of the off-products of the
Fischer–Tropsch synthesis, the conversion of methane and water-soluble organic com-
pounds reached almost 100%. The reactor effluents included synthesis gas and water
purified from dissolved organic components with the characteristics given in Tables 5–7.

Table 5. Output parameters of the carbon dioxide and steam reforming of the off-products of the
Fischer–Tropsch synthesis (Ni-Co, 780 ◦C).

Q, h−1 XCH4, % Psyngas, l/(h·dm3) H2/CO, mol/mol

16,000 99 7000 0.8

32,000 96 13,000 0.9

64,000 85 23,000 1.1
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Table 6. Composition of the product gas (Ni-Co, 780 ◦C).

Q, h−1
Concentration, vol. %

H2 CO CH4 CO2

16,000 17.8 22.7 0.1 59.4

32,000 18.6 21.1 0.3 56.0

64,000 19.0 18.0 1.0 62.0

Table 7. Composition of the product liquids (Ni-Co, 780 ◦C).

Q, h−1

Concentration, %

Alcohols Ketones Acids

Methanol Ethanol Butanol Pentanol Acetone Butanone Acetic Acid

16,000 0 0.001 0 0 0 0 0

32,000 0.001 0.001 0 0 0 0 0

64,000 0.001 0.002 0 0 0 0 0

3.10. Carbon Dioxide and Steam Reforming of Aviation Kerosene Partial Oxidation Products

This method of producing synthesis gas is very promising for powering perspective
aircraft power generators based on catalytic membrane reactors combined with solid-oxide
fuel cells.

As can be seen from the data in Table 8, high-temperature steam and the carbon
dioxide reforming of a model mixture simulating the products of partial oxidation of
aviation kerosene resulted in an almost complete conversion of C1–C4 hydrocarbons to
synthesis gas in all versions of the tested catalytic converters. The highest conversion of
methane (about 90%) was achieved in the Pd/Ni-Al sample.

Table 8. Input and output parameters of the carbon dioxide and steam reforming of the products of
partial oxidation of aviation kerosene (T = 800 ◦C, Q = 25,000 h−1; H2O/(comb. comp.) = 2 mol/mol;
C(CO2) = 9.41 vol. %, C(N2) = 76.40 vol. %.).

Residual Combustible
Components of the

Mixture

C0,
vol. %

Pd/Ni-Al Pd-Co/Ni-Al Mn/Ni-Al

C,
vol. %

X,
%

C,
vol. %

X,
%

C,
vol. %

X,
%

H2 0 38.85 - 35.85 - 36.23 -

CO 6.63 8.19 4.99 6.37 20.42 6.46 21.26

CH4 2.12 0.29 89.60 0.76 70.50 0.65 76.00

C2H4 4.16 0 100 0 100 0 100

C3H6 0.72 0 100 0 100 0 100

C4H10 0.56 0 100 0 100 0 100

3.11. Hydrogenation of Carbon Oxides Present in the Products of Ethanol Steam Reforming in a
Porous Catalytic Converter

The development of a method for obtaining purified hydrogen for modern fuel-
cell-based power generators via the hydrogenation of carbon oxides in porous catalytic
converters may become an effective small-scale alternative to the existing large-scale
industrial processes with pressure swing adsorption units and high-pressure hydrogen
storage systems. This would enable the design of explosion-proof small-sized and mobile
power plants for both stationary facilities and transport vehicles. It is important to note
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that the development of kinetically controlled catalytic hydrogenation of carbon monoxide
could also become an effective way to obtain synthesis gas of a specified composition.

During the steam reforming process, ethanol is converted into synthesis gas and a
number of by-products formed via parallel reactions:

C2H5OH + 3H2O 
 2CO2 + 6H2 (14)

C2H5OH → CO + C + 3H2 (15)

C2H5OH → CH4 + CO + H2 (16)

C2H5OH → C2H4 + H2O (17)

Table 9 presents the compositions of model mixtures that reflect the compositions of
the products formed in these reactions.

Table 9. Component composition of model mixtures simulating gaseous products of ethanol
steam reforming.

Model Mixture No.
Concentration, vol. %

H2 CO CH4 CO2

1 59.0 1.8 17.4 21.8

2 78.6 2.6 18.8 -

Studying the catalytic hydrogenation of carbon monoxide and carbon dioxide con-
tained in model mixture No. 1, which was identical in composition to the gaseous products
of ethanol steam reforming (Table 9) in a porous nickel/aluminum/cobalt converter showed
that, even at a temperature of 325 ◦C, the conversion of these substrates reached 88.8 and
60.2%, respectively (Figure 14). Thus, the residual CO content in the refined gas did not
exceed 0.5%.

Figure 14. Temperature dependence of the conversion of carbon oxides in the process of hydrogena-
tion of model mixtures identical in composition to the gaseous products of ethanol steam reforming.
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In the hydrogenation of model mixture No. 2, previously purified from carbon dioxide
(Table 9), at the same temperature, we demonstrated the possibility of attaining a higher
conversion of CO (>97%), which decreased the CO concentration in the product gas to a
level acceptable for feeding medium-temperature fuel elements (<0.1%).

The data depicted in Figure 14 suggest that the increased intensity of carbon monoxide
hydrogenation in model mixture No. 2 may be due to the absence of diffusion inhibition
caused by the competitive adsorption of CO and CO2 molecules in the catalyst active sites,
which was the case for model mixture No. 1.

The study of the kinetics of carbon monoxide hydrogenation (model mixture No. 2)
showed that in the temperature range of 200–250 ◦C, the carbon monoxide hydrogenation
reaction obeyed the zero-order equation (Figure 15).

Figure 15. Dependence of the concentration of carbon monoxide on the conditional contact time for
the process of hydrogenation of model mixture No. 2.

The similar values of the apparent activation energies found for the solid and granu-
lated converter (Ea ~ 57 kJ/mol) and reported previously [32,33] indicated that the mech-
anism of the hydrogenation reaction remained invariable for the two process designs.
However, the pre-exponential factor, which reflects the reaction rates, was approximately
three times higher (k0 = 5.4·105 mol/(L·s)) for the solid converter than for the granu-
lated one (k0 = 1.7·105 mol/(L·s)). The increase in the reaction rate was, most likely, due
to the forced diffusion of substrate molecules in the limited space of the open pores of
the converter, which ensured a greater number of particle collisions with active catalytic
components formed on the inner surface (Figure 16).

The results of kinetic studies showed that, in addition to the high conversion of CO
and the release of purified hydrogen, the carbon monoxide hydrogenation process provided
the formation of synthesis gas of a specified composition for production of a wide range of
hydrocarbons [40,41].
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Figure 16. Arrhenius plots for hydrogenation of carbon monoxide contained in model mixture No. 2.

3.12. Implementation of a Catalytic Membrane Reactor in Combination with a Solid Oxide Fuel
Cell in Small-Sized Power Generators

One of the ways of enabling the practical application of membrane reactors based
on porous catalytic converters can be their joint use with various types of fuel cells in
small-sized power generators. To demonstrate this possibility, we designed a prototype of
such a setup equipped with a solid-oxide fuel cell (SOFC) with a solid ceramic electrolyte
consisting of zirconium oxide stabilized by yttrium oxide. The appearance of this SOFC is
shown in Figure 17 and the main characteristics are summarized in Table 10.

Figure 17. Appearance and internal structure of a solid-oxide fuel cell.
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Table 10. Characteristics of SOFC.

Current Density 300 mA/cm2

Power density 150 mW/cm2

Specific volume 3.3 L/kW
Specific weight 1.6 kg/kW

The main advantages of SOFCs compared to other fuel cells are their high power and
unpretentiousness with regards to the composition of the fuel gas, i.e., resistance to the
poisoning of the electrochemical parts of the device with catalytic poisons, in particular
carbon monoxide. In our case, the SOFC was fed by the synthesis gas obtained by the
reforming of hydrocarbon raw materials of fossil (methane), biological (ethanol, corn fer-
mentation products (Table 11)), and synthetic (dimethyl ether) origins as well as industrial
waste (aviation kerosene partial oxidation products).

Table 11. Component composition of the products of enzymatic fermentation of corn [42].

Component Concentration, vol. %

ethanol 80

propanol 5

n-butanol 5

n-pentanol 10

Below are the input and output parameters of the process of steam reforming of some
organic substrates used to generate fuel gas to feed the SOFC (Table 12).

Table 12. Input and output parameters of the process of steam reforming of various organic substrates
in a catalytic fuel gas generator for SOFC.

Substrate H2O/sub.,
vol./vol.

Q, h−1 T, ◦C
Reaction Products, vol. %

H2 CO CH4 CO2

methane 2 7000

800

73.0 13.0 1.0 14.0

ethanol 1,5 10,000 72.0 13.7 0.6 13.7

fermentation products 7 15,000 73.8 3.6 0.6 22.0

4. Conclusions

It was shown experimentally that the hydrogenation of hydrocarbon reforming gases
to methane in porous catalytic nickel/aluminum/cobalt converters provided the efficient
removal of carbon oxide impurities, which made these gases suitable for feeding not only
high- but also medium-temperature fuel cells, which are very sensitive to CO content in
concentrations exceeding 3–5 vol. %.

It was established that the reaction rates were three times higher for the solid converter
than for the granulated converter, which was a consequence of the forced diffusion of
substrate molecules in the limited space of the open catalytic channels of the converter. This
fundamental conclusion is based on the structural organization of the converter, which had
up to 107 channels with an effective cross-section of 3 µm per cm2 of the surface, whereas
a much less dense packing of active particles in the bulk catalyst layer led to a noticeably
lower productivity of the traditional flow reactor.

It was shown that the steam reforming of carbon monoxide in the porous catalytic
nickel/cobalt converters was a highly efficient alternative method for the production
of hydrogen-containing mixtures (up to 18,800 L/(h·dm3) productivity) with ultralow
concentrations of carbon monoxide (below 800 ppm). In addition, such hydrogen-rich
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mixtures are more calorific than the original mixtures and can be used as fuels with
enhanced useful output in high- and medium-temperature fuel cells, as well as reagents in
various chemical processes that require high-purity hydrogen.

An original hybrid catalytic membrane reactor was developed combining the chemical
conversion of reactants in a porous catalytic converter with the selective extraction of
ultrapure hydrogen (the proportion of H2 being not less than 99.9999 vol.%) from the
reaction zone on a palladium–ruthenium membrane. As is known, ultrapure hydrogen
is needed to feed low-temperature fuel cells, which are particularly sensitive to carbon
monoxide poisoning at concentrations above 10 ppm.

The wide scope of the practical applications of this reactor for the production of
ultrapure hydrogen in the processes of carbon dioxide and steam reforming of liquid and
gaseous organic substrates of fossil (methane), biological (ethanol, fermentation products),
and synthetic (dimethyl ether) origins were demonstrated.

It was shown that in the hybrid catalytic membrane reactor, the main process parame-
ters noticeably increased compared to those in the traditional flow process due to the shift
in chemical equilibrium. For example, in the carbon dioxide reforming of methane, the
conversion increased by 30%, while the degree of extraction of ultrapure hydrogen reached
83%. Thus, a high performance, along with a low weight and size, could allow the efficient
use of the hybrid catalytic membrane reactor in portable power generation devices.

The processing of the Fischer–Tropsch synthesis by-products demonstrated that the
porous catalytic converters could be successfully used, among other things, for the high
purification of liquid and gaseous industrial wastes from various kinds of organic pollu-
tants by converting them into synthesis gas, an important intermediate product and energy
carrier, which, after the separation of carbon dioxide, can be used as a reagent in petro-
chemistry to obtain valuable products or in solid-oxide fuel cells and to generate electricity.

The utilization of a gas turbine engine exhaust in membrane reactors based on porous
catalytic converters combined with a solid-oxide fuel cell may become an additional source
of power in auxiliary power units for the power supply of onboard aircraft systems.

The results of the studies of the prototype of an electricity-generating device demon-
strated the possibility of creating the most advanced power plants based on a catalytic
membrane reactor combined with a solid-oxide fuel cell, which has great potential for
practical applications for the safe power supply of stationary facilities and various types of
transport vehicles.
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