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Hydrogen vanadium oxide bronzes have been prepared by spillover of hydrogen from supported
Pt particles. The crystallinity of the starting oxide disappears progressively during the insertion of
hydrogen so that a bronze with an initial stoichiometry of about Hs;V,0s is quasi-amorphous. The
recovery of the occluded hydrogen, using ethylene as a hydrogen-accepting molecule, depends
upon the conditioning temperature, the reaction temperature, and principally on the amount of
hydrogen initially inserted in the bronze. Molecular hydrogen and water are released upon outgass-
ing. Upon back-titration with hydrogen, the initial stoichiometry of the bronze can be restored as
long as the pretreatment or reaction temperature does not exceed 120°C. During the reaction with
ethylene, CO, and H,0 are also formed. There is an inverse relationship between the ethane
produced and the amount of oxygen extracted from the oxide lattice. Oxygen treatment results in
the formation of crystalline V,0,. Back-titration with hydrogen cancels out this phase and the
catalytic activity is only partly restored. Pt loadings up to 1% increase markedly the yields of
ethane. Comparison is made between the present results and those obtained in a previous study on

hydrogen molybdenum bronzes.

INTRODUCTION

The formation process and some of the
physical properties of H,V,0s with 3.4 <x
< 3.8 have been recently reported (I).
Crystalline powdered V,0s is impregnated
with 2% Pt (from H,PtCls) and exposed to
molecular hydrogen so that the vanadium
hydrogen bronze is formed by the hydrogen
spillover mechanism.

The rate of formation is slower by a fac-
tor of the order of 10 with respect to that
reported under similar conditions for
H1,6MOO3 .

H,V,0s with x > 3 is X-ray and neutron
diffraction quasi-amorphous so that it is im-
possible a priori to claim that the material
characterized by x = 3.8 is a mixture of
non-inserted and fully inserted oxide, as
was the case for H.MoO; (2).

The infrared spectrum of H;;V,0s does
not show an OH content exceeding that ex-

pected for a monolayer coverage of the sur-
face area, namely ~10 m?/g, but V-H
stretching bands appear in the region 1100-
1200 cm™~!. Both the NMR and the ir results
stem from a direct link between V and H,
the V-H bond length being about 2 A, as
discussed thoroughly by Tinet and Fripiat
(3.

XPS studies of H-3;V,0s reveals a surface
composition with about 52% V**, 36% V3*,
and 12% V>** (1).

The physical characterization performed
by Tinet and Fripiat (3) indicates that a
transition of several properties occurs at
about x = 3.3. Below this stoichiometry a
strong EPR signal which can be assigned to
V** is observed. Above x = 3.3, this signal
disappears. This has been explained in
terms of magnetic transitions, originating
from the interactions between V#* and V3*
paramagnetic species, between a frustrated
superparamagnetic state (x < 3.3) and a
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non-frustrated superparamagnetic state (x
> 3.3).

No information on the mobility is ob-
tained from the NMR study because the
spin-lattice relaxation mechanism is domi-
nated completely by the paramagnetic cen-
ters and the lines are too broad. Quasi-elas-
tic neutron scattering indicates that the
proton diffusion coefficient is at least 2 or-
ders of magnitude lower than that observed
for H; ¢Mo00O3, at room temperature (4).

Recently, Legay et al. (5) have shown,
by electrochemical methods, the existence
of five different domains in the range 0 < x
< 3. They are observed for the following
values of x: 0 < x < 0.5 (domain I), 0.5 < x
<1.0dD, 1 <x<15(I),1.5<x<22
(IV), and 2.2 < x < 3.0 (V).

In domains I and II, only V** species are
present; in domain III, V37 species appear;
V3*+ and V** species are created in equal
number in domain IV, while in domain V,
these two species tend to form V3+-v4+
pairs.

These results confirm partially those of
Schollhorn (6), who found two different
kinds of vanadium bronze: 8-Hy5V,0s and
8-H0.8V205.

The interesting catalytic properties of the
H, ¢Mo0O; hydrogen reservoir recently pub-
lished (7-10) prompted us to carry out a
comparable study with H, V,0s. This paper
is devoted to that purpose and, in addition,
a comparison with the behavior of
H; MoO; will be attempted. For both ma-
terials, a simple reaction, namely the hy-
drogenation of ethylene into ethane, has
been studied.

EXPERIMENTAL

The apparatus used in this study is the
same as that described in a previous paper
10).

Materials. Analytical grade V,0; was im-
pregnated with H,PtCls - 6H,0 according to
the procedure reported earlier (10). Unless
indicated, the Pt loading was in all cases 2.4
wt%.
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Preparation of the bronze. The impreg-
nated oxide was heated under vacuum at
200°C for 2 h. This treatment results in the
partial decomposition of H,PtClg into PtCl,
and PtCl,. The temperature was then low-
ered to 60-65°C and the powder was ex-
posed to 200 Torr of H; in the presence of a
liquid nitrogen getter. The consumption of
H, was measured and assigned to the
bronze formation, the amount correspond-
ing to the reduction of Pt** — Pt being
negligible with respect to the amount of H,
inserted. The excess H, was removed by
rapidly degassing the material at 60°C, us-
ing a primary vacuum pump.

Reaction conditions. The reaction was
carried out by circulating C;H, onto the cat-
alyst for periods of time up to 24 h and pres-
sures between 40 and 140 Torr of C,H,. As
in the parallel study carried out with
H,MoO,, about 0.8 g of catalyst was used.

Chromatographic analysis. The proce-
dure is the same as that mentioned in Part I
(10). C;Hg, C,H,, and eventually H,, H,O,
CO,, and CH4 were quantitatively deter-
mined with a 5880 H.P. chromatograph us-
ing a Porapak Q column and He as carrier
gas.

RESULTS AND DISCUSSION

The experimental results will be de-
scribed in the following sequence. After
looking at the change of the crystallinity of
V,0;s during the formation of the bronze,
the effect of outgassing the bronze in the
temperature range between 60 and 160°C
will be discussed from the point of view of
hydrogen removal as water as well as mo-
lecular H,. Water evolution is especially
important to measure in the present case,
since there are no simple physical tech-
niques which demonstrate the formation of
lower oxides, the freshly prepared bronze
being quasi-amorphous. The influence of
the reaction temperature and of the hydro-
gen content on the catalytic activity of
H,V,0s will then be described.

Finally, we shall consider the effect of an
oxygen treatment on the performance of
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FiG. 1. Upper part: Change of the X-ray peak intensity (in arbitrary units) of the 001, 110, and 400
diffraction hines of V,0s (open symbols) and of X (full symbols) during the formation of H,V,0s.

Lower part: X-ray diffractogram of H;3V,0s.

H,V,0s, the reaction order with respect to
ethylene pressure and the influence of the
Pt content on the reaction rate.

Change of the Crystallinity during the
Bronze Formation

The loss of crystallinity occurring during
the formation of the bronze has been fol-
lowed by X-ray diffraction, using a camera
wherein the sample could be outgassed and
heated. A sample of Pt/V,0s previously
heated under vacuum at 200°C was slightly
compressed in the sample holder of the
camera. After outgassing at room tempera-
ture, the oxide was heated at 60°C in the
presence of pure hydrogen (200 Torr). The
diffractograms were recorded between 18
and 38°20 (CuKa radiation) at time inter-
vals of 45 min for over 50 h at a rate of 1/
2°26/min.

Figure 1 shows the change of the inten-
sity of the 001, 110, and 400 diffraction lines

of V505 as a function of time. This figure
also illustrates the kinetics of insertion of
hydrogen into the oxide lattice. Obviously,
there is an inverse relationship between the
loss of the X-ray peak intensities and the
hydrogen uptake. At the end of the forma-
tion, the solid is quasi-amorphous. Note
that there is a new diffraction line (d = 3.08
A developing at the early stage of the for-
mation of the bronze and which has almost
the same intensity for X > 2.5. The lower
part of Fig. 1 shows the diffractogram of a
typical fresh bronze.

Effect of the Outgassing Conditions

The outgassing was carried out for 24 h
either under “‘static’’ vacuum (no pumping)
with a cold trap or under ‘‘dynamic’’ vac-
uum, the residual pressure being of the or-
der of 103 Torr.

As shown in Table 1, at 120°C a small
fraction of the inserted hydrogen is re-
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TABLE 1

Influence of the Outgassing Temperature on the For-

mation of Water under Static Vacuum in the Presence

of a Liquid-N, Getter (V;, — V};5) and under Dynamic
Vacuum (V;)

Run
Vi Vis Vi

Sample weight (g) 0.8495 0.8458 0.8107
nH, (mmol) 7.65 8.20 7.26
Xinitiar 3.63 3.71 3.44
Outgassing

temperature

°C) 120 160 60
AX(H,0) 0.03 0.45 NM¢
AX(Hy) 0.12 0.07 NM
AX tot. 0.15 0.52 NM
AnH, (tit.)(mmol) 0.30 0.53 0.84
AX (tit.) 0.14 0.24 0.40

a Not measurable.

moved as molecular hydrogen AX(H;) un-
der static vacuum. For the bronze out-
gassed at 60°C under dynamic conditions
this fraction is appreciably higher, as in-
ferred from the value of AX(tit.). It appears
that pumping may decrease X down to
about 3.

In Table 2 the percentages of the hydro-
gen recovered as H, + H,O after outgassing
freshly prepared bronzes at 120 or 160°C,
the fractions of this hydrogen which are re-
inserted upon back-titration and the frac-
tions of H; that are irreversibly lost at the
outgassing step are compared with the cor-
responding values obtained for H, {Mo0O;
treated under similar conditions.

It may be concluded that, as for the mo-
lybdenum bronze, the initial stoichiometry
of the vanadium bronze can be almost com-
pletely restored when the outgassing tem-
perature does not exceed 120°C.

An outgassing at 160°C has a more pro-
nounced effect on the reversibility of
H.MoO; than is the case for H,V,0s.

Catalytic Activity

The effect of the reaction temperature on
the catalytic activity of bronzes (2.44% Pt)
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FiG. 2. Effect of the temperature on the reaction of
C:H, with H,V,05 (X = 3.62, Pl,y, = 46 + 5 Torr).
Relationship between In V and AX at: 60°C ¢ ;80°C A;
100°C V; 120°C O; and 160°C .

with initial stoichiometry X;, = 3.62 = 0.06
is illustrated in Fig. 2, where the values of
In V have been plotted against AX calcu-
lated from the yield in ethane. The experi-
mental data are given in Table 3.

Obviously, the slope of these relation-
ships is not affected by the reaction temper-
ature.

The rate equation may be written as

_d(nCHg) _ d(AX) _
h dt T oda

where AX = X;, — X, and B = 16. In this

1%

k exp~BAX (1)

TABLE 2

Percentage of the Hydrogen Recovered as H, and
H,O (a), Fraction Reinserted by Back-titration with
H, (b), and Percentages of Hydrogen Irreversibly
Lost (c) after Outgassing H,V,0; and H.MoO; in
Static Vacuum at 120 and 160°C

Outgassing temperature
cC)

H,V,0;s H.MoO;

120 160 120 160

AX tot.
@ 5, 100 42 14 33 16
AX (tit.)
o, 95 46 80 35
) AX tot. 100
(o AX1ot— AX (i) o 02 75 07 11
X in.
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TABLE 3

Influence of the Reaction Temperature on the Hydrogenation of Ethylene

Run
Vi Vio Vs Vis Vis
Sample weight (g) 0.7358 0.7764 0.7854 0.7939 0.8504
Bronze formation nH, (mmol) 7.06 7.34 7.45 7.36 8.06
X initial 3.68 3.63 3.64 3.56 3.62
Reaction with C,H, Temperature (°C) 60 80 100 120 160
Py, (Torr) 41.84 44.58 42.66 49.90 51.76
Vi (mmol/g h) 0.12 0.89 2.41 5.31 10.40
nC,Hg (fin.) (mmol/g) 0.67 1.31 1.33 1.85 2.75
nH,0 (fin.) (mmol/g) 0 0 0 0 0.26
nCH, (fin.) (mmol/g) 0 0 0 0.004 0.024
nCQ;, (fin.) (mmol/g) 0 0 0 0.03 0.12
AX recovered 0.26 0.50 0.51 0.71 1.17
Back-titration at 60°C An'Hj, (tit.) (mmol/g) — — — 1.76 2.25
AX' (tit.) — — — 0.68 0.86
An'H, (untit.) (mmol/g) — — — 0.98 0.81
expression, k, the initial rate, is influenced (nC,Hy),
by the temperature according to 2.606
=3 In[Bt ko exp Ea’RT + 1] (6)

)
k = ko exp —]—ﬁ" )

The experimental value of E, is 36.9 kcal/
mol.

. wx, d(AX)
Integrating (1) o oxp PAX fo k dt
yields

1

B lexp{B(AX)} — 1] = kt (3)

or

(AX), = é In[B k&t + 1] “)

In 4), (AX), = 0.384 (rnH,), = 0.384
(nC,3Hg),, i.e., the number of mmoles of hy-
drogen given back at time ¢, or the number
of millimoles of ethane formed at time ¢.
Hence,

2.606
B

Introducing (2) into (5) gives

(nCHe), =

In[B kt + 1] (5)

By replacing in (6) B, ky, and E,4 by their
experimental values, a good agreement be-
tween the observed and calculated values
of nC,Hg is obtained.

It was interesting to see whether a similar
relationship would be obtained when start-
ing with incompletely inserted bronzes.
Bronzes with X;, = 1.06, 2.07, 3.01, 3.39,
and 3.64 were thus reacted with ethylene at
100°C, Pi,n, being of the order of 42 + 2
Torr. The change of In V as a function of
AX for the different bronzes is shown in
Fig. 3. Linear relationships are obtained
with slopes (B) that depend upon Xj,, up to
Xin = 3.4 (see Fig. 4a), according to the
equation

B = 66.88 Xi'[“13.66 (7)

Extrapolating In V to AX = 0 yields the
logarithm of the initial rate, In k. Figure 4b
shows that for X;, ranging between 1 and
3.4, a linear relationship is obtained be-
tween In £ and X, . Its equation is given by

In k = 2.49X;, — 6.01 8)
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FiG. 3. Hydrogenation of ethylene at 100°C (Pi,u, =
42 + 2 Torr) by H,V,0s with different values of X;;:
change of In V vs AX: X, = 2.07 ¢;3.01 4;339M;
364 0.

By replacing in Eq. (1) (in its logarithmic
form) In k£ and B by their experimental val-
ues, it follows that

InV =249X;, — 6.01
— [Xi;3-66e6.88] AX 9
For X;, = 3.4, i.e., for bronzes that are fully

inserted, In £ and In B tend toward a con-
stant value. For X;, < 1, the rate is not

ln B
R
“—

0 ! S
0.5 10 1.5
In Xi
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measurable, while between 1 and 3.4, it in-
creases continuously with X;,. In the light
of the findings of Legay et al., the chemi--
cal activity of the vanadium oxide bronze
requires the presence of V3* species, since
it is only for the domains where such spe-
cies have been evidenced that the hydroge-
nation of ethylene takes place.

The effect of temperature on the reaction
rate may be written, in a general way, as

V = ki exp AFTRT
= k* expAH'RT expAS*R  (1()

The empirical law obtained by introducing
(2) into (1) is given by

V = ko exp Ea/RT exp-BAX

(1

In (11), B is constant and independent of
temperature when X;;, = 3.4. Below this
value, B depends upon Xj, at a given tem-
perature. If one assumes that £, = AH*,
(10) and (11) give

k¢ expdS* /R = [, exp BAX (12)
where kg is a function of Xj,, or
kg AS*
ln?o- = —-BAX + R = _‘B(Xin)
AS*
(Xin = X + =
K b InK
2} 2
1o} “ 1
8 0
6 / 1
. L
2 lﬁ
0 1 2 3 %
X init.

FiG. 4. (a) Relationship between In B and In X;,. (b) Relationship between In k (k = initial rate of

reaction) and X, (initial insertion rate).
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TABLE 4

Influence of the Outgassing Temperature on the
Hydrogenation of Ethylene at 160°C
(See also Table 1)

Run
VI2 VIS
Outgassing temperature (°C) 120 160
Pl (Torr) 51.26 40.00
Vi (mmol/g h) 6.73 6.48
nC,H; (fin.) (mmol/g) 3.14 1.85
nH;0 (fin.) (mmol/g) 0.30 0.00
nCH, (fin.) (mmol/g) 0.03 0.02
nCO; (fin.) (mmol/g) 0.35 0.05
or
kg k¢
AS*=RIn->+ RBAX = Rln2
ko ko
+ RB(Xi)[Xiy — X,]
and
dAS*
——— =RB
dAX

Thus, the variation of entropy per mole of
H, given back by the bronze would be con-
stant for a given Xi,.

When compared with experiments car-
ried out under similar conditions (160°C,
2.44 wt% Pt, Peu, 42 Torr) on
H, ¢Mo0O;, the initial rate of the reaction is
much higher for H; V,0s: the ratio is 20 in
favor of the vanadium bronze and nC,Hg
produced after 20 h is about 3 times as high.

Moreover, when the values of In V are
plotted against AX for H,MoO;, the slope
of the linear relationships is affected by the
reaction temperature, which suggests that
the motion of the H atoms from the bulk
toward the Pt particles, upon which the re-
action is supposed to occur, is rate limiting.

The amount of hydrogen recovered as
water, AX(H,0), corresponds to 0.10 when
using the vanadium bronze (see Table 3)
whereas water was practically not detect-
able for the molybdenum bronzes (1/0). In
addition, after 20 h of reaction at 160°C,
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CO, is produced with the vanadium bronze,
the ratio CO,/C,Hg being 0.045. CO, was
not detected with the molybdenum bronze.
These observations indicate that at 160°C
the oxidizing power of H,V,0s is higher
than that of H,MoO;, as might be expected
from the behavior of the two oxides (/7).

The amounts of ethane produced at the
end of the reaction at 120 and 160°C (see
Table 3) correspond to hydrogen recoveries
of 20 and 32.3%, respectively, of the total
hydrogen inserted in the fresh bronze.
Upon back-titration with hydrogen, 96 and
73% of the hydrogen recovered are reintro-
duced into the oxide lattice. This again
shows that the bronze is almost totally re-
versible for temperatures below 120°C.

The effect of the pretreatment tempera-
ture on the catalytic activity has been mea-
sured on the bronzes outgassed at 120 and
160°C in the presence of a getter and back-
titrated after pretreatment (see Table 1).
The reaction temperature was 160°C. As
shown in Table 4, less ethane is produced
from the sample pretreated at 160°C, but in
this case no water is formed during the re-
action.

These results and those of Table 1 show
that a fraction of the total oxygen content of
the bronze can be extracted from the lattice
either as H,O and/or CO,. When this frac-
tion is removed during the pretreatment
(namely at 160°C), the back-titration does
not restore the hydrogen content to its
value in the freshly prepared bronze. As a
result, the activity of the bronze is de-
pressed and only minor amounts of water
and CO, are further formed during the reac-
tion with ethylene. On the contrary, when
the pretreatment is carried out under condi-
tions such that the formation of water is
negligible (i.e., 120°C), the hydrogenation
activity at 160°C is higher and so are the
amounts of H,O and CO, among the reac-
tion products.

In another set of experiments, successive
hydrogenation reactions have been carried
out at 160°C on the same bronze (X;, = 3.62
in the freshly prepared bronze). At the end
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Fi1G. 5. Repeated hydrogenation reactions at 160°C
on the same bronze (Xj; = 3.62) with back-titration
between two runs: O, [J, and B: first, second, and
third runs, respectively.

of each run, the reaction apparatus was
evacuated and the bronze was back-titrated
with H, at 60°C.

As shown in Fig. 5, the kinetic functions
are similar, but there is a progressive loss of
activity between two successive runs. A
similar trend is observed for the amounts of
CO, and H,0 produced (see Table 5).

The loss of structural oxygen atoms may
explain, as was proposed for the molybde-
num bronzes, why the amounts of H; rein-
serted during back-titration diminish from
on¢ run to the next (see Table 5). As a
result, there is an increasing discrepancy
between the hydrogen content of the initial
bronze and the real H content in the back-
titrated bronze at the beginning of the sec-
ond and third runs. As shown in Fig. 6, this
difference is proportional to the amount of
oxygen atoms lost as H,O and CO,. A simi-
lar relationship was also observed for
H,Mo0O;. Since the conversion of ethylene
into ethane is strongly dependent upon X,
less and less ethane is formed as the num-
ber of runs increases.

In this case also, there is a linear relation-
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TABLE 5

Successive Catalytic Runs Performed at 160°C

First Second Third

run run run
Vi (mmol/g h) 10.40 8.66 7.40
nC,H; (after 4 h) (mmol/g) 2.47 1.96 1.74
nC,Hg (fin.) (mmol/g) 2.75 2.28 1.89
nH,0 (fin.) (mmol/g) 0.26 0.12 0.08
nCH, (fin.) (mmol/g) 0.02 0.01 0.01
nCO, (fin.) (mmol/g) 0.12 0.08 0.05
nO (fin.)¢ (mmol/g) 0.51 0.28 0.18
An'H, (tit.) (mmol/g) 2.25 2.05 1.88
AX' (tit.) 0.86 0.78 0.72
An’H, (untit.)? (mmol/g) 0.66 0.28 0.05

Note. Sample weight: 0.8504 g; X;, = 3.62 (nH,, =
9.434 mmol H,/g); Piczl.u = 52.3 = 0.5 Torr.

2 p0 (fin.) = nH,0 (fin.) + 2nCO, (fin.).

b An'H, (untit.) = nCH (fin.) + nH,O (fin.) +
2nCH4 (ﬁn) "Aanz (tlt) - nCO;.

ship between the slope (B) and X;, at the
beginning of each run, and the following
empirical equation applies

_ —6.4
B = e“Xin

90 |- 430
@
- ~
2 H
") -]
o E
25| 425 €
£ q
o~ o~
z & P

8o} J20

1
0 05 10

In, (mmoles/g)

FiG. 6. Relationship between the hydrogen content
(nH,) at beginning of each run (O) or between the
amount of ethane produced, nC,H¢ (@) and the quan-
tity of lattice oxygens removed as H,O and CO,, 2n0.
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F1G. 7. X-Ray diffractograms after oxygen treatment at 120 (A) and 160°C (B). Open symbols refer to

the diffraction lines of V,0,; full symbols: V,0s.

As for Eq. (7), the slope (B) increases as Xi,
decreases but the exponents are greater at
160°C than at 100°C.

For the molybdenum bronze, the loss of
activity between two successive runs was
more pronounced. Indeed, with respect to
the amount of C;Hs formed after 20 h of
reaction at the first run, the yields of C,Hs
at the end of the second and third runs rep-
resented 64 and 40%, respectively. For
H,V,0s, the corresponding values are 81%
for the second run and 70% for the third
run.

Oxygen Treatment

As reported by Tinet et al. (1), after ex-
posing H; sV,0s to gaseous oxygen at 65°C,
in the presence of a 3A molecular sieve get-
ter, 90% of the initial hydrogen content is
reinserted upon back-titration. Thus the ox-
idation-reduction process is apparently re-
versible, as was observed for H; (MoO;.
For the molybdenum bronze, the oxygen
treatment at 160°C followed by back-titra-
tion at 60°C was found to restore the activ-
ity for the conversion of ethylene (/0). It
was therefore interesting to submit the va-
nadium bronze to a similar treatment.

Two freshly prepared bronzes (contain-
ing 2.4% Pt) were exposed to 230 Torr of O,
(purity 99.999%) at 120 and at 160°C for 20
h. The introduction of O, was accompanied
by a highly exothermic effect. The water
was continuously withdrawn using a frozen
n-heptane getter. The O, consumption and
water formation were determined by mea-
suring the O, pressure drop and by gas
chromatography, respectively. Most of the
pressure drop occurs during the first hour.
The X-ray diffractogram indicates the for-
mation of V,0, and of some V,0s, but these
crystalline compounds represent only a
fraction of the sample (see Fig. 7).

Afterwards the samples were exposed to
dry H; at 60°C. The hydrogen pressure
drops still faster (namely within about §
min). The hydrogen reintercalation is ex-
tremely exothermic and water is again
formed. This reaction component trapped
in a liquid-N, getter was again analyzed by
gas chromatography. The experimental
data, given in Table 6, show that at both
temperatures, the oxygen consumption ex-
ceeds by a large margin the water formed.

A similar observation has been reported
for the molybdenum bronze (/0). Notewor-
thy are the unusually high amounts of water
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TABLE 6

Effect of Oxygen Treatment at 120 and 160°C on the
Catalytic Performances of H,V;0;s

Successive steps Run
of the —_—
experiments Sample weight Vi Vio
® 0.8262 0.8515
1. Bronze formation nH, (mmol) 7.72 8.46
at 60°C Xin 3.59 3.81
2. Oxygen Temperature 120 160
treatment (YO
Time (h) 20 20
Po, (Torr) 233.40 219.80
AnQ; (mmol) 2.97 3.1
AXO; 2.76 2.80
nH;O (mmol) 2.39 2.20
AX (H;0) 1.11 0.99
3. Back-titration AnH; consumed 5.80 5.69
at 60°C (mmol)
nH;0 (mmol) 1.34 0.61
AnH, (tit.) 4.46 5.07
AX (tit.) 2.07 2.29
4. Reaction with Pt,n, (Torm) 59.26 47.42
C,H, at 120°C Vi (mmol/g h) 4.89 4.74

nC,Hg (after 4 h) 1.35 1.25
(mmol/g)

nCzHG (ﬁ[l)
(mmol)

1.26 1.24

formed during the back-titration. The hy-
drogen reinserted in the solid, AX(tit.), is
lower than the amount recovered during the
oxygen treatment, AX O, even at 120°C.
As seen earlier, at this temperature the stoi-
chiometry of the bronze outgassed could be
restored to its initial value. The X-ray dif-
fractogram of the back-titrated sample no
longer shows the V,0, phase.

As shown in Table 6, in spite of their high
hydrogen content, the reduced samples
have a lower hydrogenating activity for
conversion of ethylene into ethane (com-
pare the values of nC,H¢ (fin) of run Vi3
with the corresponding value for Vi, in Ta-
ble 3). Their behavior is thus markedly dif-
ferent from the molybdenum bronzes
treated in a similar way.

Reaction Order with respect to Ethylene

Two bronzes (X, = 3.66 = 0.03) pre-
pared at 60°C were reacted with 49 and 130
Torr C,H, at 120°C. As for the molybdenum
bronzes, a zero-order with respect to ethyl-
ene was found.
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Influence of the Pt Content

V,0s was impregnated with different
amounts of H,PtCl¢ in order to load the ox-
ide with 0.03, 0.12, 0.61, 1, and 2.4% Pt.
The bronzes were formed as usual at 60°C.
The insertion rate of hydrogen for the sam-
ple containing 0.03% Pt was very slow, so
that after 6 weeks, X;, was only 2.05. For
all the other bronzes, X;, was 3.7 = 0.04.
They were reacted with C,H, (Piczﬂ4 = 46
Torr) at 120°C.

As shown in Fig. 8, the yield of C,Hg
obtained at the end of the reaction in-
creases markedly up to 1% Pt. Higher Pt
loadings do not increase any more the eth-
ane production. A similar effect was also
observed for the molybdenum bronzes, but
the production of ethane was lower. It
should be noted that the value of B in Eq.
(1) is independent of the Pt content, while &
varies with the metal loading.

The reality of the so-called reverse spill-
over appears thus at first sight question-
able. However, the BET surface area of
V,0s is about 3 times larger than that of
MoOs. This seems to favor a better disper-
sion of the Pt particles, as observed on the
scanning electron micrograph in Fig. 9,
which shows a more homogeneous distribu-
tion of the Pt particles (about 100-200 Ain
diameter). No segregated large Pt particles

n CyHg Flr;ul {mmole/g )‘
o [t

]

o Q5 1 15 2
Pt content (wt%)

FiG. 8. Influence of the Pt loading on the yields of
ethane produced after 20 h of reaction at 120°C (Pc,u,
= 46 Torr). ®: H,V,0s; B: H,MoO;.
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F1G. 9. Scanning electron micrograph of Pt/H,V,0s. Arrows indicate Pt particles.
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could be observed, as was the case for the
molybdenum bronzes, where the distribu-
tion was much more heterogeneous.

CONCLUSIONS

The results show that the hydrogen vana-
dium bronzes behave to a certain extent
like the hydrogen molybdenum bronzes,
but in other respects the two bronzes are
quite different. The main conclusions can
be summarized as follows:

1. The general shape of the insertion
kinetics of hydrogen into the vanadium ox-
ide lattice is similar to that observed for the
molybdenum bronze, but the H/M ratio is
slightly higher in the former (1.9) than in the
latter (1.6) which is also more readily
formed.

2. The formation of the hydrogen vana-
dium bronze is accompanied by a loss of
crystallinity while the crystallinity of the
molybdenum bronze was relatively better
preserved. The more pronounced amor-
phous character of H,V,0s may reflect its
greater heterogeneity.

3. As was the case for H,MoO;, back-
titration with hydrogen of H,V,0s that has
been conditioned under vacuum restores
the stoichiometry nearly to its value in the
freshly prepared bronze, as long as temper-
atures not higher than 120°C have been
used. However, the reversibility is better
achieved in the case of the vanadium
bronze. For both bronzes, the outgassing
temperature clearly affects the hydrogen
recovery in the reaction with ethylene.

4, The initial rate of hydrogenation of
ethylene is much higher for H,V,0s than
for H,MoO;. The amounts of ethane ob-
tained at the end of the reaction are three
times higher for H, V,0s than for H,MoO;.
Note that a similar factor exists between
the surface areas of the starting oxides (1.7
m?/g for MoOs and 5 m?/g for V,0s).

5. Even as bronzes, the vanadium pent-
oxide compound remains more oxidizing
than molybdenum trioxide. Water is more
easily formed from H,V,0;s than from
H,MoO; during the outgassing. During the
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reaction with ethylene, neither CO, nor wa-
ter were formed with H.MoO;, even at
160°C (10).

6. The temperature effect on the yield of
ethane produced at the end of the reaction
is similar for the two bronzes, but the
thresholds are different. At 120°C, substan-
tial amounts of ethane are obtained from
H;3V,0s while almost no hydrogenation
occurred at this temperature with
H|.6MOO3 .

7. For H,V,0s where X;, > 3.4, the hy-
drogenation rate of ethylene is not affected
by temperature: only the initial rates are.
For H,MoOs, the hydrogenation rate is de-
pendent upon temperature. For vanadium
bronzes where 1 < X, < 3.4, there is an
exponential relationship between the rate
of hydrogenation and Xj,.

8. Repeated runs performed on the same
sample of H,V,0; result in a loss of activ-
ity, even if back titration is carried out be-
tween two consecutive experiments, A sim-
ilar observation was reported for H,MoO;.

9. Oxygen treatment followed by back-
titration lowers the catalytic activity of
H,V,0s. It restored it in the case of
H,MoO;.

10. Similar effects of the Pt loading on
the ethane production are observed for the
two bronzes.

11. For both bronzes, the hydrogenation
of ethylene is zero-order with respect to
ethylene pressure.
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APPENDIX: NOMENCLATURE

nH, number of millimoles of H,
occluded in the bronze
X = H/2V  number of H atoms per 2V at-

oms



AX

PiC2H4
ﬂC2H6
Vi

AX(H,)

AnH,(H;0)

AX(H,0)
AHOz

AX(Oy)

AnH,(tit.)

HYDROGEN VANADIUM BRONZES, II

variation of X corresponding
to the hydrogen given back
to ethylene

initial pressure of ethylene
(Torr)

number of millimoles of C,Hg
produced by the reaction

initial reaction rate (mmol g !
h-1)

variation of X corresponding
to the hydrogen removed
during the outgassing

number of millimoles of H,
removed as H,O during the
conditioning

variation of X corresponding
to AnH,(H,0) or to nH,0

number of millimoles of O,
consumed

variation of X corresponding
to O, consumption (O, +
4H — 2H,0)

number of millimoles of H,
reintroduced by back-titra-
tion, after outgassing the
bronze or after O, treat-
ment

AX(tit.)

An’H2

AX'

10.

11.
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variation of X corresponding
to AnH,(tit.)

number of millimoles of H,
reintroduced after reaction
with ethylene

variation of X corresponding
to Al’lle .
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