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Abstract—The results of a kinetic study of the disproportionation reaction of carbon monoxide on the sur-
face of B1—B3 palladium alloy membranes over wide ranges of residence times and temperatures are
reported. The specific rates and activation energies of the reaction with the formation of CO, and atomic car-
bon adsorbed on the surface were determined. It was found that the rate of reaction on all of the alloys from
the B series other than B3-2 was independent of the consumption of CO and the residence time. The catalytic
activity of multicomponent palladium alloy membranes in the CO disproportionation reaction was much
lower and the activation energy was higher than the corresponding parameters of Pd—(6—10)Ru and Pd—
5.5Ni binary alloy membranes. Atomic carbon formed in the reaction on all of the alloys from the B series
other than the B3-2 alloy did not form carbon deposits as polymer films, pyrolytic carbon, or soot strongly
bound to the surface of each other to result in a decrease in the rate of reaction. On the surface of the B3-2
alloy, atomic carbon initiated the formation of a polymer film weakly bound to the surface, which decreased

the rate of reaction. A reaction mechanism was proposed to adequately describe the experimental results.

DOI: 10.1134/5002315841002014X

INTRODUCTION

The recovery of hydrogen from various gas mix-
tures, including synthesis gas prepared by hydrocar-
bon conversion, using palladium alloy membranes is
an efficient currently available technique for the pro-
duction of high-purity hydrogen [1—4]. At the same
time, palladium alloy membranes can serve as cata-
lysts for the hydrogenation of carbon oxides and the
dehydrogenation of hydrocarbons, alcohols, and
ethers [5—9]. Thus, in the extraction of pure hydrogen
from the synthesis gas of hydrocarbon conversion with
membranes of promising multicomponent palladium
alloys, soot formation was observed on the surfaces of
membranes, membrane module units, hydrogen flow
lines, and lines for the removal of depleted synthesis
gas [10]. Moreover, it was experimentally found that,
upon passing pure carbon monoxide through a quartz
reactor with membrane samples of B1 and B2 alloys
and a number of construction materials (St3 and
Kh18NI10T steels, PSR-72 and PMF-8 solder alloys,
nickel, copper, and Pyrex), the disproportionation of
CO (Boudoir reaction) occurred at 873 K [10]:

2C0 >~ CO, + C, 1))

which was accompanied by soot formation, especially
intensive on St3 steel, nickel, and PSr-72 solder alloy.
The strong dependence of the yield of CO, on the
material of samples at the same parameters (gas pres-
sure and temperature) suggests the heterogeneous
character of reaction (I).

The disproportionation reaction was studied on
binary alloy membranes in a flow of CO or a mixture
of CO with hydrogen [7—9]. In the mixture, the
hydrogenation of CO molecules to form C,—C,
hydrocarbon and water molecules occurred along with
a decrease in the rate of reaction (I). Water molecules
can compete with hydrogen molecules in adsorption at
the same active surface sites [11] to decrease the rate of
formation of CO, in reaction (I) and enter into the
water gas reaction with CO molecules

H,0 + CO - CO, + H, (1)

to increase the yield of CO,.

Thus, to interpret the results of a study of the
simultaneous occurrence of all of the above reactions
in mixtures of CO with hydrogen, including mixtures
prepared by hydrocarbon conversion [1, 4], the dis-
proportionation reaction should be initially studied on
palladium alloy membranes in pure CO; then, the
water gas reaction and the hydrogenation of CO
should be studied.

This work is the first stage of a study of catalytic
reactions on multicomponent B series (B1—B3) palla-
dium alloy membranes, which are widely used in the
extraction of pure hydrogen from hydrocarbon con-
version gas mixtures [ 1—4]. The aim of this work was to
experimentally study the rate of the disproportion-
ation reaction in a flow of pure CO over the working
temperature range (573—925 K) in order to predict the
maximum possible rate of reaction and to minimize
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Fig. 1. Experimental setup: (/) reactor; (2) electric heater;
(3) temperature measurement and control unit; (4) CO
preparation, purification, and drying unit; (5) regulating
valve; (6) chromatograph; (7) flow meter; (§—72) shutoff
valves; and (/3) pressure-and-vacuum gage for measuring
gas pressure in the reactor.

the rate of product (primarily, soot) formation in the
membrane extraction of pure hydrogen.

EXPERIMENTAL

Experiments were performed in a system (Fig. 1)
analogous to that described previously [10], but over
wider ranges of temperatures (573—925 K) and mem-
brane alloy compositions. The system included a
fused-silica cylindrical flow reactor / with an inner
diameter of 1.03 x 107> m and 70 x 10~2m long, which
was heated with an electric heater 2, a temperature
control and measurement unit 3, a unit for the gener-
ation of CO by the decomposition of formic acid in
accordance with a published procedure [12] in the
presence of phosphoric acid (H;PO,) with chemical
gas purification and drying with phosphorus pentoxide
at 193 K 4, a regulation valve 5 arranged in the gas sup-
ply line before the reactor inlet for gas flow regulation,
an LKhM 8MD chromatograph 6, and a gas flow
meter 7. The heated lines were made of copper tubes.
The reactor temperature was measured using a
Chromel—Alumel thermocouple arranged at the outer
surface of the reactor wall to exclude a contribution
from reaction on the thermocouple surface. The gas
flow rate was measured by leakage into calibrated 1- or
5-1volumes, which were preevacuated with a fore vac-
uum pump, with the automatic detection of the time
of pressure increase from initial (~150 Torr) to final
values (170—200 Torr) using a Sapfir gage. Gas flow
meter 7 allowed us to measure the flow rates of CO
immediately at the outlet of valve 5 or a gas mixture at
the reactor outlet; for this purpose, shutoff valves §— 12
were mounted in gas inlet and outlet lines. The gas
mixture composition at the reactor outlet was deter-
mined using chromatograph 6 equipped with the
ECOCHROM software for the measurement and pro-
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cessing of chromatograms on a personal computer.
High-purity argon or helium was used as the carrier
gas in the chromatograph at a flow rate of 11/h. Zeolite
NaX or Porapak served as sorbents (column length,
2 m; column temperature, 60°C). The chromatograph
was calibrated against gases and calibration mixtures at
room temperature and atmospheric pressure. To pump
CO and products through the reactor, chromatograph,
and the measuring system, a small excess pressure was
sufficient (p = 0.105 MPa). The gas from the flow
meter was supplied to a burner mounted in an exhaust
hood and combusted.

Errors in concentration measurements were no
higher than 3% (CO) or 5% (CO,) and in gas flow
rate measurements, +5%.

The reactor was filled in turn with the following
palladium alloy membranes (wt %):

B1 (Pd—15.6Ag—3.06Au—0.6Pt—0.6Ru—0.24Al);

B2 (Pd—15Ag—1.5In—0.5Y)[10];

B3-1 (Pd—15Ag—1.5In—0.2Y—0.5 W);

B3-2 (Pd—15Ag—1.5In—0.2Y—-0.5 Ta);

B3-3 (Pd—15Ag—1.5In—0.2Y—0.5Nb);

B3-4 (Pd—15Ag—1.5In—0.2Y— 0.5Mo) [13].

The B1 alloy was used as a bundle of capillary tubes
with an outer diameter of 0.245 x 102 m, a wall thick-
ness of 120 um, and a length of 0.275 + 0.005 m, and
the other alloys were used as the bundles of wire 0.05 x
1072 m in diameter and from 0.15 to 0.18 m in length
(Table 1, columns 1-7), which were degreased,
washed with hydrocarbon solvents, and dried. The
length of alloy elements was responsible for the length
of the active reaction zone (L,). The bundle of capil-
lary tubes of the B1 alloy more or less uniformly filled
the reactor cross section (S, = 0.833 x 10~* m?), and
the bundles of wire of the other alloys were chaotically
arranged at the bottom to fill less than 5% of the reac-
tor cross section. The surface roughness of alloy sam-
ples, which were made by extrusion and broaching,
was less than 1%.

Before being charged, the reactor was heated to
873 K and purged with pure dry carbon monoxide at a
rate of 0.003 mol/h. In this case, the concentration of
CO, measured at the reactor outlet at the silica-wall

surface area of 0.0227 m? was no higher than 0.01%;
this demonstrated the low catalytic activity of fused
silica (0.67 x 10> mol m~2 h~!). After loading the
reactor with a test material, the required flow rate of
CO was adjusted and measured at the pressure p =
0.105 MPa and T = 300 K. Then, the reactor was
heated to 873 K, and the presence of impurities in a
flow of CO after the outlet of the reactor filled with
alloy samples was checked at 7= 873 K and minimum
flow rates (0.003—0.006 mol/h). The products were
analyzed by chromatography with the use of high-
purity argon as the carrier gas and a Porapak column
for the determination of hydrogen, CO, and CO,.
Only the peaks of CO and CO, were detected on Pora-
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Table 1. Reactor parameters for studying the kinetics of reactions on various membrane alloys
2 6 3 6 3 4 2 6 3 Salloy 2
Alloy Lx10%,m | Vix10°%m° | Vyey x 10%, m° | Sy x 10%, m* [V — Vo x 10, m?| ———— x 1077, m
Vr - Valloy

Bl 27.5 22.9 1.20 403 21.7 18.6
B2 14.6 12.2 0.50 39.7 11.7 34
B3-1 15.9 13.2 0.80 61.5 12.4 5.0
B3-2 18.0 15.0 0.70 56.0 14.3 3.9
B3-3 15.3 12.7 0.80 62.3 11.9 5.2
B3-4 16.2 13.5 0.73 58.3 12.8 4.9
(Ax/x), % 13 +3 +5 +10 +3.5 +15

pak. Because the peak of nitrogen overlapped with the
peak of CO because of the same retention times, the
measurements were repeated on a column with zeo-
lite, on which the peaks of hydrogen, nitrogen, oxy-
gen, and methane were not detected. The upper esti-
mates of component concentrations with the use of
experimental detection sensitivity values were
<€0.001% hydrogen and <0.01% nitrogen and oxygen
at the concentrations Cc, = 0.5-2.5 vol %. Conse-
quently, the rate of formation of CO, by the oxidation
of CO with water vapor and residual oxygen

CO+0,— CO,+0O (11I)
was much lower than the rate of formation of CO, in
reaction (I) so that reactions (II) and (III) can be
ignored.

The disproportionation kinetics was studied over a
wide ranges of parameters (7' = 573—925 K and gas
flow rates of 0.0022—0.0670 mol/h). Low CO, con-
centrations were measured chromatographically using
Porapak columns and helium as the carrier gas. In the
course of these experiments, the concentrations Ceo,
and C.o at the reactor outlet were calculated from
chromatograms. The measured concentrations of CO,
were corrected for CO, formation at the wall surface of
the silica reactor. From the refined values of the con-
centration Cc,, and measured CO flow rates, the spe-
cific rate of reaction (I) on the membrane palladium
alloy was calculated as a function of temperature and
residence time (7):

WF(T,'C) = {CC02 (Ta’t)QCO(TJT)}/SaHoy’ (l)

where Cco, is the concentration of CO, molecules,
mole fractions (henceforth, S, is the geometric sur-
face area of an alloy sample (Table 1, column 5)).
Errors in the calculated absolute values of Aw,/w, were
20 and £10% in the relative values (at S, = const).

The tentative gas residence time (t) with the sur-
face of alloy samples at constant loading, temperature,
and pressure was calculated from the measured rate
(Oco) at the reactor outlet and the difference between
the volumes of the reaction zone (V) and alloy sam-
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ples (V0y) (Table 1, columns 3, 4, and 6) using the
equation

T = (Vi=Vaioy)/{ Qco 0o/ D)(T/ Tp)}, (2

where p, = 0.1 MPa, T,= 273 K, and p and T are the
gas pressure and temperature in the reactor, respec-
tively. Error in the determination of T was +8.5%. At a
constant length (L,) of the active reactor zone (V, —
Vaioy = const), the residence time was inversely pro-
portional to gas flow rate.

Upon measuring the dependence of the concentra-
tion of CO, on the flow rate of CO at 7'= 873 K, the
reactor temperature was varied at a constant flow rate
of CO and the temperature dependence of the con-
centration of CO, in the flow at the reactor outlet and
the rate of reaction was obtained.

After completion of measurements in the first sam-
ple, the CO drying agent was regenerated at the outlet
of reactor 4, the next sample was loaded, and a cycle of
the above measurements and calculations was
repeated in turn with the other membrane alloy sam-
ples.

RESULTS

Table 2 summarizes the CO, concentrations mea-
sured at the reactor outlet depending on the rate Q¢
at the inlet and calculated using Eq. (1), as well as the
specific rates of reaction on various membrane alloys
at 873 K. The specific rate of reaction reached a min-
imum on the B1 alloy and increased in the following
order: Bl — B3-4 — B3-3 — B3-1 — B2 —
B3-2. As the temperature was decreased, it monoton-
ically decreased on all of the alloys (Table 3).

Form the measured temperature dependence of the
specific rate in the Arrhenius coordinates, the activa-
tion energies of the disproportionation reaction were
calculated. The experimental points lied in straight
lines (Figs. 2a, 2b) within the limits of relative error for
all of the multicomponent membrane alloys, which

was Alogw, /logw, < £7%. For comparison, Fig. 2b

(lines 7, &) shows the same dependences for Pd—10Ru
and Pd—5.5Ni binary membrane alloys calculated
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Table 2. Dependence of the concentration of CO, and the rate of CO disproportionation on membrane alloys on the gas flow

rate at the reactor inlet at 7= 873 K and p = 0.105 MPa

B1 B2 B3-1
CCO 5 w,. X 103, Qco, CCO ) w. X 103, Qco, CCO 5 w. X 103,
Qco, mol/h vol %) mol m~2 h~! mol/h vol % mol m~2 h~! mol/h | %) mol m~2 h~"!
0.0500 0.08 1.00 0.0360 0.17 15.4 0.066 0.16 17.1
0.0300 0.18 1.34 0.0170 0.37 15.6 0.044 0.18 12.8
0.0280 0.19 1.32 0.0120 0.51 15.4 0.026 0.27 11.4
0.0200 0.33 1.64 0.0080 0.77 15.6 0.015 0.45 11.1
0.0140 0.53 1.81 0.0057 1.13 16.1 0.014 0.56 12.7
0.0086 0.78 1.69 0.0047 1.35 15.9 0.010 0.86 14.0
0.0062 0.96 1.49 0.0044 1.49 16.6 0.005 1.72 14.0
0.0039 1.65 16.1 0.003 2.50 12.2
0.0034 1.77 15.1
w, x 10> mol m=2h~! 1.55%£0.14 15.80 £ 0.39 12.60 £0.90
molecule Cm72 g1 2.6 x 1013 2.6x 10" 2.1x 10"
62=0.04 62=0.23 62=13
B3-2 B3-3 B3-4
Ceo. > W, X 103, Oco» Cco,» w.x 103, Oco> Ceco. > W, X 103,
QOco, mol/h vol 1;5 mol m~2 h! mol/h | o o;; mol m~2 h~! mol/h | o 1;5 mol m~2 h!
0.0340 0.50 30.4 0.0630 0.04 4.01 0.0140 0.14 343
0.0190 0.94 32.0 0.0130 0.20 4.17 0.0110 0.16 3.09
0.0140 1.13 28.2 0.0110 0.23 4.01 0.0099 0.20 343
0.0085 1.44 21.8 0.0093 0.28 4.65 0.0074 0.23 2.92
0.0048 2.14 18.4 0.0079 0.31 3.85 0.0056 0.31 2.92
0.0038 2.50 17.0 0.0066 0.41 4.33 0.0039 0.39 2.57
0.0041 0.56 3.69 0.0037 0.45 2.92
0.0036 0.66 3.85 0.0031 0.54 2.92
0.0032 0.73 3.85
w, x 10°mol m=2h~! 30.2+2.4 4.05+0.22 3.03+0.22
molecule cm—2 s~! 5.1 x 1014 6.8 x 10]3 5.1 x 1013
c?=3.6 o2 =0.05 c?=038
(n=3)
148+1.0
=157
(n=16)

based on published data [7—9, 14]. In these cases, rel-
ative errors were greater: £12% for Pd—5.5Ni and
+20% for Pd—(6—10)Ru. The activation energies of
the reaction of CO disproportionation varied from 15
to 95 kJ/mol for multicomponent alloys from the
series of B1—B3 and from 9 (Pd—5.5Ni) to 18 kJ/mol
(Pd—(6—10)Ru) for two-component alloys (Table 4).

The calculated Reynolds numbers (characterizing
turbulence) for all of the alloy samples over the tested
range of parameters varied from 0.2 to 4.2, and addi-
tional turbulization did not occur in the longitudinal
flow around long smooth samples. Thus, the gas flow
in the reactor was laminar. The experimental data
(Tables 2, 3) in combination with reactor and sample
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Table 3. Dependence of the concentration and the rate of formation of CO, on the surface temperature of membrane alloys at
p = 0.105 MPa and constant CO flow rates

B1; Oco = 0.0280 mol/h B2; Oco = 0.0077 mol/h B3-1; Qo = 0.0260 mol/h
| oo | S0 | T | Cooar® | HEE | 1 | oot ]t
751 0.062 043 743 0.26 5.04 783 0.055 2.32
767 0.103 0.72 763 0.29 5.62 802 0.06 2.50
770 0.117 0.81 794 0.38 7.34 825 0.13 5.50
790 0.128 0.89 829 0.56 10.90 853 0.21 8.88
810 0.150 1.04 851 0.77 14.90 863 0.21 8.88
841 0.165 1.15 870 0.80 15.50 873 0.24 10.15
873 0.193 1.34 873 0.80 15.50 883 0.29 12.26

892 0.87 16.90
921 1.00 19.40

B3-2; Oco = 0.020 mol/h B3-3; Oco = 0.048 mol/h B3-4; Qo= 0.011 mol/h
T,K | Cco,,vol % mz)vlr;ll?;’" T,K | Cco,,vol % m:)vfrxnlgi{—l T,K | Cco,,vol % m:)"lr;llgi;_l
573 0.35 12.50 754 0.075 0.58 793 0.09 1.52
623 0.46 16.43 824 0.272 2.03 836 0.12 2.19
646 0.53 18.92 847 0.375 2.89 873 0.16 3.24
741 0.72 25.71 873 0.518 3.99 924 0.25 4.76
803 0.83 29.64 883 0.572 441
853 0.92 32.86
873 1.07 38.21

Pd—10 Ru [8, 9] Pd—5.5 Ni [8, 9] Pd—(6, 10) Ru [7, 16] Pd—5.5Ni [7, 16]
T.K mz)vlrrtllgil’_l T.K m:)vlr :119 i;‘l T.K m:)vlrrillg)i;_l T.K m:)vlr;llg)i;_l
523 98.23 523 30.67 523 98 523 30
583 125.33 583 37.14 573 120 573 35
633 263.89 633 45.20 623 260 623 44
683 362.12 683 53.08 673 360 673 50

Table 4. Activation energy of CO disproportionation reaction (I) on the surface of multicomponent and binary membrane alloys

Alloy addition
Alloy E,/R x 1073, K E,, kJ/mol
transition metals, wt % | Group III metals, wt %

B1 5.9+0.2 49.2+2.0 0.6 Pt—0.6 Ru 0.24Al

B2 5.6+0.4 46.7+ 3.3 — 1.5In—0.5Y
B3-1 11.4£0.3 95.0£2.5 0.5W 1.5In-0.2Y
B3-2 (1 <£405) 1.8 £0.04 15.0%+0.3 0.5Ta 1.5In—0.2Y
B3-3 10.5+£0.3 87.4+2.5 0.5 Nb 1.5In-0.2Y
B3-4 5.510.2 46.2 £ 1.7 0.5 Mo 1.5In-0.2Y
Pd—(6—10) Ru 2.14 17.90 6—10 Ru —
Pd—5.5 Ni 1.07 8.95 5.5 Ni —

KINETICS AND CATALYSIS Vol. 51 No. 2 2010
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Fig. 2. The temperature dependence of the specific reac-
tion rate of CO disproportionation on alloys in the Arrhe-
nius coordinates (lines); points refer to experimental data
for the following alloy samples: (/) B3-3, (2) B1, (3) B3-4,
(4 B3-1, (5) B2, (6) B3-2, (7) Pd—5.5Ni, and (&)
Pd—10Ru.

parameters (Table 1) allowed us to evaluate the dispro-
portionation reaction conditions on multicomponent
alloys with consideration for the effect of diffusion
mass transfer. For this purpose, in accordance with a
published method [15, 16], we calculated the ratios of
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Fig. 3. Dependence of the concentration Cco, on the res-

idence time with the surfaces of the following alloys: (/)
B3-2, (2) B3-1, (3) B2, (4) B1, (5) B3-3, and (6) B3-4.

reaction rate coefficients to the coefficients of the
mass transfer of CO molecules to the surface of alloys
over the entire test temperature range:

{WrSalloy/( V.- Valloy)CCO}/{DdifSe/( V.- Valloy)6}
<(0.5-11)x107,

where Dy (T=573—-925K) = (0.70—1.54) x 10~*m?/s
is the diffusion coefficient of CO molecules in a gas
flow [17]; & is the thickness of a boundary layer on the
samples. In the case of B1 alloy, to obtain an upper esti-
mate from relationship (3), & was taken to be approxi-
mately equal to the diameter of samples (0 < 0.25 x
10~2m) at the uniform reactor filling of about 50%.
For the other alloys (B2, B3) whose filling was no
higher than 5%, the overall mass transfer to the surface
of all of the samples was estimated. In this case, the
boundary layer thickness was & < (0.2—0.3) x 1072 m.
From estimates obtained using relationship (3), it fol-
lows that the diffusion mass-transfer coefficient was
higher than the reaction rate coefficient of dispropor-
tionation by five or six orders of magnitude for all of
the samples over the entire test range of parameters.
Consequently, the gas-phase diffusion of CO mole-
cules to the surface of alloys did not limit the rate of
disproportionation, which occurred in the kinetic
region for all of the test membrane alloys over the
entire test range of parameters. Thus, the rate of dis-
proportionation is independent of the gas flow rate in
the reactor. Indeed, differences between the rates of
reaction and the average rates of reaction given in
Table 2 do not exceed the relative errors of measure-
ments for all of the alloys other than B3-2. Therefore,
the deviations of particular points from average values
greater than the doubled dispersion 62 can be due to
only random errors, and they were excluded in the cal-

)
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Table 5. Rate of formation (w¢) and the specific (Qcty,) and total (QcteyySaoy) Yields of atomic carbon in the disproportion-
ation of CO on the surface of membrane alloys in a maximum exposure time (7., = 12 h) in experiments performed at 7= 873 K

and p =0.105 MPa

Alloy | we x 1074, atom cm™2s™! Qclexp ¥ 1078, atom/cm? Oclexp mg/cm? OclexpSalioy> M8
Bl 0.26 1.10 0.023 9.10
B2 2.60 11.20 0.230 7.38
B3-1 2.10 9.10 0.182 11.20
B3-3 0.68 2.94 0.059 3.68
B3-4 0.51 2.20 0.044 2.57
B3-2 5.10 22.00 0.450 26.00

culation of the average values of reaction rates on Bl
and B3-1 alloys. The rates of reaction on Bl, B2, B3-
1, B3-3, and B3-4 alloys did not depend on the flow
rate of CO, and the concentrations of CO, molecules
at the reactor outlet monotonically increased as the
residence time was increased (Fig. 3).

A monotonic decrease in the rate of reaction
beyond the limits of relative errors (£10%) was
detected in B3-2 alloy as the flow rate of CO was
decreased (Table 2). In this case, deviations from the
arithmetic mean value of the rate of reaction at all
points (n = 6) were greater than 70%, and c? was
higher than the average value by a factor of 5. At the
same time, on this alloy, which is characterized by a
maximum rate of reaction at residence times t < 40 s,
a break of a curve was detected in the dependence of
the concentration of CO, on residence time (Fig. 3).
As shown above, this break cannot be explained by
reaction rate limitations due to diffusion mass transfer.
Moreover, after the experiments performed at the con-
stant temperature 7' = 873 K, the residence times t >
40 s, and the exposure 7., ~12 h, a continuous trans-
parent violet film was detected on the surface of B3-2
alloy; this film was easily removed upon sample bend-
ing. The violet color was due to the interference of
incident and reflected light; it suggests that the film
thickness was about the wavelength of this light
(~350—400 nm). Undoubtedly, the formation of this
film was responsible for an almost twofold decrease in
the rate of reaction as the film thickness increased over
the residence time interval T = 60—200 s (Fig. 3) by
blocking the alloy surface.

The formation of polymer films on the surfaces of
other alloys was not observed. After the experiments at
T'= 873 K and exposure times to 12 h in a flow of CO,
only a barely perceptible dark carbon deposit was
detected on the surfaces of B2 and B3-1 alloys; this
deposit was easily removed from the surface with a
flow of air. Therefore, carbon did not exhibit strong
adhesion to the alloy surface and to individual carbon
particles. The absence of chemical bonds clearly indi-
cated that the detected deposit was different from
pyrolytic carbon. It can be a deposit of soot or graphite
particles.

KINETICS AND CATALYSIS Vol. 51 No. 2 2010

In disproportionation reaction (I), the yield of car-
bon atoms is equal to the yield of CO, molecules. This
allowed us to calculate the specific and total yields of
carbon, which resulted from reaction (I) on the sur-
faces of various alloys at T'= 873 K during the maxi-
mum time of measurements (%, = 12 h) (Table 5),
from data in Table 2.

From these data, it follows that the amount of car-
bon atoms formed on the alloy surfaces in the experi-
ment times as a result of the reaction was sufficient for
the formation of deposits from 335 to 680 nm in thick-
ness at distances between carbon layers characteristic
of graphite (0.335 nm) and soot particles. They can
completely block the surface and decrease the rate of
reaction to its termination. However, even a mono-
tonic decrease in the reaction rate with exposure time
was not detected on the alloys other than B3-2 alloy.
At the same time, a continuous polymer film 350—400
nm in thickness formed on the surface of B3-2 alloy
incompletely blocked the surface. The molecules of
CO continued to arrive at the alloy surface from a gas
phase and enter into reaction (I); this suggests the
occurrence of the diffusion of CO molecules and the
release of the resulting gas-phase products through the
polymer film.

Therefore, the average reaction rate of CO dispro-
portionation on B3-2 alloy (Table 2) was calculated
from the points that corresponded to the rates Qqq =
0.0140 mol/h and residence times Tt <40s, at which the
formation of a polymer film was not detected. The
activation energy of reaction on this alloy was also cal-
culated at T = 40 s in the absence of a film on the sur-
face.

An analysis of these data, especially, small amounts
of carbon deposits and weak bonds to the surfaces of
B2 and B3-1 alloys, where the rates of reaction were
much higher than on the other alloys (B1, B3-3, and
B4), led us to a conclusion that the surface was contin-
uously cleaned from carbon removed with a gas flow in
the course of reaction on all of the membrane alloys
other than B3-2 alloy.
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DISCUSSION

Let us consider a possible mechanism of heteroge-
neous reaction (I) based on the above experimental
data (Tables 2—5, Fig. 3) and the results of a study of
the structure and bond energies of CO molecules
adsorbed on the surface of Group VIII metals [18] and
Pd—Ru membrane alloys [7—9, 14] using various tech-
niques.

The experimental data demonstrate the occurrence
of heterogeneous reaction (I) on all of the membrane
alloys. In this case, the change in the average concen-
tration of CO molecules in a gas phase along the reac-
tor was lower than 2—5% in the course of reaction on
all of the alloys at a constant temperature. Conse-
quently, all of the active surface sites on all of the alloys
were permanently occupied by adsorbed particles over
the entire test ranges of residence times and tempera-
tures. From the experimental data (Tables 2, 3), it fol-
lows that the rate of reaction and hence the composi-
tion and structure of sites active in reaction (I) and the
concentrations of particles adsorbed on them depend
on temperature and alloy composition and do not
depend on residence time.

It is well known that the adsorption of CO mole-
cules on all of the Group VIII metals [18] and the test
palladium membrane alloys [7—9] occurrs at active
sites of two types to form weak and strong bonds,
respectively. The weak bond occurred in the reversible
low-temperature adsorption at one active site, and it
was characterized by the linear structure of an adsorp-
tion complex, whereas the strong one occurred in the
irreversible dissociative adsorption with the formation
of a bridging structure due to the bond of CO mole-
cules with two or more active sites of different types
[7-9, 14].

Thus, two forms of adsorption with maximums at
690 + 10 and 960 + 30 K were detected on the surface
of a binary PdARu membrane alloy by thermal desorp-
tion from the surface presaturated with CO molecules
at T = 773—-973 K. On desorption from the surface
presaturated with CO molecules at lower temperatures
T<523 K, only one peak at 690 + 20 K was detected;
this peak shifted to 720 K and broadened to 1000 K as
the adsorption temperature was increased to 573 K [7].
Both of the peaks were detected upon cooling from
773 to 295 K in a continuous flow of CO [14, 19]. In
the presence of a single peak, only CO molecules were
detected in thermal desorption products, whereas CO
and CO, molecules were detected upon the appear-
ance of a second peak in the thermal desorption spec-
tra [7]. These data allowed us to relate first type sites s,
(peak at 690 K) to the reversible adsorption—desorp-
tion of CO molecules and second type sites s, to the
dissociative adsorption of CO (peak at 960 K) [7, 14]
because the presence of a peak at 960 K is a necessary
condition for the formation of CO,.

The dissociative adsorption of CO cannot occur
with the participation of only one site because of the
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great molecular dissociation energy (1066 kJ/mol)
[20], which is higher than the atomic bond energies in
MO (486—1063 kJ/mol) and MC crystals (611—
1237 kJ/mol) in the majority of the test membrane
alloys [21]. Therefore, it is most likely that the dissoci-
ation of CO molecules results from irreversible
adsorption at two or more closely spaced alloy metal
atoms, which comprise an active site s, with the for-

mation of adsorbed Cs’, and Os’, atoms on the surface.
The multicenter dissociative and one-center revers-
ible forms of the adsorption of CO and hydrogen
molecules were detected on the surfaces of all of the
Group VIII metals [18] and PdRu and PdNi binary
alloys [7, 14].

Similar low-temperature and high-temperature
adsorption sites will occur on the surfaces of other
binary and multicomponent membrane palladium
alloys, in particular, alloys from the series B1—B3,
because their constituents are addition elements of
Group I (Ag and Au), Group III (Al, In, and Y),
Group V (Ta and Nb), Group VI (Mo and W), and
Group VIII (Ru and Pt) metals, which possess high
catalytic properties, in addition to palladium
(Table 4).

Based on the above analysis of the experimental
results and published data, we suggest that the proba-
ble mechanism of CO, formation in a flow of CO on
the test multicomponent membrane palladium alloys
from the series B1—B3, as well as on membrane PdRu
and PdNi binary alloys, involves the following steps:

CO +s, — COs,, (IV)
CO + s, — (COs,)* — Cs}, + Os}, V)
COs, + 0sy — (CO,)*sy +s,, (V)
CO + Os) — (CO,)*sy, (VII)
(COy*sy — CO,T + 57, (VILI)

where s; are the low-temperature sites of reversible
adsorption and s, are the high-temperature sites of dis-

sociative (irreversible) adsorption of CO, and, s} and

s, are the portions of multicomponent s, sites. It is dif-
ferent from the mechanism of thermal adsorption fol-
lowed by vacuum desorption [7] only in the presence
of possible step (VII) [14].

At low temperatures (7' < 573 K), only the revers-
ible adsorption of CO occurred to result, in combina-
tion with the reverse reaction, desorption (IV), in an
equilibrium at this step. As the temperature was
increased (7 > 573 K), the irreversible adsorption of
CO molecules at active sites of the second type was
detected; it resulted in dissociation (V) with the for-
mation of equal amounts of oxygen and carbon atoms

adsorbed at different parts of these sites Cs), and Os}.
The bond energies of adsorbed oxygen and carbon
atoms at Group VIII metals (Pd, Pt, Ru, and Ni) and,
probably, other transition metals were 260—420 and
80—160 kJ/mol, respectively [18]. Subsequently, the
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adsorbed oxygen atoms were completely consumed in
reactions (VI)—(VII) for the formation of CO, mole-
cules, which were desorbed from the surface into a gas
flow (VIII). As a result of reactions (VI)—(VIII), the s,

and s, surface sites were purified.

Carbon atoms remained as Cs), at the surface sites.
Their subsequent behavior depended on the character

and strength of bonds with s}, sites. From IR spectro-
scopic data, it follows that CO molecules can be
adsorbed in a strongly bound bridging form in the fol-
lowing probable configurations:

~
M, _ >C=/=0=M,
>C=/=0=M Z
M, >C=/=0=M, (IX)
C=/ , ~
Ml /C=/=O:Ml 5
A B

where M and M, are palladium and additional ele-
ment atoms, including Group VIII metals, that con-
stituted s, active sites at various faces of the crystal lat-
tice, and the / sign indicates the site of bond rupture

with the formation of adsorbed Cs, and Os} atoms.
After dissociation and the interaction of adsorbed oxy-
gen atoms with CO molecules followed by the desorp-
tion of CO, (VI)—(VIII), carbon atoms adsorbed at

the neighboring M and M, metal atoms (Cs}) in con-
figuration A (IX) remained on the surfaces of alloys. It
is likely that, in this configuration, neighboring carbon

atoms interacted with the formation of excited C's}
molecules (n > 2). The internal excitation energies of
the resulting C,—Cg carbon molecules (600—
4100 kJ/mol [21]) was sufficient for the rupture of

their bonds with two (160—320 kJ/mol) or more s}
sites and the desorption of free carbon as a mixture of
C, molecules from the surface to a gas flow. As a result
of the desorption of carbon molecules from the sur-
face, all of the s), sites were liberated:

Csy + (n—1)Cs) — Cisy +s, — C, T+ 25, (X)
The main portion of desorbed carbon molecules was
removed with a gas flow, whereas a portion of heavier
molecules could be deposited on the surface as a film,
which was detected on the surface of the B2 and B3-1
test multicomponent membrane alloys. This deposit
of carbon molecules or particles was readily removed
by a flow of air after the removal of the samples into the
atmosphere. The occurrence of these reactions ex-
plains the experimental fact that strong chemical
bonds with the surface and between deposited carbon
particles were absent from B1, B2, B3-1, B3-3, and
B3-4 alloys and a polymer film was absent from the
surface of B3-2 alloy. At the same time, reactions (X)
resulted in the reduction of s, sites

(XD

sy +sy —=s,.
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Thus, all of the active surface sites of both types,
which participated in the disproportionation process,
were liberated and occupied once again as a result of
the subsequent dissociative and reversible adsorption
of CO molecules on all of the test membrane palla-
dium alloys. The above mechanism of reactions (IV)—
(XI) explains the observed absence of changes in the
reaction rate depending on the residence time of a flow
of CO with the surfaces of all of the alloys other than
B3-2.

In the case of B3-2 alloy, whose composition dif-
fered from that of the other alloys only in the presence
of tantalum as an addition element, the Ta—C bond
was the strongest, as compared with the Pd—C, Y—-C,
Mo—C, Nb—C, and W—-C bonds, and the formation
of heavier C, molecules was required for the rupture of
this bond. In this case, at least a portion of carbon
atoms and molecules could be more strongly bound to
the surface atoms of tantalum (M,). The chemisorp-
tion of CO molecules and the subsequent reactions up
to the formation of a polymer film, which was weakly
bound to the surface, can occur at the adsorbed C,,

atoms or C, carbon molecules by the loosening of
the Ta—C bond in the course of polymerization.

The violet film deposited on the surface of B2 alloy
was similar to a film deposited on a glass reactor sur-
face in the course of a study of the decomposition of
CO molecules in a nonequilibrium glow-discharge
plasma at reduced pressures [22]. The formation of
C(P) and O(CP) atoms as a consequence of the elec-
tron-impact dissociation of CO molecules was
detected in the bulk of the plasma. In this case, the for-
mation of a film was detected on the walls of a dis-
charge tube. According to IR spectroscopic and X-ray
diffraction data, the composition of the film, which
was analogous to the film on the surface of B3-2 alloy
in these experiments in appearance and color, corre-
sponded to the [C, O,], polymer, in which the x/y ratio
varied from 2 : 1 to 3 : 2 and color varied from black to
violet depending on the composition of the gas phase.
A study of the material balance of chemical reactions
occurring in the discharge demonstrated that the film
formation was initiated by the deposition of carbon
atoms onto the surface of molybdenum glass, and the
growth propagation was due to the adsorption of CO
molecules and C atoms on them from the gas
phase [18].

An analogous mechanism—the subsequent
adsorption of CO molecules on C atoms adsorbed at s,
sites on the surface of B3-2 alloy with the formation of
[C,Oy], polymers—is also possible in the dispropor-
tionation of CO.

In our opinion, the absence of coke or soot forma-
tion from the surfaces of other alloys studied in this
work provides support for the above reaction mecha-
nism with consideration for the formation of carbon
molecules, the desorption of them into the gas phase,
and the removal with a gas flow. Otherwise, polymer
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films, coke, or soot would be formed on the surfaces of
all of the alloys to affect the rate and activation energy
of forward reaction (I).

An analysis of the experimental results and pub-
lished data showed that the reaction rates and activation
energies (£,) reflect the desorption of CO, molecules
over the temperature range of CO disproportionation
reaction (573—925 K) on multicomponent (B1—B3)
and two-component membrane Pd—10Ru and
Pd—5.5Ni palladium alloys [7]. According to the
above disproportionation mechanism of reactions
(IV)—(XI), these results reflect the temperature distri-
bution of the concentrations of active surface sites (s,)
of the strong bridging form of the adsorption of CO
molecules for corresponding alloys [7, 18].

At gas pressure p = 0.1 MPa, the formation of CO,
resulted from consecutive reactions: dissociative CO
adsorption (VI) with the formation of Os, adsorbed
oxygen atoms followed by the oxidation of CO mole-
cules adsorbed at other sites s; (V) or immediately at
Os, atoms (VII). One way or the other, all of these steps
occurred at the active sites of alloy surfaces. At a gas
pressure of 0.1 MPa in the reactor and 7= 873 K, the
flow of CO molecules to the surface of alloy samples
was 3 x 102* molecule cm~2 s~ 1. Therefore, the adsorp-
tion surface sites s; and s, should be completely occu-
pied by CO molecules with the formation of adsorbed

Os} and Cs) atoms in a time shorter than 3 x 106 [23,

24]. From the experimental data, it follows that Os)
atoms decayed in the reactions of CO, formation with
a characteristic time of no shorter than 10 s (Fig. 3).
Thus, the oxidation of CO by the interaction with
adsorbed oxygen atoms is the rate-limiting step of the
reaction of CO, formation. An increase in the reactor
pressure above 0.1 MPa and in the flux of CO mole-
cules to the alloy surfaces cannot affect the rates of CO
oxidation steps and the formation of CO, molecules
with their desorption into a gas phase because the

purification of s}, sites and the regeneration of's, active
sites occurred only after the formation and desorption
of CO, and C, molecules. Consequently, the rate of
CO disproportionation reaction (I) is independent of
gas pressure. The absence of the pressure dependence
of the rate of the reaction was also supported by pub-
lished experimental data [7—9].

Based on the above consideration, we can make the
following conclusions:

(1) The specific rate of reaction (w,) of CO dispro-
portionation with the formation of CO, molecules and
Cs}, adsorbed atomic carbon is independent of the res-
idence time of CO with the surfaces of all of the test
multicomponent membrane palladium alloys other
than B3-2. At T = 833-925 K, w, decreases in the
order B3-2 — B2 — B3-1 — B3-3 — B3-4 —
B1. At the same process parameters, it was lower than
that on two-component membrane alloys: at least by
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one order of magnitude, as compared with PdRu alloy,
or by a factor of more than 2—3, as compared with
PdNi alloy.

(2) The reaction rate of disproportionation mono-
tonically decreased with decreasing temperature on all
of the test multicomponent and two-component
membrane palladium alloys. The change in the activa-
tion energy of the reaction on palladium alloys with
various compositions (£, = 9—95 kJ/mol) reflects the
shape of the temperature distribution of the concen-
tration of s, active sites, which depends on the nature
and concentration of alloy elements.

(3) The formation of atomic carbon in the reaction
of CO disproportionation on all of the test membrane
palladium alloys other than B3-2 does not result in the
formation of coke or soot deposits, which can decrease
the rate of reaction at residence times to 200 s and total
exposure times to 12 h, on their surfaces.

(4) On the surface of B3-2 alloy, atomic carbon
adsorbed as a result of the reaction initiates the forma-
tion of a polymer film, which is weakly bound to the
surface but partially blocks it to cause a monotonic
decrease in the rate of reaction over the residence time
range of 40—200 s by a factor of almost 2. The reaction
rate and activation energy for this alloy were deter-
mined at the CO residence time with the surface t =
40 s in the absence of a film.

(5) We proposed a reaction mechanism to ade-
quately explain the experimental results.
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