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MECHANISM OF OXIDATION OF METHYL ALCOHOL
. TO FORMALDEHBYDE ON OXIDE CATALYSTS '

P.JIRU, B.WICETERLOVA and J. TICHY

Institute of Physical Chemistry, Czechoslovak Academy of Sciences
‘ Prague, Czechoslovakia

Absiract: In this paper 2 mechanism is proposed for the oxidation of methyl al-
cohol to formaldehyde on a FeaO3-MoOg catalyst. The oxidation process can be
described by an oxidation-reduction mechanism. The rate of the oxidation of
methyl alcohol at a temperature of 2700C is given by the expression:

. k1 PMe
T 1+ 0.5(k1/ ko) (PMe/PO2)

The ideas on the oxidation-reduction mechanism are confirmed in a later part
of this paper by results of the investigations: a) by the rate of interaction be-
tween methyl alcohol and catalyst without participation of oxygen in the gaseous
phase, b) by the rate of interaction between oxygen and partially reduced cata-
lyst without participation of methyl alcohol in the gaseous phase. The discussion
presents a more detailed analysis of the ideas on the course of partial processes
in catalytic oxidation of methyl alcohol with the participation of lattice oxygen of
the catalyst. A comparison of the experimentally determined rate constants for
the partial processes and for the oxidation shows that the suggested mechanism

" 18 of physical significance. : :

1. INTRODUCTION

"The mechanism of oxidation of methyl alcohol to formaldehyde on oxide

. catalysts has so far not been dealt with in the literature-1,2). There are

neither experimental data nor theories as regards to the course of partial
processes involved in this industrially important catalytic reaction. The
experimental work of Peterson and Adkins 1) is only concerned with the
study of a suitable tomposition of oxide catalysts on the basis of Fe9Og and
MoOj3 and with the verification of their catalytic activity in the oxidation of
methyl alcohol. The authors arrived at the conclusion that the most suitable
catalyst is a mixture containing both oxides in equimolecular amounts. The
results of this work served as the basis for a number of patents 2) relating
to the preparation of these catalysts. A property common to all FegO3-
MoOg catalysts is their high activity at relatively low reaction temperatures
of 200 - 3300C and their selectivity in the oxidation of methyl alcohol to
formaldehyde. ‘ _

The opinions of various authors 3,4) about the mechanism of catalytic
oxidation differ. Some workers 5-8) prove on the basis of their experiments

that the lattice oxygen of oxide catalysts participates in the catalytic process,
while others 9-13) refute this idea.
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Mars and Krevelen, 14, 15) have recently published interesting results

-~ of a study on the mechanism of oxidation of various organic compounds (ben-
' zene, naphthalene, anthracene) on vanadium pentoxide. They have proposed

a kinetic equation for a two-stage oxidation-reduction mechanism on the
basis of an analysis of data on the over-all oxidation rate, but without pre-
senting any further proof to support this mechanism.

In view of the existence of such divergent opinions as regards the mech-
anism of catalytic oxidation processes it was interesting to study in detail
the mechanism of another oxidation reaction, namely the oxidation of methyl
alcohol to formaldehyde on a mixed MoO3-FegOg catalyst, in order to obtain
some experimental proois and ideas concerning the mechanism of oxidation-
reduction processes involved in the oxidation of methyl alcohol.

2. EXPERIMENTAL

2.1. Start'mg matertals

For all our measurements we employed a catalyst containing 17.5% by
weight of FesOg3 and 82.5% by weight of MoO3. The grain size of the catalyst
was in the range from 0.3 to 0.6 mm, The bulk weight of the catalyst amount-
ed to 1.02 g/ml. The surface area of the catalyst, as determined by the BET
method from the adsorption of kr;gpton at 769K, for the surface of the kryp-
ton molecule of 21 Az, was 6.9 m¢/g. The mean radius of the pores of the
catalyst, determined by means of a high-pressure mercuryporometer was -
8950 g The pore volume in the range of radii of 100 - 3 o X 10 A amounted
to 0.39 ml/g.

The methyl alcohol was of p-a. punty, -refractive 1ndex n20° = 1, 3295,
wvapour tension at 20°C 98.0 mm Hg Its water content was 2.5x 10-3 % by

welght

2. 2 Measurement of oxzdatzon rate

. The rate of catalytic oxidation of methyl alcohol to formaldehyde was
measured in a throughflow integral reactor at atmospheric pressure. The
accuracy of dosing the individual substances (CH3OH, Nj, Og), expressed

by the standard deviation, was 3% of the respective value.

By preliminary experiments and calculations we found that the rate of

. oxidation of methyl alcohol on the catalyst is neither influenced by internal

nor by external diffusion. The temperature gradient between the main gas -
stream and the surface of the catalyst was likewise negligible. The form-

aldehyde content in the reaction products after absorption in water was

determined titrimetrically by means of sodium bisulphite. The content of
by-products-(CO, COy, CHy) was estimated chromatographically 16),
Under experimental conditions of kinetic measurements no oxidation by-
products of the reactmn were found.

' '-_2 3. Measurement of the rate of oxidation-reduction processes

~ The rate of interaction of methyl alcohol and catalyst without participa-
tion of oxygen in the gaseous phase and the interaction of oxygen and partially

~—r - - -
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- Fig. 1. Microcatalytic chromatographic pulse apparatus.
. 1. Copper wire heated to 300°C. 8. Chromatographic column.

2. Freezing trap (-76°C). 9. Temperature-controlled methyl
: 3. Heat conductivity cells. alcohol saturator.
l " 4, Dosing cock with free volumes 10. Flow meter.
. of 5.2 and 8.4 ml. 11,12. Seals of silicone rubber for

.5,6. Two-way cocks. ’ ~ dosing with a syringe. -
7. Microcatalytic reactor. )

reduced catalyst without participation of methyl alcohol in the gaseous phase-
were investigated by means of a microcatalytic chromatographic pulse
method 17) , adjusted to our experiments. The diagram of the apparatus is
presented in fig. 1. The carrier gas, nitrogen, was freed from traces of
oxygen on copper wire at 300°C in the reactor 1 (Og content < 0.01% by
weight) and from traces of water by freezing trap 2, cooled to -760C. An
: appropriate volume of methyl alcohol vapour in nitrogen, prepared in sat-
{ _urator 9 at a controlled temperature, was introduced into the carrier gas
1. - by means of eight-way dosing cock 4, equipped with two constant volumes

" of 5.2 and 8.4 ml respectively. The volume of the mixture was displaced

. from the dosing cock into reactor 7 at the velocity of the carrier gas.
{ - The time for the passage of each dose of reactants through the catalyst
i bed was determined by the total volume of the dosed gas mixture, the free
; ’ - volume of the catalyst bed and the velocity of the carrier gas. The time for
! the passage of one dose DF volume 5.2 ml of the dosing cock was always
*1 . 5.43 x10"3 hours and for volume of 8.4 m! was 8.83 x 10~3 hours. In this
: ' arrangement and with successive dosing it was possible to ascertain the
' composition of the product as a function of the over-all time of the passage
(i.'e. time of passage of one dose multiplied by the total number of doses)
of the reactants (CH3OH or Og) of constant composition through the catalyst
bed. The over-all time of the passage could be set according to the number
I : of individual doses. In each experiment methyl alcohol was introduced first
- and then oxygen in the way described.

~ The scattering of chromatographic analysis was in the range of + 10%
of the measured concentration.
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2.4. Sorplion measurement . ' :

The interaction between methyl alcohol or oxygen and catalyst was also
investigated in a static sorption apparatus with a McLeod manometer in the
usual arrangement. The accuracy of measurement of volume variations was
in the range of + 4% of the mean value of the volume measured. A sorption
vessel of quartz with a sample of the catalyst was fitted with two gold elec-
trodes for measuring the changes of electrical conductivity at an alternating
voltage of a frequency of 1 me/sec.

The content of HpO, CO and COg in the mixture of reaction products
after complete oxidation of methyl alcohol was determined from the pressure
change in the apparatus brought about by freezing-out of the products into
traps successively cooled by solid COg and liquid Ny. The experimental
arrangement did not permit us to ascertain changes in the concentrations of
the individual components of the mixture with time.

3. RESULTS

The experimentally determined relationship between the conversion x
and the value ‘W/F in the integral reactor for an oxidation temperature of
270°C, range of methyl alcohol concentration in the feed of 1.5 - 7.5% by
volume and oxygen concentration of 5 - 40% by volume is presented in

figs. 2 and 3. ,
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' ‘Fig. 2. Plot of conversion of -methyl al- Fig. 3. Plot of conversion of methyl al-

. ¢ hol to formaldehyde versus -
- time factor W/F at 2700C for
pa.rtial pressures of methyl al-
cohol and oxygen in the feed.

.

cohol to formaldehyde versus

time factor W/F at 2700C for

partial pressures of methyl al-
_ cohol and oxygen in the feed.

. ..~ ofMe:  oPO2 oPMe o032
o A’ 114 38.0 . - @ - 342 38.0
§ L .oce. 7342 0. 380 . .. . 4A 342 152.0
o - 57. 0 38.0 :

e ! 342  304.0

Declassmed in Part Sanltlzed Copy Approved for Release 2014/02/28 - L
CIA-RDP80-00247A004200080001-5 R

———— e = [ . P = B



Declassified in Part - Sanitized Copy Approved for Release 2014/02/28 :' 5

|

CIA-RDP80-00247A004200080001-5

Table 1
o . Interaction of metha.nol or oxygen with 1 g of ca.ta.lyst at 270°C
5. Dose | Dose of CH3OH | CHp formed | Dose of Og | Og consumed in
' number (umol) (wmol) {(Lmol) regeneration (umol)
: ,
; 1 620 200 .- -
2 - - 224 82
sl ) 3 620 210 - -
f 4 - - 224 75
I 5 620 210 - -
. 6 - - 224 92
B 7 620 215 - -
! 8 620 38 - -
s ' 9 620 36
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yo = 0.209.

-or oxygen through cabalyst bed at 270°C. .
 P=1222atm, z=0.9cm, G =3.84x 104 umolh-lem-2.
" ¢ methyl alcohol Yo = 0.666,

.0 oxygen,

i

The results of the investigations of the interaction between methyl al-
cohol and catalyst or between oxygen and partially reduced catalyst are
given in table 1. The first part of this table (doses 1 - 7) shows the results
of analyses of the products after alternating repetition of the oxidation cycle
(odd dose numbers) and the regeneration cycle {even dose numbers). The
second part presents the results obtained in successive dosing of methyl
alcohol without re-oxidation of the catalyst (doses 7 - 9). Under the experi-
mental conditions described, only very small amounts of oxidation by-
products were formed: 5 - 10 pmols of CO + CO mixture and 3 - 5 umols of
methylal. In regeneration of the catalyst by oxygen, neither carbon-contain-
ing oxidation products nor water vapour were found in the carrier gas.

"Fig. 4 presents the results of another series of experiments carried out
in the microcatalytic reactor at a temperature of 270°C. These results are
plotted in a coordinate system permitting determination of the rate constants

~ of partial processes and of the amount of available lattice oxygen in the cat-

versus mean time of passage of methyl alcohol
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-alyst. On the y-axis is plotted 3 function containing the ratio of the mol

- fractions of methyl alcohol or oxygen in the reaction products and in the
feed (¥/y,)- On the x-axis is plotted the total mean time of the passage of -
methyl alcohol or oxygen through the catalyst bed

Table 2
Results of measurement of the degree of reduction and re-oxidation
N of the catalyst in the static apparatus (weight 1.0 g of catalyst).

‘Dose of CH3OH wmols formed umols bound
timoly CH30H + H20| COz | CO 0y
) 88 120 50 | 21 68

Table 2 shows the results of analyses of the products after complete
oxidation of a dose of 88.5 umols of methyl alcohol in the static apparatus.
The last column of table 2 contains the numbers of umols of oxygen consum-
ed in re-oxidation of the partially reduced catalyst. In the experiment, the
] initial value of the resistance of the sample, prior to its impregnation with

3 T - methyl alcohol, changed from 0.90 M@ to 0.50 MQ after complete oxidation
"of the methyl alcohol. After re-oxidation of the catalyst by oxygen, the

YR | electric resistance of the catalyst sample rose again up to 1.1 MQ

4 . 4.1, Interpretation of kinetic data

3 >, =+ - - Both constituents of the mixed FegO3-MoO3 catalyst may exist ina
P - 'state of lower valency, as it’is also the case e.g. with V9Og5. During the’
: . . catalytic oxidation of methyl alcohol we observed that the catalyst changes
. its initial yellowish green colour infto greyish blue. Both these circum-

" stances induced us to interpret the results of kinetic measurements (figs.
' - .2 and 3) for the time being only formally .(as was also done by Mars and
T Krevelen 14, 15)) for the oxidation of other organic compounds on V305) on

the basis of our postulate regardmg the two-stage oxidation-reduction mech-
'amsm

)
-t

L3

I
!
E CHsoﬂ(g) + Kox—»CH:zO(g) + H20(g) +Kreg (1)
{ S
S : - - ® ~ :
! R . : . OZ(g) ‘Kreq —2+Kox 2)
g: ' The equ111br1um is in both stages shifted to the right sides of eq. (1) and (2),
i - ..  _-andit is possibie, therefore, to consider in the kimetic equations only the
i
f
1

- -7\ reaction rates from left to right. The rate of the process (1) is given by the
o :equatlon o S . ; -
o WY N1 e
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The rate of the process (2) is defined by the equation:

73 = kyboy (L - 0)7 .. @

"On assumption that p = ¢ = 1 and for steady state, when the rates of the both

processes (1) and (2) are equal, it is possible to derive an expression for
the oxidation of methyl alcohol:

k1bys
r= Me (5)
L + (a k16Me/*200,)
and an expression for the degree of reduction of the catalyst:
o =- - (©)

1+ (e klpMe/kzpc)z)

Eq (5) can be integrated for the throughflow integral reactor. The last
column of table 3 presents the kinetic equations in integral form for the ex-
ponents m and ». Treatment of the experimental data (figs. 2 - 4) by the
method of least squares with the use of an automatic computer led to the
most probable values of the rate constants of both partial processes (1) and
(2); these values are given in table 3 for all combinations of reaction orders
taken into consideration. Moreover, we calculated the standard deviation
with which both constants & and %29 satisfy the given integrated kinetic inte-
gration. The standard deviation thus represents a certain criterion of the
suitability of interpretation of experimental data. The least value of the
standard deviation was found in the case of the rate constants for combina-
tions of the order m=1andn =1, or 0.5. In our further considerations we
shall discuss, therefore, the simplest kinetic equation (5) and (6), which is
of first order for both methyl alcohol and oxygen. The relatively good agree-

ment between experimental data and the proposed kinetic equation (s = 9%,

sg = 12%) indicates that our assumption regarding the values of exponents
P andg in eq. (3) and (4) is acceptable and that the rate of oxidation of
methyl alcohol on the MoOg-FegO3 catalyst can be described by means of
the two-stage oxidation-reduction mechanism according to eq. (5).

The value of the constant ko is approximately half that of the constant
k1. This indicates that, as also in the oxidation of other organic compounds
on V90g 14,15) 5 greater effect upon the rate of oxidation of methyl alcohol
must be ascribed to the second partial step - regeneratmn (re-oxidations)

.of the catalyst.

4.2 Rates of partial processes in the oxidation of methyl alcohol and their

physical significance

The interpretation of the results obtained in the measurement of the
over-all rate of okidation of methyl alcohol to formaldehyde induced us to
study in greater detail the rates of both partial processes (1) and (2).
Either of them represents in principle, a reaction of similar type proceed-

‘«ing between the gaseous and the solid phase' -
Declassmed in Part - Sanitized Copy Approved for Release 2014/02/28
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Rate oonstants for cata.lytio oxldation ‘of methsnol on FeaO3-MoO3 catalyst at 270 C.

: o o ‘
i “+ -’| Reaction s : . sg - ’
i : 1o . 1 Integrated velocity equation
! order kq % kg @ gr
. - n . .
! gHgOH [ ' , ¢ o7
i ! : : W oPMe - 1 . 4g ofPMe loP0Og - (6?09 oPMe
: - . oMo __ = ~
! 1 |os| ‘7.9x 1077 8| 9 4x 108 g | BIF ma-n" "k k& In(1-%)
- “mol g-1'mm Hg-1sec-1 mol g~1 mm Hgz sec :
¢ .
1 0 ' 2.8X% 10-5 82 6.9X 10-6 6 _‘y _1_ - 1 In(l- + Q
L ’ ‘ mo]g-lmmHg"lsec"l\ mol g~ 8ec Fx k1 oPMe® 2
E B
v 05 |0 ‘4.9% 10-6 38.. 1-4><110'5_1 48 .‘Zl_=_2_.[l:£_'_"él+°'
L ’ mol g-lmmHg™2 % sec-1 mol g™ sec F x ki oPM ' 2
[ - X,
k . 1 1 8.3 x 10-7 9. 3.1x 1077 1 12\ W oPMe _ 1 In [opoz/(ol’oz $oPMe )]
1 mol g-l mmHg-1sec=1 | | mol g=1 mm Hg~1 sec™ FIn(I=x) "k kz In(l-» 3
! - - 2 - -
1 . s los 44x10°8 12 19 ;Io—fi R ool 2, :_2 01’02% P0s %PMlex)
- ) ' - -4 sec-1 - -38ec™" | - F - : z
/ B : molg 1 mm Hg~4 sec mol g~+ mm Hg Fli-q-9% k1 k2 oPie 1~ A=97]

.

).

-
I

(2

[}
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A(g) + B(s) k1 or k2 gaseous and solid products (7 i

where A{g) is either methyl alcohol or oxygen and B(s) is the catalyst in
oxidized or partially reduced form. The rate of the reaction (7) can be
described by a kinetic equation similar to eq. (3) or (4):

| vi =kpppX or % =kPyX, i=12. (8)
For the same reasons as in the preceding chapter, the rate of the reverse

reaction has been neglected in eq. (8). From a comparison of eq. (8) and
(3) or (4) follows that

kl -
'5{‘;=k1701'.'5f;=k2, - 9)

where X, represents the concentration of available lattice oxygen atoms or
vacant places of the catalyst for the reaction (7). In formulating the velocity
equation (8), we assumed that the available oxygen (i. e. a small fraction of !
the total amount of oxygen in the catalyst) or the vacant places are uniformly ‘
. distributed in the surface layers of the catalyst and therefore equivalent in |
: the reaction with a molecule from the gas phase.

‘The velocity equation (8) cannot be integrated in a simple way for each
partial process, because not only the composition of the gas phase but also
that of the solid phase changes during the reaction. It is not possible to
attain for either of the partial processes (1) and (2) a steady state as in the
case of the over-all catalytic rate of oxidation of methyl alcohol in the pre-
sence of gaseous oxygen molecules. For the integral reactor, where the
gas molecules A continually pass through the bed of the solid B and react,

_it is possible to set up the material balance inan elementary volume of the
A : bed for the substance A and thus formulate and solve the respective partial
r differential equations 18). The solution of the differential equations leads to
-the determination of the relationship between the composition of the gas
phasé after its passage through the bed of the solid and time in the form

e,
.

3y _ e (-k PXz/G): exp (] Py )

. (10)
¥o 1+em (-k; PXz/G)-[exple; Pyt) -1]

For constant vaiues P, z, G and.y, it is possible, after substitution of the
values Cy and Cg for both exponential expressions, to write eq. (10) in the
“ linear form o '

’

P ‘Ic_)g ‘__y[y_o 7=.log'_£1__ +¢ log Cy . . (11)
IS Rt 74 TSR | -

" Plotting of the experimentally determined values log[(y/yo)/(1-3/¥0)] against
time, i-e. mean time of the passage of the substance A through the catalyst

bed, leads to a linear relationship. From the slope and the section it is
~ possible to calculate the values 2} or kL and X . ' /

' Dedlassified in Part - Sanitized Copy Approved for Release 2014/02/28 -~~~ -
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In fig. 4, the experimentally ascertained relationships were plotted for
the first stage (1) without participation of oxygen from the gas phase in the
reactio, and for the second stage (2) without participation of methyl alcohol
from the gas phase. From the first, linear part of the graph, which holds
for the considered model of the reaction, we calculated the rate constants

. “ky =1X 10-7 molg-lmmHg-1sec-1,
L. ko = 0.6 x 10-17 mo_lgflmmﬂg'lsec | (%) = 1200 pmoi/ml or umol/g,
' _and (X,)g = 200 pmol/ml or pmol/g.

- The values of the partial rate constants and their ratio agree in order of
magnitude with the values of the constants determined from the over-all
rate of oxidation of methyl alcohol (table 3, for m = n = 1). With regard to
the complexity and insufficient accuracy of the chromatographic experi-
mental method, this results must be regarded as a good agreement and a

3 proof that the suggested equation and mechanism are a formal description

: of the partial oxidation-reduction processes in the oxidation of methyl al-

‘cohol on the FegO3-MoOg catalyst.

The values of (X,}1 and (X)9 indicate that the amount of lattice oxygen
available for the reaction is lower than would correspond.to 3420 umol/g of
Og for reducing MoOj3 to MoOy and FepOg3 to FeO in 1 g of catalyst. It is
interesting that the value (X;); = 1200 umol/g approaches the value 1150
pmol/g, which represents the amount of oxygen in 1 g of catalyst that had

. to be taken to form the oxide MogOq1 in the catalyst. The crystallographic
structure and the conditions of Mo4Oy; formation have recently been de-

. termined by Kihlborg 19}, For a more accurate estimation of the number

. of lattice oxygen layers participating in the reaction one would require to

know the crystallographic structure of the mixed catalyst

If we consider that the catalyst surface of 6.9 m 2/g could take up ap-
prommately 70 umol of physically adsorbed oxygen in a monomolecular
layer at 769K, it is probable that the number. of lattice oxygen atoms in the

o catalyst surface.will actually be considerably lower. For this reason it is
) T also probable that several surface layers of lattice oxygen of the catalyst

. or certain lattice oxygen atoms in some crystallographic positions partici-
pate in partial oxidation-reduction processes. The non-rectilinear part of
oLt - the curves in fig. 5 indicates that within a certain time, when the lattice
z_', ) oxygen available for the reaction is exhausted, the rate of the diffusion of
c - lattice atoms into positions where they can further react becomes effective.

For this region the derived relations are no more valid.

Another interesting fact (table 1) is that both partial processes (1) and -

(2) can be arbitrarily repeated in succession indefinitely without lowering

the activity of the catalyst. This also offers the possibility of utilizing the
suggested mechanism in practical oxidation reactions conducted in two
cycles. :

LTl . The assumption that lattice oxygen atoms n the surface participate in

“so ;- the oxidation process is also supported by the results given in table 2 for

DA the static apparatus. From the oxygen balance after complete oxidation of
' + * methyl alcohol on 1 g of catalyst, without oxygen in the gas phase, follows
that the oxidation of methyl alcohol consumed 77 pmol of lattice oxygen of
the catalyst. In its regeneration, the catalyst recombined with 68 pmol of

~
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oxygen. The decreasing electrical resistance in the oxidation of methyl al-
cohol indicates essential changes in the physical properties of the catalyst.
The vacant places formed by the consumption of lattice oxygen atoms are
likely to participate together with the remaining free electrons in the con-
duction of the current (both constituents of the catalyst, MoOg and FegOg

are n-semiconductors). The increase of the electrical resistance of the

catalyst, after re-oxidation, toa value nearer the initial one confirms the
good regenerative property of the catalyst. Under conditions of re-oxida-
tion, the catalyst is converted into its original state.

We wish to thank Dr. Grubner for his support and adv1ce in the intro-
duction of chromatographic analysis; and Mrs. L. Ci¥kovd and Miss
J.Jadovd for their assistance in our experimental work.

LIST OF SYMBOLS . o :

: k Pon ' ' "
Cq Function of exp (“‘*’“"‘_) o : - '
Cy Function of exp (g; P
F Feed rate of methanol , mol sec-1

G Over-all gas flow rate- ‘ "mol cm~2 h-1
' Catalyst in oxidized form ) -

X
- Kpeq Catalystin reduced form
P .

Total pressure . ~atm
w Weight of catalyst g
X Amount of available oxygen or

vacant places in catalyst at time ¢ ,umolg'l, pmol ml-1
T Temperature ' . '

. kI Rate constant of oxidation of

methanol by oxygen from catalyst Kq,x molg'lmmﬂg‘1 sec'1

,kz Rate constant of oxidation of

. catalyst K, .4 by oxygen molg-lmt_nﬂg‘lset:'l
m Reaction order with respect to methanol -
n ~ ‘Reaction order with respect to oxygen
2 Reaction order with respect to
- q Reaction order with respect to

PMe Partial pressure of methanol at timef mmHg
o’Me Partial pressure of methanol at '

time £, mmHg
pOZ Partlal pressure of oxygen at time ¢ mmHg
0p02 Partial pressure of oxygen at time ¢{; mmHg

szo Partial pressure of water at time? mmHg

r ° Rate of oxidation of methanol - molg-1 f.sec:"1

rl' - Rate of oxidation of methanol by

" - oxygen from catalyst K, ' mol_g-l sec-1

-
-
»
S . -
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- 7y Rate of oxidation of catalyst

Kred by oxygen molg-1sec-1
t Reaction time h
s Standard deviation '
x Conversion of methanol to
- - formaldehyde, = PFd
3. - OpMe B
] -y Mol fraction of methanol or oxygen
! in the gas stream at time ¢
Yo Mol fraction of methanol or oxygen
’ in the gas stream at time #4 '
s . z Distance through bed, from inlet cm
| "~ @ - Number of oxygen molecules

required for converting one methanol
- molecule to formaldehyde, = 0.5
B Correction factor for volume change
100

-during reaction, =

: ' ‘ 100 + % xOpMe
= 0 _ X - ' _
» %

SUBSCRIPTS

o ‘Boundary values
Solid state
Gas state
~ First step of the oxidation-reduction
mechanism )
Second step of the oxidation- reductxon
- '~ mechanism

=0q

(]
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IVNV-E_STIGATION OF CATALYST POISONING AND
HYDROCARBONS CONVERSION MECHANISM
- IN REFORMING PROCESS

Kh. M. MINACHEV and G. V. ISAGULYANTS

-Abstract: The poisoning of reforming catalyst with sulfureous compounds and
the mechanism of cycloparaffins conversion in the reforming conditions were
investigated with use of S35 and C14.

The data obtained permit to drow conclusion of establishment of an equilibrium
between the sulfureous compound in gas phase and that on the surface. The con-
version of thiophan or other sulfureous compound to hydrogen sulfide does not
affect apparently the establishment of this equilibrium.

It can be regarded as dealing with a chemisorption using electron pairs of
sulfur,

' As to hydrocarbon conversion process the data obtaired do not evidence in
favour of cyclohexene as intermediate product by benzene and methylcyclopentane
formation from cyclohexane. That does not agree with the usual view of the con-
version of hydrocarbons on bifunctional catalysts.

" .'The large application of reforming process in petroleum industry using

~ platinum-alumina, palladium-alumina, catalysts makes it urgent to inves-

tigate the stability of such catalysts against poisoning by sulfur compounds
and the mechanism of hydrocarbons’' conversion in this process.

We have investigated the influence of sulfur compounds on activity and
stability of a series of reforming catalysts in the process of cyclohexane
conversion, as an example, under conditions close to industrial ones. The
poisoning by thiophene added to cyclohexane has been studied in the most
detailed way.

The experiments have been carried out in a flow system at temperature
of 450°C and pressure of 20 atm. The space velocity of hydrocarbon was

.equal to 2 hours-1 at hydrogen to hydrocarbon mole ratio of 5.

The catalysts have been prepared by impregnating support pellets
(4 X 4 mm) with chloroplatinic acid 1,2). The addition of thiophene to the

. feed mixture has been shown to lower the benzene content in catalysate.
.- This decrease occur at the initial one or two hours of work, then the ben-

zene content in catalysate is kept at a constant level for a long time and is

- independent of the total amount of thiophene having been passed through the
" . catalyst 1), This level is dependent upon the thiophene eoncentration in
--feed mixture and upon the metal content in the catalyst. It is found that if
pure cyclohexane is passed over a catalyst after the passing of cyclohexane-

thlophene mlxture the benzene content in cata.lysate increases quickly
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Fig. 1. Catalyst poisoning by thiophene during 10 hours and regenera-

tion by pure cyclohexane, = -

a) 5% Pt catalyst. 1 - 1% thiophene; 2 - 2% thiophene; 3 - 3%

thiophene; 4 ~ 9% thiophene. )
- by 1% Pt catalyst. 1 - 0.3% thiophene: 2 - 0.79% thiophene;

3 - 2.1% thiophene; 4 - 6.24% thiophene; 5 - 9.33% thiophene.

(fiz. 1) and reaches the value for a fresh, unpoisoned catalyst.

To investigate the cause of catalytic activity stabilisation the following
should be determined: the sulfur amount deposited on the catalyst at dif-
ferent periods of poisoning, the dependence at this amount on the thiophene

- concentration in feed mixture etc. The runs using thiophene labeled with
" radioactive sulfur S35 were carried out 3, 4) under above mentioned condi-
P tions. At predeterminead time the samples of the catalyst were taken to de-

. - termination of radiosulfur content. The regeneration of poisoned catalyst

samples was carried out in a stream of pure cyclohexane. The radiosulfur
~ content in the catalyst was determined also after the restoration of the ini--

. tial activity.

) Specxmens fcr the measurement of rachoachwty in the catalyst were-
prepared from a powder produced by thorough grinding a catalyst pellet in
an agate mortar. . : '

Radioactivity was measured by means of a thin mica endwindow counter
with corrections made for self-absorption and 835 decay. The absolute sul-
fur content in the catalyst was found from comparison with the radioactivity

-of barium sulphate containing as it is well known 13.75% sulfur.

) : .~ Catalysts samples containing 0.05-10% platinum were investigated using

_ 98% cyclohexane - 2% thiophene mixture. The kinetics of sulfur deposition
- on 1% Pt catalyst is given in fig. 2, the suHur amount in the catalyst-after
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Fig. 2. The ratio of sulfur amount deposited on 1% Pt catalyst to its
maximum value after 10 hours work, 1%; the removal of sul-
fur from catalyst when pure cyclohexane is passed. The ben-
sene content changes shown by dotted curve.

10 hours work (3.91 mg) being set equal to 100%. It is seen that 62.7, 80.6
" and 92.3% sulfur deposit on the catalyst during 30 minutes, 1 hour, and
3 hours, respectively. The yield of benzene in products is shown by dotted
curve. It is interesting to be noted that the benzene yield fails with the in-
crease of the deposited sulfur amount.
~ Pure cyclohexane being passed through the catalyst, the fast process
of sulfur removal occurs, accompanied by restoration of dehydrogenation.

activity. Nevertheless, the benzene yield attains the pre-poisoning value

after the removal of 70% sulfur. The further sulfur removal takes place

very slowly and is not accompanied by the activity change. The same re-

sult is obtained for 5% Pt catalyst. A penetration of sulfur into the catalyst's
bulk seems to occur in this case.

' 1t is shown by special rund that sulfur is distributed through a catalyst
pellet with high extent of uniformity. The distribution of sulfur along the
catalyst's bed is also investigated. It is found that sulfur content decreases
in the direction from the front of the bed to its back. Sometimes this change
is about 25%. ' .

The results obtained in investigation of the effect of platinum cohtent in

" _the catalyst on the sulfur deposition are given in fig. 3. The runs were made

with cyclohexane containing 29, labeled thiophene. The sulfur amount in mg

. is plotted versus the platinum content percentage. It is seen from these data

that as the platinum content changes from 0.05 to 10.0%, the amount of sul-’

- fur deposited on the catalyst increases continuously but not proportionally

to the metal content with a tendency to a limit value.

_ The dependence of catalyst's sulfur content on thiophene concentration
in cyclohexane was studied with 5% Pt catalyst. After the 10 hours work
catalysts were analysed for radiosulfur. The sulfur content in these cata-

- lysts was 0.06-0.14 weight percent.

The plot of sulfur content versus the thiophene concentration in feed

' mixture is given in fig. 4. The curve of fig. 4 is satisfact_orily fitted by the

- equation . ,
: _. AP : R ‘
o AsToer : o

o R JOP VORI IR L S
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- L
o PL content in catalyst (%)

= . . Fig. 3. Effect of metal content in catalyst on deposited sulfur
amount (5) after 10 hours work with 2% thiophene.

= o -
4

Sullfuz contant in the catalyst fal % lo Pt

!
a.- °

]

.%mﬁene cmtenl cyc[dezane (%)

Fig 4. Effect of thiophene content in cyclohexane on sulfur
content in catalyst after 10 hours work.

-

where A is the sulphur amount, P is partial pressure of thiophene in cyclo-
. hexane, "\ is a constant. The Langmuir type dependence makes it possible
. to state some suggestions regarding the poisoning mechamsm which will be
ea. dealt below.
. ' It was found further that the benzene content in products varies h.nearly
with the sulfur amount in the catalyst (see fig. 5). Thus using eq. (1) the
. benzene content may be determined.

[ - . When added to the feed mixture, thiophene and other sulfur compounds
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Fig. 5. Benzene content in catalysate versus sulfur content in
the catalyst. )

) are known to convert readily into hydrogen sulfide, which contains the

b main part of catalysate sulfur. It was found in our experiment that the sul-

X fur compounds of different classes (thiophenol, diisoamylsulfide, thiophene,

i ethylmercaptan, thiophane) produce almost the same poisoning action on the

catalyst. It suggests that the poisoning action is due to any product of sul-

1 fur compounds conversion which is common to various sulfur compounds.

} This product may undergo hydrogenolysis resulting in removing sulfur from

{ the catalyst surface. The following facts oppose this standpoint.

t ' - 1. At small and middle thiophene contents in cyclohexane sulfur occurs

\ in products as hydrogen sulfide (less than 1% sulfur is detected as thiophene).

' Thus only the front part of catalyst's bed is in contract with the feed sulfur

L compound, that shoqld result in much greater sulfur content in this part.

| . Nevertheless, as it was stated above, only a small decrease of sulfur con-

N
|
!
!

a

tent along the bed was observed, this being due probably to the decrease of
sulfur compound partial pressure as a result of dilution with hydrogen in
course of dehydrogenation. It can be readily illustrated by rough estimate.
The sulfur content in the seventh (last) layer of 6% Pt catalyst is equal to
. 76% as relative to the first layer at 2% thiophene in feed cyclohexane 4).
: . This content corresponds to the sulfur compound partial pressure of 0.066
f atm Under these conditions about 50% cyclohexane converts into benzene,
. , the hydrogen to hydrocarbon mole ratio becomes equal to 6.5. As a

' consequence sulfur compound partial pressure falls to 0.05 atm. Cne can
find using the data of fig. 5 that as this partial pressure change takes place,
the sulphur content in catalyst falls to 81%.

2. On the contrary, at high thiophene content in cyclohexane the cata-
lysates contain thiophene. It is not clear in this case why thiophene leaves
the catalyst's surface not being hydrogenolysed. - ‘
These facts emdence in favour of establishment of an eq\uhbrmm be- -
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| tween the sulfur compound in gas phase and that on the surface. The thio-
] phene conversion with hydrogen sulfide as final product does not affect ap-
. - parently the establishment of this equilibrium to any significant extent.
' This consideration is confirmed by the fact, that the sulfur content in cata-
lyst is determined by the eq. (1). It may be regarded as dealing with a
-chemisorption using electron pairs of sulfur. .

In this sense the constant X should be considered as the adsorption co-
efficient. The observed fact of metal surface's uniformity with respect to
sulfur appears to be interpreted as being due to high value of chemisorption
heat. The developed consideration can be confirmed below as follows. As

) it was mentioned above, the benzene content in catalysates varies linearly
. with the sulfur content in the catalyst. If y denotes relative benzene con-
. tent and x is sulfur content in the catalyst, then

y =ax-+b . ()

It is evident that b = 1. If one expresses x as a fraction equal to the
ratio of sulfur content to that leading to complete poisoning (when the whole
of surface is blocked), one gets @ = -1. Then from (1) and (2) the expression -

Y<TiF ®
is obtained. It can be used for calculating benzene content in catalysates
} with various thiophene concentrations. For calculation we use the date ob-
' tained with 1 and 5% Pt catalysts.

Experimental 1,3) and calculated from eq. (3) values of y are given in
table 1. The X values are 21 and 11 atm™1 for the first and the second cata-
lysts, respectively. The value is seen to vary as the platinum content
changes. The calculations show that as the platinum percentsge varies from

1 to 10 the A value at first sharply falls then becoming constant. This course
-of x appears to be an indirect result of surface heterogeneity. )
— o Table 1

Benzene contents in catalysates (3) cbtained experimentally and
- calculated in percent as relative to those with pure cyclohexane.

. Thiophene content (%)
Catalyst
o ' 0.031053/0.79| 1.0 [2.0] 3 39 (62| 9
\ _ o o y (%)
_ , . }1% Pt Obtained {98.9]76.1 66.2 1554 [31.4] - [28.6 |19.7
o ' Calculated |98 {74 |64 [59 140.5| - |27 19
o 5% Ptobtained | - | - | - |754 |60 [d2.9] - | - |23
‘Caleulated | -~ | - | - |76 |59 |48 | - | - |24
- '.-'Bgas‘ides the dehydrogenation of hexamethyle rings, the mutual conver-
;. '+ - sion processes of five- and six-membered rings are known to take place

# - considerably under reforming conditions as a result of isomerisation. From
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thermody‘namlcal considerations the large yields of cyclohexane should not
be expected in conditions used by us 5). Benzene should be the main pro-

duct, methylcyclopenthane yield must exceed that of cyclohexane consider-

ably.

More detailed study of cyclohexane reforming was carried out 6) using
1% thiophene feed mixtures in presence of catalysts with various platinum
content, catalysates being analysed by means of gas-liquid chromatographic
column. The results are shown in table 2. It is seen from the table, that
the benzene content in catalysates falls when thiophene is added, the methyl-
cyclopentane content growing at the same time. The lower is the dehydro-
genation activity of the catalyst, the greater is the methylcyclopentane
content in catalysaté. So addition of thiophene changes not only activity but
also selectivity of the catalyst. It is interesting that with both pure cyclo--
hexane and its thiophene mixtures a pressure increase from 20 to 60 atm
results in a sharp growing of methylpentane content in catalysates, the
benzene content being lowered at the same time.

The interesting data are obtained also with temperature variation. As
thiophene content in feed cyclohexane increases from 1 to 3% at 450°C and
20 atm, methylpentane content in catalysates increases from 23.1 to 52.5%
‘benzene content being lowered from 43 to 11.8%. The same antiparallel be-
haviour of methylcyclopentane and benzene is observed also at 500°C. The
action of thiophene is similar when it is added to methylcyclopentane, as a
result benzene content decreases but cyclohexane is not produced in large
quantities in this case, a considerable yield being forbidden by thermo-
dynamice. The mentmned data appear to be in bad accordance with the ac-
cepted mechanism of bifunctional catalyst's action based on dehydrogenation
as a necessary stage of cyclane isomerisation 8-10). It has been success-
fully shown recently by means of labeled atoms that the consecutive mech-

. anism operates with cyclohexene as intermediate in the case of cyclohexane
. dehydrogenation into benzene on chromium oxide catalyst. The consecutive

mechanism does not occur with renium catalyst. Since cyclohexane under-
goes mamly dehydrogenation and isomerisation under the reformmg condi-
‘Table 2 _ : B
Effect of pressure on dehydrogenatmn and isomerisation of pure cyclohexane

and its mixture with 6% thiophene at 5000C,
(Space velocity = 2 hr-1; hydrogen :hydrocarbon = 5:1; Pt/Al,Oq catalyst used.) |

Pressure (atm) . 20 A 40. - 60

. | Pure }Cyclohexane{ Pure {Cyclohexane| Pure Cyelohexane
Feed cyclo- + 6% cyclo- + 6% cyclo- + 6%
- . hexane| thiophene [hexane| thiophene |hexane| thiophene

Products: Catalysate composition (%)
Benzene - 86.5 - 13.5 65.4 . 93 . | 38.8 105
Methyl- . | )
cyclopentane 7.7 47.5 18.8 57.0 37.3 56.1
+4-Cyclohexane 3.6 34.0 - 5.9 272 | 7.1 26.5
Cg-Cg alcanes - : , . - :
¥ gas , 2.2 5.0 - 8.9 6.5 | 16.8 6.9
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. tions we made an attempt to detect cyclohexene as an intermediate product
: in these two reactions using the above mentioned labeled atoms technique.
_ This work was carried out with two.catalysts-rhenium and palladium on
-y _alumina. Rhenium catalyst was chosen because it has been uséd in previous
investigation of benzene formation mechanism, as to palladium catalyst,
isomerisation of cyclohexane without thiophene took place on it to a greater

I - extent as compared to platinum. Alumina-palladium and alumina-rhenium

" catalysts were prepared by impregnating alumina pellets with pailadium
chloride and rhenium nitrate solutions (fluorated alumina was used in case
of palladium catalyst).

. Runs with pure cyclohexane and cyclohexene were carried out on alumi-
na-palladium catalyst preliminarily. Cyclohexane converted into benzene

- and methylcyclopentane. Cyclohexene underwent dehydrogenation and iso-
merisation also but converted almost completely because of its greater re-
activity. Therefore we used in the runs with labelled atoms the mixture of
94.5 mole % cyclohexane and 5.5 mole % cyciohexane labeled with radio-
carbon. Liquid catalysates were analysed using gas-liquid chromatographic
"column with a special device for radio-chemical analysis 12), To obtain

- more accurate data cyclohexene in some catalysates was converted into 1-
methoxycyclohexane-2-mercury chloride which was analysed for radioac-
tivity by means of thin mica end-window counter. The results of these runs
are shown in table 3. .

) Activity of palladium catalyst with pure cyclohexane was stable. In case
of cyclohexane and its mixtures activity changed as it was expected, with
time and from run to run. The change of catalyst's selectivity was also ob-
served with respect.to dehydrogenation and isomerisation activities. Cyclo-

~hexene, .pure or in mixture with cyclohexane, produced benzene and cyclo-

%~ _ -7 . hexane in quantities which did not correspond tc the stoicheometry of irre-

', |/ versible catalysis. It is seen from the data on products' radioactivity that

-¥ .7 ..cyclohexene has practically no radioactivity but benzene and methyicyclo-

™ © pentane are radioactive. It is clear from these results that cyclohexane

does not convert into cyclohexene under experimental conditions with cata-

. lysts-used, though it converts into benzene to a great extent (as high as 40%)

_ ~and with palladium catalyst into methylcyclopentane (as high as 8%). The

REE " use of cyclohexane with high specific radioactivity and the very thorough

" analysis for radioactivity in cyclohexene being taken into account, the data

T " obtained do not evidence in favour of cyclohexene as intermediate product

\ of dehydrogenation and isomerisation of cyclohexane. As to dehydrogenation

" . - the data are in good accordance with those obtained previously for cyclo-
~ hexane dehydrogenation 11) and with the considerations of multiplet theory

" of catalysis. As régards isomerisation the data obtained -allow to conclude

. - that a mechanism of methylcyclopentane formation from cyclohexane is pos-

CooT . sible on bifunctional catalysts which does not involve as necessary stage

... the cyclohexane formation or at least its desorption while transferring from

e dehydrogenating sites to isomerisating ones on the active surface.
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" ‘ . | ' Table 3° o oo
Catalytic convertion of cyclio six-m'embered hydrocarbons under reforming conditions
. (480°C; hydrogen pregsure = 20 atm; hydrogen :hydrocarbon = 5:1).

011

\

S . : Products’ specific radio-
A A Feed | Space | Catalyst's Com :
R . . position of liquid activities in percent as
Lo Qgtalyst :grd;;;s velllgﬂty, wol:'(l)cu;ism e catalysates, mole % | relative to those of feed Total radioactivity, %
' : cyclohexane .
| vttt vo e vees
| 1% Pd-Aly0g O 1.0 15 |19.6] 210 59.3
b . : 2.5 219 11,7 66.1
N ‘ , . 3.5 23.0] 14.3 62.6
1% Pd-Aly03 O 2.0 1.5 7.1| 19.5 | 3.1 70.3
o : ’ ' ‘ 2.5 6.2 | 27.5 3.6 | 62.7
F S : 3.5 7.5] 264 | 46| 615
; Without cata- .

lyst : 5ml/hr 2.5 1.8 7.0 |9%0.2 - L

1% Pd~A1203* 94.5 2.5 2.0 319 36.7 (119 | 19.5 05| 142 (0 1.9 3,0 1 905} 0 6.5
. i - mole% 4.0 2531 41,1 |17.1| 16.6 04 ] 13.0}0 1.0 2,1 1949 0 3.0
IR cyclo- 5.0 31.6| 40.7 | 12.6 | 14.7 | 14,0 | 12,710 0.9 2.8 | 948 0 2.4
' hexene - 6.0 364 35.2 9.4 | 18.8 0518410 0.7 26 | 954 0 2.0
oo 1% Pd—A1203 \+ 5.5 2.5 1.5 134 29.4 {12,0 | 45.1 1.7 ] 12.1 007" 1.9 4.9 | 765 0.2 18.4
| mole % 2.5 235 1| 32.6 8.6 | 35.3 1.3 | 11.1 {0.1***| 1.9 6.6 | 78.6|.0.2 14.5
cyclo- 3.5 342 294 2.6 | 33.7 09)|11.8|0 - 1.8 7.1 782 | 0 13.6 |
- 1% Pd-AlyOg||hexane| 2.5 1.5 56385 | 9.0 46.9| 29| 740 4.2 | 3.3 | 5730 39.5
' 2.5, 12.1} 30.3 5.5 | 51.5 1.8 7.6 |0 2.2 55 | 627 0 31.8
Y ) . 3.5 18.0 | 30.9 6.6 | 43.9 1.9 9,4 |0 2.4 8.2 67.6 | 0 24.2
] 16% Re-Al,03' " 2.5 4.0 0.9 | 49.1 | 19.7 | 287" 7.3 |0 3.6 78.1( 0 | 21.9
+ 5.0 . 14| 52.2 1223 24.0 6.6 |0 3.0 826 0 17.4
r 6.0 1,1 63.6 | 13.9} 17.7 7.1140 4.5 845 0 14.8

* In run 5 space velocity was 0.6 hr-1,
" *x Radioactivity of 1-methoxycyclohexane-2-mercury chloride a8 given for barium carbonate,

++* T run 8 hydrogen pressure was 5 atm radioactivity of methylcyclopentane was not estimated b
amall amount in catalysates of this run,

ecause of ita exceedingly

'
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} ' CHEMISORPTION AND INTERACTION OF HYDROGEN
AND OXYGEN ON TRANSITION METALS

. _ V. PONEC, Z.KNOR and S. CERNY

Lo Institute of Physical Chemistry, Czechoslovak Academy of Science,
R Prague 2 - Vinohrady, Czechoslovakia

Abstract: Chemisorption of hydrogen and oxygen as well as their interaction
” ‘ have been studied on evaporated films of molybdenum, nickel. palladium and
' _ rhodium at temperatures 78°K and 2730K. The results have shown that these
metals differ in 2 characteristic way. The difference in behaviour of individual
systems is probably connected with the strength of the chemisorption bonds.

1. INTRODUCTION

It was Faraday who first pointed out the connection between adsorption
. and heterogeneous catalysis and we know now that adsorption is a necessary
" prerequisite in heterogeneous catalysis. The relatively weak interactions of
physical adsorption are probably not strong enough to activate the molecules
of reactants and so these molecules must be activated by chemisorption.
' The layer of chemisorbed molecules usually contains particles with
- different strengths of binding or even species of different chemical compo-

e sition, especially when dissociation and probably also interaction of frag-
: ments. (one with another or with gaseous molecules) takes place 1), Two
T— - basic problems have to be tackled when studying heterogeneous activation:
! o i) Is it sufficient that only some mplecules are adsorbed whereas the others
L]. : react directly from the.gas phase, or is the adsorption of all molecules

participating in reaction essential? ii) If the adsorbed layer consists of
) particles with different binding or of various kinds of particles, which of
these are the most important in the catalytic reaction?
[ " Attempts have been made to solve the first of these problems by ana-
lysis of kinetic data and examples can be found in the well-known papers of
- Rideal, Beeck and others 1), Conclusions about the relative strength of
bonds, drawn from the analysis of kinetics can be verified by direct measure-
ments of corresponding values. Further, allowance can be made even for the
variation in the strength of binding. Nevertheless, in no case do the kinetic
analyses provide a direct proof of the mechanism of catalytic reactions.
A more fundamental contribution to this problem is the paper of Sachtler
and Fahrenfort 2) in which it is shown that on gold the molecule HD can
only be formed if both participants - hydrogen and deuterium - are adsorbed
‘as atoms. The same holds for oxidation of hydrogen on gold. 3). These con-
clusions are in agreement with the earlier experiments of Tamaru and his
- coworkers *~ ) vgith germanium, tin etc., upon which the so called Rideal
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- purified by diffusion through a palladium tube and by freezing out conden-

‘by medns of a calibrated Pirani gauge and a MacLeod gauge. The electrical

: where9 10)
3, RESULTS;" S '_ S

3.1.1. Molybdenum

L.13

. mechanism for Hy - 152 exchange did not operate. However, the experimen-

tal method used by these authors for obtaining their evidence is not appli-
cable in the case of active transition metals. An attempt to solve this
problem for palladium was made by Kazansky and Voevodsky 7 as early as
1957. These authors proved that during the reaction of a stoichiometric
mixture of hydrogen and oxygen on the surface of a heated palladium tube
the reaction preferentially consumed hydrogen diffusing through the tube. It
is admissible to. suppose that hydrogen atoms which had diffused reacted
with oxygen before they recombined. So the results of Kazansky and Voevods-
ky provide evidence for the participation of adsorbed hydrogen atoms in the
catalytic oxidation of hydrogen. In general, however, the question still
remains open for solution.

In this paper we have tried to contribute to the solution of the problems
mentioned above by a study of hydrogen - oxygen interaction on surfaces of
metals. This system, which is attractive for the fundamental studies be-
cause of its relative simplicity, is also interestirg from the point of view
of the industrial purification of gases and of ultra-high vacuum technique 8

2. EXPERIMENTAL PART

Adsorption and interaction of hydrogen and oxygen were studied on the
evaporated films of molybdenum, nickel, palladium and rhodium. The ex-
periments were performed in an all-glass apparatus equipped with mercury
cut-offs and without any greased joints or stopcocks. Pressures in the range
of 5 -50x10"% mm Hg were obtained after baking out the whole apparatus
and outgassing the Bayard-Alpert gauge and the metal wire for four days.
Films were condensed at 2009K and then sintered for 90 min at 330°K.
Oxygen prepared by thermal decomposition of KMnO4 was purified by freez-
ing out condensable gases at 78°K. Hydrogen evolved by electrolysis was

sable gases at 78°K. When required, hydrogen was atomized by means of
a hot tungsten wire. Analysis of hydrogen-oxygen mixture was performed

resistance of the films was measured by a commercial Wheatstone bridge
(Metra, Czechoslovakia) supplied with direct current. Required differential
heats of adsorption v'ere measured in a calorimeter of the Beeck type and
with a Wheatstone bridge supplied with alternating- current. Other details

‘of ‘the experimental technique as well as the method of evaluating the ad-

sorption data corrected for thermal transpiration effect are given else- |

-

3.1. Inte'ractzon of hydrogen with preadsorbed oxygen i

) The hrst serles of experlments was performed at 273%K. The surface

- . -
P
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Fig. 1. Experiments with molybdenum. The relative change of the electrical resist-
. ance of the molybdenum film during the sorption of atomized hydrogen at
2739K (a) and the time dependence of the sorption of atomized hydrogen in the
same experiment (b). The film was completely precovered by 3.8 umoles of
oxygen. At O, A, B, C doses of hydrogen were admitted. B' - hot wire
switched off. (Another experiment with krypton showed that the sudden rise
at A, B, C was not caused by the heating of the film in the presence of gas.)
The relative change of the electrical resistance of the molybdenum film dur-
+ ing the sorption of atomized hydrogen at 78°K (c) and the time dependence of
{ the sorption of atomized hydrogen in the same experiment (d). The film was

‘completely precovered by 13.1 u,moles of oxygen. At O, A a dose of hydrogen
- : adm1tted .

..

of molybdenum was covered to 2 known extent with oxygen and then the
adsorption of hydrogen was followed. This adsorption of hydrogen in-
creased the electrical resistance of such films just as the adsorption of
"hydrogen on ¢lean, uncovered films 11), Furthermore, the extent of the
sorption of hydrogen did not indicate any interaction with preadsorbed oxy-
1 ‘gen. A surface completely covered with preadsorbed oxygen did not sorb
‘ : any hydrogen at all. Even at 350°K * interaction of oxygen with hydrogen did
not take place. However, when hydrogen was atomized on a hot wire and then
admitted in the atomic form at 273°K to the surface completely covered with
- oxygen, the curve of the time dependence of the film resistance revealed an -
interaction between the adsorbed oxygen and admitted atomized hydrogen
(fig. 1a). As the decrease in the film resistance still continued when no
- gaseous hydrogen was present (flg 1b), it was the captured hydrogen which

_ * Note The fﬂm was sintered at 360°K before this experl.ment
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evidently reacted. After switching off the atomization of hydrogen the sorp-
tion neither of molecular hydrogen nor of molecular oxygen continued. The
product of the interaction remained on the surface and blocked it.
1t is interesting that the molybdenum surface covered by sorption of
molecular hydrogen at 78°K adsorbed at this temperature (as compared
e.g. with nickel) only a relatively small amount of atomized hydrogen, but
the surface completely covered by oxygen captured the atomized hydrogen
nearly to the same extent as did the clean surface of the same area. In both
. _ cases the atomized hydrogen increased the resistance of the film (fig. lc,
1d). '

-~

3.1.2. Nickel ‘ :

As reported at the Second Congress on Catalysis in 1960 12), the extent
of hydrogen sorption on nickel decreased at 789K with the increasing extent
B of oxygen preadsorption, which showed that hydrogen did not react with

oxygen at this temperature. This is also confirmed 13,14) by the fact, that
, . the electrical résistance of a film completely covered by preadsorbed
" oxygen is increased by sorption of hydrogen at 789K as is the resistance of
3 the clean film. ' : : , .

However, the situation is quite different at 273°K. At this temperature
hydrogen is trapped not only by the clean part of the nickel surface but also
by the preadsorbed oxygen. During this interaction the resistance of the film
decreased and the extent of hydrogen sorption was several times higher than
on the clean surfaces of the same area. However, such interaction between
molecular hydrogen and preadsorbed oxygen took place on nickel at 273°K
only if at least a small part of the nickel surface had remained uncovered

.l ' by oxygen. This phenomenon can be most simply explained 14) by the as-
sumption that hydrogen can react only if adsorbed as atoms on the uncovered
ot part of the surface. In contrast, gaseous hydrogen atomized on the wire

- could react at 273%K without-such restrictions on the extent of oxygen pread-

sorption. »
‘ v Some features of this sorption of atomized hydrogen at 78°K differ from
| those on molybdenum. Nickel film covered by adsorption of molecular
hydrogen, adsorbed at 78%K a further large amount of atomized hydrogen
‘and the electrical resistance of the film increased during this process 15),
The film completely covered by oxygen sorbed atomized hydrogen, too, but
the resistance of the film did not change (fig. 2a). The sorption of atomized
hydrogen at 78°K on the surface completely covered by oxygen was of a
similar extent to the sorption of molecular hydrogen on the clean surface

of the same area (fig. 2b). The atomized hydrogen reacted at 273°K with

preadsorbed oxygen and the resistance of the film decreased during this
reaction. However, with nickel there are no maxima (in contrast to molyb-
denum) on the curves of the time dependence of film resistance (fig. 2¢, 2d).
, . In another experiment the surface of nickel was completely covered by

; ' oxygen at 273°K and then cooled to T8°K. After it, the film was quickly

‘ warmed to the temperature 2739K and the change of the resistance, after

3 . ‘the temperature had been established, was followed. The same film was
o i . cooled again to 78%K and exposed to the atomized hydrogen. When the atom-
: A L . i i
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Fig. 2. Experiments with nickel. The relative change of the electrical resistance of

the nickel film during the sorption of atomized hydrogen at 789K (a) and the
time dependence of this sorption in the same experiment (b). The surface was
completely precovered by 1.95 umoles of oxygen. At 0, A, B, C a dose of
hydrogen was admitted. The relative change of the electrical resistance of
the nickel film during the sorption of atomized hydrogen .at 273K (c) and the
time dependence of this sorption in the same experiment (d). The surface was
completely precovered with 4.6 umoles of oxygen. At O, A a dose of hydrogen

was admitted.
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Fig. 3. The relative change of the electrical resistance of the nickel film at 273°K

during the interaction of a complete oxygen layer with atomic hydrogen pre-
sorbed at 789K (a) and the time dependence of the amount of consumed hydro-

gen at 273%K in the same experiment (b). Atomization switched off, hydrogen
pressure 1.5 x 10~2 mm Hg.

Y

-'iiation was switched off, the film was warmed quickiy for 273%K and the
resistance was followed. The shape of corresponding time dependence is
" shown in fig. 3a. No desorption occurred during warming the film as well
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Fig. 4. Sorption of molecular hydrogen at 273%K on a composite film. The relative
change of the electrical resistance with time (a) and the time dependence of
the sorbed amount in the same experiment (b). At O, A a dose of hydrogen

' was admitted. Pressure during the slow process after A was in the order of

10-2 mm Hg.
as in the further course of interaction (fig. 3b). While the film covered by
L oxygen only maintained its resistance during this process at 273°K un-
.- - .changed, the resistance of the film exposed to atomized hydrogen decreased
' slowly. Evidently, this decrease was caused by the interaction between
hydrogen and oxygen. : '
" A nickel film completely saturated by oxygen (such a film did not ad-
~ sorb any molecular hydrogen) was covered after the oxygen preadsorption
B " with a very thin layer of freshly evaporated nickel. According to a rough
< estimate based on the heating current and the time of evaporation, this
I ' " layer was certainly thinner than 10% of the original nickel layer, and
i o (according to the capacity of the original film for preadsorption of oxygen)
' had an area capable of adsorbing at most 0.15 pmole of hydrogen. Never-
theless; in a slow process the sorption of molecular hydrogen on this com-
" - posite film reached a value of 0.6 pmole of hydrogen (fig. 4b) and after two
- - hours the sorption was still continuing slowly. Both the extent of this sorp-
" tién and the accompanying resistance decrease (fig. 4a) indicated that the
interdction of hydrogen and oxygen was occurring. Hydrogen was probably
¢ adsorbed on the fresh nickel surface and diffused from it to sites in the

s _oxygen layer. In none of these cases was the product of interaction desorbed
from the surface of nickel.

"
L]
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3.1.3. Palladium, rhodium .

Palladium films catalysed the reaction of hydrogen and oxygen at 2730K
_very well. We found that the resistance alternately increased with oxygen
chemisorption and then decreased again when molecular hydrogen was ad-
mitted and reacted with preadsorbed oxygen. Reproducible results were ob-
tained when the sequence was repeated several times in the same experiment
with the same film. The product of this interaction was most probably
water. At 273°K water evidently desorbs from the surface and does not in-
, hibit further reaction.
| ° Palladium abserbed hydrogen very strongly at 789K. This process is
exothermic and so the extent of absorption decreases with increasing tem -
perature. The absorption of hydrogen in palladium at 789K 16) took place
- even when the surface was completely covered by oxygen, but with a
: slightly lower rate than the normal. :
.- ' " The adsorption of hydrogen on rhodium films 15) increased their elec-
_trical resistance both at 78°K and 273°K. The change of the resistance was
very small even for very thin films and the curve of resistance-coverage
dependence did not have the same complicated character as in the case of
e.g. nickel. The extent of hydrogen adsorption on rhodium at 273°K was
about one half that observed at 78°K.” The form of the isobar suggests a
- comparatively low heat of adsorption of hydrogen. As far as the hydrogen-

oxygen interact%on is concerned, the behaviour of rhodium resembles that
of palladium 16),

3.2. Interaction of oxygen with preadsorbed hydrogen :
As already shown 15,1 oxygen reacted at 2739K with preadsorbed
hydrogen readily both on palladium and rhodium. At 78°K oxygen sorption
_ into the hydrogen layer was very fast on both these metals. On rhodium -
this fast sorption was accompanied by a rapid increase of the electrical
' "f resistance of the film to a value which remained constant a certain time.
Rapid adsorption of oxygen also occurred at 78°K on palladium irrespective .
of the extent of the hydrogen presorption. However, the size of the increase
i.s-‘ in the resistance associated with the oxygen adsorption depended on the a-

- mount of presorbed hydrogen and was negligible on films which had been
saturated with hydrogen 16}, Oxygen was also sorbed very quickly at 780K
by the layer of preadsorbed hydrogen on nickel. This sorption was accom-
panied by an instantaneous increase of the electrical resistance to a value
which then remained constant. At 273°K oxygen was again instantaneously
sorbed but a very rapid increase of the resistance was followed by a slow
decrease of the resistance. The greater part of this decrease took place
without the presence of oxygen in the %as phase, indicating that the reaction
was continuing in the adsorbed layer 4) .

No desorption of hydrogen was aémparent on the sorption of oxygen on
palladium, rhodium and nickel at 78"K and 273°K. However, on molybdenum
about 35% of the adsorbed hydrogen was successively desorbed at 789K and
273%K when small amounts of oxygen were admitted to the molybdenum
film covered with hydrogen. The resistance of the film increased during
this process to a value characteristic for the adsorption of oxygen on a
clean molybdenum film 1) -

:
|
;
i
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No direct correlations of the catalytic activity of the four metals in the
hydrogen-oxygen reaction can be found with the following quantities: the
extent of sorption at 78%K, the shape of isobars, the change of the elec-
trical resistance of the fllm during the sorption process, or the extent and
the kinetic characteristics of the slow sorption process at 78°K. However,
it seems that there exists a certain correlation with the energetics of ad-
sorption. When the surface is covered to a high extent, the more endother-
mic of the heats 41 and q9 associated with the reactions *

(O)ads + 2(H)ads = (H20)gas , (1)
| - (Oladg + (H)ads = (OH)ads , ' @)
will represent the minimum possible value of the activation energy of the

overall reaction. The value of g1 and g3 can be calculated from equations
q1 = -2D(MeH) - D(MeO) + QHgO ,

g2 = -D(MeH) - D(MeO) + Qog *+ (Q0H)ads >

where D stands for the dlssocw.tmn energy and the @ terms represent the
heats of processes

" 2(H)gag + (O)gag = (H20)gag + QH0  »
(H)gas + (o)gas = (OH)gas + QOH ’

(OH)gas = (OH)a4s + (QoH)ads -

With an assumption that the metal surface contains free valencies, the
dissociation energies of the metal-adsorbate bonds can be-easily calculated
from the equatlon

Quy = D(MeH) - D(HH)

The heats QHZO and QOH are given in the literature and the heat of ad-
sorption of the OH group can be estimated according to Rilelchi and De-
lahay 21). Calculations of the values of g1 and g9 were performed with the
initial heats of adsorption and in some cases with the mean values of the
heat 22-24) as well (table 1).

The highly endothermic values of g1 and g9 for molybdenum (and simi-
larly for W, Cr, V, Ta, etc.) show that these metals will be inactive in the

~ catalysis of the reactmn between hydrogen and oxygen at low temperatures.

. The reaction (2) is not so highly endothermic on rhodium, palladium and
platinum and reaction (1) is even exothermic.' This might explain the easy
formation of water on these metals even at low temperatures. According to
the estimation of the endothermic effect nickel should favour reaction (1) in
comparison with reaction (2) in contrast to what was found at 273%K. Thus
reaction (1) is probably connected with a certain activation energy.

This simple calculation can be easily extended to the simultaneous
reaction of several bonds in one molecule of oxide Me mOn, without change
in the given conclusion.

> A]l equations are accompanied by an error of several RT.

t
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: Table 1
Heat effect of hydrogen - oxygen interaction on metals.
Metal g1 (kcal/mole) g9 (kcal/mole)
- : - Cr -57 1) : :
Fe 24 1) (-12) 23) 21 1) (40 23
Co -51
Ni -101) (0) 23) -16 D (-11) 29
Mo 511 (=31 294
X Rh +11 22)  (+18) 22)
Pd +15 1 . -4 D
E " Ta " =75 1) (-58) 22)
' - W 69 1) (-56) 23)
s . Pt 15 1) - 40
. Figures in parentheses were calculated by means
' . of mean values of heat of hydrogen adsorption
(where experimental data were available).
" o " The reaction of gaseous molecular hydrogen with preadsorbed oxygen
3 : ‘ is less endothermic than the reactions (1) and (2). However, the latter re-

~ actions are probably accompanied by an activation energy mainly on account
of digsociation of hydrogen molecules. At least on nickel and molybdenum
this reaction does not take place at 2739K. '
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" . PHE ELECTRON SPIN RESONANCE STUDY OF
| " FREE RADICALS ADSORBED ON CATALYSTS
R 3 7
)

: , . V.B.KASANSKY and G.B. PARIISKY
i ) o Institute of Chemical Physics of the Academy of Sciences
3 i . of the USSR, Moscow, USSR '

L - Abstract: The results obtained in ESR study of structure, nature of the bond
q Y . with the surface and reactivity of free radicals adsorbed on various catalysts
.- are reported.- Adsorbed free radicals of two types were investigated: those
~ bonded with the surface by a weak one-electron bond (for instance H atoms,
" CHg, CgHs radicals, etc.) and radicals formed as a result of charge transfer
during adsorption of molecules possessing high electron affinity on the surface
- of n-semi-conductors (03, 503). The radicals of the first type can exist in high [
concentrations on the surface of insulators at low temperatures. They are very

‘peactive, the strength of their bond with the surface is about 3 -5 keal/mole.
Their recombination occurs at temperatures of about 130-150°K. The radicals
of this kind can not be obtained on semi-conductors, as by trapping free elec-
trons they are transformed to chemisorbed species.
Radical-ions of the second type were obtained by adsorption of Oy and SOg
molecules on reduced TiOy, They are more stable and can be detected using
the ESR method at réom temperatures and somewhat higher temperatures. The
- role of adsorbed free radicals in heterogeneous catalysis is discussed on the
basis of the results obtained. . .

-

e

1. INTRODUCTION ' . -

e '_ .
3
o A o T
.
-

The investigation of active intermediate forms of chemical reactfons by

13 ~ moern physical methods is one of the most important problems of chemical

T kinetics. This is so because the real mechanism of a chemical reaction can
N . be determinated and its elementary processes investigated only after the

- . jdentification of its intermediate products. Of particular interest is the in-
& . - vestigation of active intermediates in heterogeneous catalysis, as they have
i S hardly been investigated till now. -
i
!

It is well known that the mechanism of a chemical reaction in homo-
geneous kinetics can ke a molecular, an ionic or a radical one. But things
are quite different for heterogeneous catalysts. In this case it is very dif-

.. ficult to draw 2 line of demarcation between these mechanisms. Moreover
- -7 gometimes it is difficult to say what is meant by the terms "an adsorbed
L -+ . .. molecule, ion or radical” and to what extent do their properties differ from
3 " : those of molecules, ions or radicals in the gas or liquid phase. The exist-
' ing theories of heterogeneous catalysis admit the possibility of various me-
7 " chanisms for elementary processes on catalytic surfaces. The multiplet
.. ‘theory developed by Balandin implies that the mechanism of heterogeneous
-+ catalysis is similar to that of molecular reactions. On the other hand, there

5
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is much evidence that in reactions including electron transfer (for instance,
oxydation-reduction reactions) the molecules of initial substances and the
intermediates adsorbed on catalysts surface possess an electrical charge.
The electron theory of catalysxs proposed by Hauffe 1), Germain 2), Vol-
kenstein 3) and Roginsky 4) is most suitable for interpreting the mechanism
of these reactions.

- 'The problem of the part played by free radicals in heterogeneous cata-
lysis is of special interest. During the last thirty years, after the very im-
portant role played by free radicals in the mechanism of homogeneous re-
actions had been established, the radicals adsorbed on the catalyst surface
were very often supposed to be active intermediate products in heterogen-
eous catalysis as well. This point of view was most clearly expressed both
in the Volkenstein theory of heterogeneous catalysis and in the chain theory

* of catalysis worked out by Semenov and Voevodsky 4,5). It must be stressed,

however, that existence of adsorbed free radicals and their participation in
heterogeneous catalysis has not yet been verified by using direct physical
methods. At the same time modern physical methods and first of all the
ESR method give great opportunities for investigating properties of free
radicals not only in solids, liquids and gases, but also on the surface of
catalysts. This report contains some results on the recent ESR investiga-
tion carried out in our laboratory on the properties of adsorbed free radi-
cals.

Volkenstein's electron theory of catalysus postulated that there exist
two kinds of surface-adsorbed free radicals: those yielded by dissociation
of adsorbed molecules and those formed via electron transfer between ad-
sorbed molecules and the catalyst. In the first case there seems to be
equilibrium between the strong two-electron and the weak one-electron bond
of the radical adsorbed, with the surface:

" R==R+e. - (1)
Accofding to this theory the weak one-electron form of adsorption is highly
reactive as in this case the adsorbed radicals have unpaired electrons and

- their properties must be close to those of free radicals. The radicals

bonded with the surface by strong two-electron bonds are, however, not

free as they have no unpaired electrons.

‘ The-free radicals of the other sort can appear by interaction of adsorbed
molecules with free valences of the surface (electrons or holes). When the

. molecules possess high electron affinity, as in the case of oxygen, they can

behave as acceptors trapping free electrons from the conductivity band:
| 09 03

—t
_—

: o

- em w - - e

When the ionisation potential of the molecules is low, adsorption may occur
on. holes, and positively charged radical-ions may be formed. For instance:

, L. T ¥E4++ ¥ O+

v S L

@)

Declassrfled in Part Sanrtlzed Copy Approved for Release 2014/02/28

CIA-RDP80-00247A004200080001-5

s - * —
e e e e mmw e e e e m o e oo




X

|

3

P
1

Declassified in Part - Sanitized Copy Approved for Release 2014/02/28 -
ClA- RDP80-0024 7A004200080001-5 '

< -

1.1% ‘ ’ 3

We tried to investigate both forms of adsorbed free radicals. We did
not try to detect them during the reaction, but we intentionally tried to ob-
tain adsorbed free radicals in high concentrations by means of the adsorp-
tion of saturated molecules of a high electron affinity on the semi-conducting
surface or by artificial dissociation of adsorbed molecules by photolysis or
radiolysis. After we have studied properties of adsorbed radicals, we tried

to make some conclusions as to the participation of these in heterogeneous
catalysis.

2. THE PROPERTIES OF FREE RADICALS BONDED WITH THE SURFACE WITH
. A WEAK ONE-ELECTRON BOND

Jonizing radiation or the photolysis of frozen chemical compounds are
the most widely used techniques for obtaining free radicals at low tempera-
tures. The same techniques were applied to obtain adsorbed radicals bonded
with the surface with a weak one-electron bond.

Catalysts with a known surface area were pretreated in a vacuum at
400-500°C. The compounds yielding radicals were adsorbed on the samples
in such a way that surface coverage was essentially less than a monolayer.
After the adsorption was completed, the samples were cooled to the liquid
nitrogen temperature and irradiated with y-rays from CobQ or with UV light
of a PRK-7 mercury lamp. ESR spectra of irradiated samples were ob-
tained on the ESR spectrometer EPR-2 (A =3 cm, the modulation frequency

1 Mc/s).

The low temperature of irradiation and recording of ESR spectra were
chosen in order to minimize the recombination of adsorbed radicals and
theu' reactions with the initial substances. In some experiments the cata-
‘lysts with surface adsorbed radicals were warmed after irradiation-in va-
cuum or in various gases up to room temperature in order to investigate

- . the recombination of adsorbed radicals and their reactivity. Details of the

expenmental technique used are described in refs. 6-8. .
Attempts were made to prepare adsorbed radicals on the following
catalysts: SiOg; A1203, Al20O3. SlOZ, MgO; ZrOg; ZnO NiOQ; activated
charcoal.
The most interesting results were obtained for 5111ca -gel. ESR- spectra.
of the following radicals adsorbed on this substance were observed at T70K:

spectra of hydrogen and deuterium atoms (prepared by irradiation of 8i09 .
" preheated in a vacuum); methyl radicals (photolysis of. CHgl), ethyl radicals

(radiolysis of adsorbed ethane), HO3 rad1cals (photolysis of H209), CgH7
radicals (radiolysis of adsorbed benzene)

Several of the spectra obtained are represented on the left side of fig. 1
Spectra of free radicals trapped at low temperatures in solid polycrystallme

. matrices are shown on the right side of this figure. Both side spectra are :
L essentially similar although slightly different in some respects. Analysis of

." these differences can give some information on the structure of adsorbed
L radlcals and the nature of their bonds with the surface.

Let us first cons1der the mformatmn which may be obtained from the
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- Fig 1 Comparison of ESR spectra of free radicals a.dsorbed on the surface of
e AT e silica-gel with those of free radicals stabilized in solid polycrystallme
... .0 . ..  matrices at 770K,

. =. = 'a)Spectrum of adsorbed H atoms (the signal in the central part of the
-7 - .- 7 .- spectrum i3 due to radiation-induced defects).
... it .b) Spectrum of free H atoms.
Ty 07 et 70 o) Spectrum of adsorbed methyl radicals.
,=ws 5o, L. .7 - . d) Spectrum of methyl radicals in Xe-matrix at 77°K.
‘.. T .=t e) Spectrum of adsorbed ethyl radicals.
i oo ) Spectmm of ethyl radicals in solid ethane at 779K.

analysxs of the hyperflne sphttmg in ESR spectra of adsorbed radicals. The
theory. of ESR spectra shows that the hyperfine splitting, for instance, in. -
the H atom-spectrum is proportional to the unpaired electron density on the
- - proton. When the adsorption of an H atom on the surface is accompanied by
- " . the formation of one electron bond, the unpaired electron will be drawn
-into the solid and its density on the proton must be reduced. Thus, the one-
- electron bond of the adsorbed radical with the surface will be accompanied
. with diminishing of the hyperfine splitting in the ESR spectrum. '
.-+ Comparison of hyperfine splitting in the spectra of adsorbed radicals
. -y~ -with that for free radicals may, thus, give some information about the na-
. .-iw- -, - ture of the bond of radicals with the surface. The corresponding data are
. .. .u% represented in table 1. The hf splitting in the ESR spectra of adsorbed radi-
Tt -ertcT e cals may be seen to be only by a few percent less than that for free radi-
B "+ ¢als. The disturbing acticn of the surface on the unpalred electron cloud of
R adsorbed radicals is thus very small. :
I "-i: .. - "Deformation of the electron cloud of adsorbed hydrogen atoms could be
- " estimaied besides, on the basis of an asymmetmcal shape of the spectrum
e E; . e components whlch is due to hyperfme anlsotrOpy The quantltatwe inter-

~

DecIaSS|f|ed in Part Sanltlzed Copy Approved for Release 2014/02/28
CIA-RDP80-00247A004200080001-5 e sE o




? .

Declasslfled in Part Sanitized Copy Approved for Release 2014/02/28
CIA RDP80- 00247A004200080001 -5

114 . : 5 .
: " Table1l
Radical . The hf splitting in spectra |The hf splitting in spectra
’ of adsorbed radicals (Oe)| of free radicals (Oe)

‘H L 506 L 510

CH; - ' 23.1 R 22-25 -
- The hf splitting on a-protons 21.0 .22.5 ,
e The hf splitting on -protons 27.0 27.1

- . _

X . pretation of both effects mentioned was discussed in our paper 12) giving
‘ i1 also rough estimation of the strength of a one-electron bond as.being 3-5
i kecal/mole.

Analysis of the amplitude ratios of components in ESR spectra of ad-
sorbed alkyl radicals, as shown in fig. 1, made in the same paper, gives
some information about the geometry of adsorption of these radicals and

_ . about their motion in the adsorbed state. Conclusion was drawn that there
is a loss of two rotational degrees of ireedom and there remains only one
axis of rotation, that of the unpaired p-electron cloud when the methyl radi-.
cals are bonded to the surface by a one-electron bond due to the impelling
of the unpaired electron cloud into the adsorbent (fig. 2). Interpretation of
adsorbed ethyl radical spectrum shows that the radical "lies on the adsor-

_ _bent surface on its side” (fig. 2b), and there is rotation (or oscillation) of
its CHg and CHjy groups relative to each other. Besides, there is one more -
kind of rotation of the whole radical as a result of which it, say, rolls along
the surface (fig. 2b). The adsorbed alkyl polymer radical likewise "11es on
its side".

_ The conclusmn drawn from the analysis of ESR spectra that the strength

e N - a Fig 2 Absorption Bcheme for alkyl radicals

-t . - Ty . N P 'gA' - - - ';'-,..-‘-‘ -~ . .. .,‘_,..- {
n .,,- e e “ B - n - _., . .- ¢

[
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- of the one-electron bond of adsorbed redicals with the surface is very small

is in good agreement with the results obtained by studying recombination of
adsorbed radicals at elevant temperatures. The ESR spectra of adsorbed
radicals do not change at liquid nitrogen temperature during prolonged
keeping of samples. As the temperature is raised to 130-150°K the signal
intensity of adsorbed H atoms begins to decrease with time due to their re-
combination. The recombination of adsorbed alkyl radicals (ethyl and methyl)

occurs at 200-2509K. In plotting the intensity of ESR spectra versus time at

different temperatures we obtained kinetic curves of recombination of ad-
sorbed atoms and radicals.

. The recombination of adsorbed H atoms was found to follow the first
order kinetic law with the velocity constant of recombination:

K = 10 e-2000/RT gec-1 | (4)

The first order of this reaction seems to indicate that the rate-control-
ling step of the process is the surface migration of adsorbed atoms to the
recombination centres. The energy of activation for this process must be
close to the heat of adsorption of H atoms. Thus the value for E = 2 kcal/
mole confirms our conclusion that the strength of one electron bond of ad-
sorbed radicals with the surface is about a few kcal/mole.

~ Additional confirmation for the wéakness of one-electron bond was ob-
tained by investigation of the reactivity of adsorbed radicals. It was shown
that at 140°K the adsorbed H atoms reacted with oxygen forming HOg radi-

cals 9,10)

Hads + O3 = HOg 4¢ - (3)
At 110-120°K H atoms react with ethylene 10). This process leads not

- to the formation of ethyl but of polymer radicals:

Hads + nC2H4 - CHg- (CHz)zn oCHg . (6)

The adsorbed ethyl radicals and polymer radicals may react with oxy-
gen to form peroxide radicals.

. These results indicating very high reactivity of adsorbed free radicals
give evidence for the low value of their heat of adsorption.
~ Besides radicals adsorbed on silica-gel, we tried obtaining them on the
surface of other catalysts with various electronic properties. ESR spectra
of hydrogen and deuterium atoms, ethyl radicals and CgH7, radicals ad-
sorbed on the aluminium oxide, and also hydrogen atoms and CgH7 5 radi-
cals adsorbed on the surface of silica-alumina catalyst were obtained. At

‘the same time ESR spectra of free radicals adsorbed on the surface of

"good" semiconductors ZnO and NiO and "poor" semiconductors such as
MgO and ZrOj3 could not be obtained using the technique described above.
This appeared to be impossible even when semiconductors with molecules
adsorbed on their surface in a monolayer were irradiated with fast 1.8 MeV

. electrons directly in the ESR cavity, at liquid nitrogen temperature. How-

" ever, when surface coverage of the catalyst was greater than the mono-
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are known to possess considerable electron affinity, about 1 eV 14). Asa
result they can trap free electrons of the conductivity band of n-semicon-
ductors and be transformed to negatively charged particles, bonded with
the surface with strong two-electron bonds (see reaction (1)). The gossp
bility of such a process was proved experimentally by Myasmkov
With p-semiconductors the transformation of a weak one-electron bond into
strong two-electron one can lead to the appearance of holes, for instance:

. R+S-R™ +8*%. (N
: The high rate of reactions (1) and (7) seems to account for our failure to ob-
, tain free radicals adsorbed on semiconductors. In the case of insulators

As a result of it, high concentrations of adsorbed free radicals can be ob-
e tained at low temperatures.

N : ‘ 77 7 ' //////////

a b :
- Fg. 3. Band model of adsorption of free radicals
- on aemi-conductors (b) and msulators (a).

. The explanation proposed can be illustrated by the simple band mode
Y (fig. 3). The forbidden band width in insulators is known to be about 6-10
- eV. In this case the Fermi level is in the middle of the forbidden band, in
‘ other words about 3-5 eV lower than the bottom of the conductivity band.
' When adsorbed free radicals trap free electrons, they may form ac-
. b ceptor levels located about 1 eV lower than the bottom of the conductivity
band in accordance with theoretical estimates 17,18) and experimental
data 16) (fig. 3a). As a result of it the acceptor levels are not populated and
the reaction (1) is shifted to the right. On the contrary the Fermi level in
. n-semiconductors lies only some tenths of eV deeper than the bottom of the
1 conductivity band, i.e., higher than the acceptor levels (fig. 3b). Reaction
(1) is shifted to the left and all adsorbed free radicals are transformed to
strongly chermsorbed species.

3. RADICALS FORMED BY ADSORPTION OF MOLECILES POSSESS]NG HIGH
ELECTRON AFFINITY ON REDUCED TiOg

It was already pointed out that free radicals may be formed on semi-
conductors by adsorptlon of saturated molecules without dissociation m two
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- cases: when adsorption occurs on free electrons or holes. In the first case
negatively charged radical-ions would appear, in the second the positively
charged ones. There is much evidence to show that adsorption of various

I molecules on semi-conductors brings a change in their conductivity. These

' ‘ results show that adsorbed molecules trap free electrons from the conduc-
tivity band, but they cannot prove the formation of adsorbed free radicals.

‘ Adsorbed radical-ions may be formed only if the free electrons are
fully localized on the adsorbed molecules, or completely transferred to the
solid. When electrons or holes are trapped only in part, the adsorbed free
radicals will not be formed, but polarisation of adsorbed molecules will
occur. Ionisation potentials of saturated molecules are known to be rather
high {more than 10 eV 14)) , whereas the work function of most solids is
about 5-6 eV. On the basis of these facts complete transfer of electrons
from adsorbed molecules to the adsorbent, accompanied by the formation

 of adsorbed positively charged radical-ions seems to be rather improbable.

That is why we paid partlcular attention to the study of negatively charged
ion-radicals.

The formation of negatwely charged ion-radicals is evidently most
likely to be expected when adsorption of molecules of high electron affinity
occurs on semi-conductors, the Fermi level of which is most close to the

" bottom of the conductivity band. That is why we studied adsorption of oxygen
and SO9 on the surface of reduced TiOg, possessing quasi-metallic conduc-
tivity.

| : _ A sa.mple of anatase with a surface area of 56 m2/g was reduced by
heating in high vacuum at 500°C for 6-10 hours. Upon this treatment it did
not exhibit an ESR spectrum and has a quasi-metallic conductivity. After

_ the oxygen had been adsorbed at room temperature, the sample conductivity
diminished and ESR signals could be observed. If adsorption took place at a
low pressure of oxygen (about 1 mm Hg), two lines could be obgerved: a

narrow one whose nature is not yet quite clear and a broad one with mar-

kedly expressed anisotropy of the g-factor (gp = 2.021, gy = 2.011) (fig. 4a).

- The second signal is due to adsorbed peroxide radicals formed by the ad-

_ gorption of oxygen.

.« 7 At high pressure of oxygen both the signals are broadened, when the

(R U pressure is higher than 10 mm Hg, they disappear. The effect is fully re-
A versible: after oxygen was pumped off, the initial shape of signals reduced.

T

o Fig 4 ESR spectra of oxygen (a) a.nd 802 (b) adaorbed on reduced anauase
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signal, than to the narrow one. This seems to indicate, the narrow signal
to be due not to oxygen atoms or molecules adsorbed on the surface of TiO9g,
" but due to thd eefects in its volume on which free electrons are trapped.

The intensity of broad signal is close to the amount of oxygen molecules -
adsorbed (about 5 X 1018 spins/g). With samples kept for an hour at rocom
temperature the broad signal intensity drops to a considerable extent, con-

.~ - °trary to this in the presence of acetaldehyde it disappears in a few seconds.
" This result may point to a reaction of adsorbed peroxide radicals with
acetaldehyde molecules.

The formation of adsorbed free rad1cals durmg adsorptlon of saturated
molecules was also established for adsorption of SO9 on reduced anatase.
The ESR spectrum obtained is shown in fig. 4b.

P The broadening action of oxygen is more markedly expressed for the broad

B - 4.‘ ON THE PROBABLE ROLE OF ADSORBED FREE RADICALS IN
o : HETEROGENEOUS CATALYSIS
*_+ ~  The results reported indicate that the free radicals of two types can
- exist on the surface of the catalysts: those bonded with the surface with
weak one-electron bond and formed as a result of charge transfer process
by the adsorption of molecules possessing a high electron affinity. The
structure and the nature of the bond with the surface of both types of ad-
~ sorbed free radicals can be studied using the ESR method.

Let us try to discuss now the probably role of adsorbed free radicals
in heterogeneous catalysis. Our results indicate that adsorbed free radicals
bonded with the surface with weak one-electron bonds can exist in sufficient
concentrations only on-the surface of insulators or in the case when disso-

. ciative adsorption is not characteristic. Moreover the strength of their
2 bonding with the surface is very small (only about few kcal/mole). This
N seems to exclude the participation of adsorbed free radicals of this kind in
elementary acts at the surface of insulators, at least at high temperatures.
Under these conditions adsorbed free radicals would readily desorb from
o _ the surface, initiating gas-phase chain reactions. At low temperatures they
K can also play the part of active intermediates in the inverse process,
namely, recombination on the surface of free radicals from the gas phase.
On semiconductors, where dissociative adsorption is more probable,
- the participation of adsorbed free radicals bonded with the surface with
weak one-electron bonds in heterogeneous catalysis is also questionable.
First of all, at low temperatures their surface concentration will be very
1 ~ low. With rising temperature it might increase, but at the same time owing
| : * to the weakness of one-electron bonds the probabxhty of their desorptlon
- from the surface will also rise to a very high degree.

- It seems that free radicals of the second type, formed by charge trans-
fer between adsorbed molecules and the adsorbent will play the part of ac-
tive intermediates. The results reported show that they actually exist on
the surface of semiconductors and seem to be highly reactive. It must be
stressed however, that we observed these radicals only in the most favour-

Y
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" able case by adsorption of molecules of a high electron affinity on the sur-
face of a quasi-metallic semi-conductor. If the electron affinity of adsorbed
molecules or the Fermi level of the adsorbent were lower, adsorption
would lead rather to polarisation of adsorbed molecules and not to the for-
mation of adsorbed free radicals. An investigation of adsorbed species

. formed in this case seems to be of great interest. '
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CATALYTIC AND ACID PROPERTIES
OF BINARY OXIDE CATALYSTS BASED ON SILICA

T T T
. ‘

8 - . V.A.DZISKO
- Institute of Catalysis, Siberian Branch of the Academy of Sciences -
Novosibirsk 72, USSR

Ko

- Abstract: The purpose of this work was to investigate the influence of chemical
T composition and heat treatment of gilica~2lumina, silica-zirconia and silica-
magnesia catalysts on their physico-chemical and catalytic properties.

ponents or mechanical mixtures because in the process of preparation a chemi-
‘eal interaction occurs between the substances entering into the composition of
the catalyst. .

The "strength" of acid centers on the surface of the catalysts studied is deter-
mined by their chemical nature and does not depend on the proportion of the com-
ponents. With the increase of the contents of the metal oxide in the catalyst the
concentration of acid centers on the surface passes through a flat maximum. The
limit concentration of acid centers depends on the strength of the surface acid in
the following way: the higher the acidity, the lower the limit concentration.

The catalytic activity of the contacts under investigation is caused by the pre-
sence of functional groups of acid nature on their surface. The catalytic activity
: of the catalysts with respect to dehydration of alcohols and cracking of cumene
- is directly proportional to the number of acid centers on their surface.

e T " ' The rate constants of cumene cracking reactions, dehydration of isopropyl
. ~“aleohol, dimerization of propylene and isobutylene referred to milliequivalent
A4 - ofacid centers-change symbatically with the acidity of the catalyst.

-
[ T R

\T,; . 1. INTRODUCTION

:  The characteristic feature of complex catalysts is nonadditivity of their

| VI physico-chemical and catalytic properties. In many cases the components

) " ‘are inactive while their mixtures have a high catalytic activity. Silica-alum-
. ina and silica-zirconia catalysts may be cited as an example of this phenom-
. enon. )

Fig. 1 shows the influence of the chemical composition of silica-alum-
ina catalysts on their activity with respect to the decomposition of cumene.
1t is seen from the figure that the activity of binary mixtures is much higher
than that of the mixture components. S

. - .  The elucidation of the causes underlying catalytic properties of binary
"~ . " ‘catalysts and the laws governing the formation of active substances is one
- of the most important problems of the science of catalysis. _
In the present work the influence of the chemical composition and of
E heat treatment on the physico-chemical and catalytic properties of binary -
. ... . mixtures of aluminum, zirconium and magnesium oxides with silicic acid
. " is investigated. '
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The- catalysts were obtained by:
a) impregnation of silica gel with salt solutions;
b) hydrolysis of diluted alcohol solutions of ethyl ether of ortho-silicic acid
‘ and of nitrate of the corresponding metal.
After washing and drying the samples were calcined for four hours at a
given temperature.
. The surface area of the samples was determined by the B. E. T. method
' )Aof nitrogen adsorption at -194°. The acidity was determined by the indi-
cator method and the number of acid centers by n-butylamine adsorption

1Yy

2. INFLUENCE OF THE CHEMICAL COMPOSITION OF CATALYSTS ON THEIR |
ACTIVITY.

Earlier it was found that in the process of preparation there occurs an
interaction between zirconium hydroxide and silicic acid leaghng to the form-
ation of a chemical compound with a high catalytic activity In this work

" this system was studied in greater detail. The investigation showed that all
silica-zirconia catalysts (even those containing only 0. 1% ZrO,) have a high
acidity: they are capable of ionizing the indicator with pK = -8. 2

High acidity of mdustnal silica-alumina catalysts was reported by a

' - number of investigators o . The silica-alumina catalysts investigated in

this work contained from 0 1to 90% Al9O3. The samples containing less than
90% A1203 ionize anthraquinone (K = -8. 2) the samples with 90% A1203 and
10% ZrOg ionize the indicator with pK =

Measuring the acidity of silica- magne51a catalysts showed that the compo-
nents as well as the mixtures containing less than 10% MgO practically pos-
sess no acidity. The samples containing 10% MgO (or more) are acids of mo-

. ,derate strength. They are capable of ionizing the indicator with pK = -3.

| T The x-ray pictures of the samples containing from 10 to 30% MgO have

5 ’ 3 diffusive bands similar to those of talc. With the increase of the contents

v of MgO there appear in addition the bands of MgO.

: - C fa] 1 Lyl IM :
Sl : Fig. 1. The influence of AlsQg3 content on the activity of sﬂnca-a.lumma
' SRR cam.lysts for cumene cracking reactions at 400°C.

»\.
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The infra-red spectrum of a mechanical mixture of FO and silica gel
is additive: it shows the bands of MgO (1420 and 1450 ¢cm™*) and of silica

(465, 800 and 1090 cm~™ 1y, Spectra of the samples containing up to 30% MgO
have the absorption band at 800 cm™' characterizing free SiO5. In the spectra
of cata.lystf containing more than 30% MgO the absorption band of free MgO
(1450 em ) is present.

The most typical absorption bands in the spectra of the catallysts are the
bands at 665 cm~1 and the bind in the region of 1010 - 1090 cm The posi-
tion of the band at 1090 cm ™" characterizing the vibration of the frame :
[5i04] depends on the chemical composition of the catalyst. With the increase
of MgO contents the absorption maximum is displaced into the long wave re-
gion, which shows the decrease in the polymerization of tetrahedrons [S104]
owing to the intrusion of MgO ions into the frame. ’

Table 1
The influence of MgO contents in catalysts on the dlsplacement
of the absorption band at 1090 cm™ -1,

% MgO 0 5 10 20 30 40 - 70

| Displacement ' 1 -
of the band 0 5 15 50 50 65 80
at 1090 cm™!

The intensity of the band at 665 cm'1 depends on the catalyst composi-
tion and the conditions of preparation of the catalysts. For the samples
not subjected to aging the intensity of the band at 665 cm™1 is not great but

.when the period of aging is increased the intensity also increases. If the

proportion between MgO and SiO9 changes in the sampie the intensity of the V
band at 665 cm~1 passes through a maximum in the range of 20 - 30 % MgO
(hg 2, curve 1)

I

SEBRARES

-
< pEcnses8R

03 nnmnm:ﬁtnﬁwmﬁamn Iﬁ]

-

The Fig 2 The inﬂuence of MgO content on catalyst properties:
- 1 - intensity change of the band at 665 cm~ -1,
2 - change of the refraction index;
-3 - change of the concentration of acid centers on
. the surface,
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‘ The values of refraction indices (curve 2) and the concentration of acid
} centers (curve 3) change in the same way. These results show that silica-
‘ | magnesia catalysts are not mechanical mixtures of MgO and 5iO9 but pro-
ducts of their interaction. The samples of the composition 30% MgO + 70%
| SiO9g have the greatest quantity of interaction product. On the basis of sim-
' ilarity between the intensity curves of the band at 665 em-1 and the concen-
tration of acid centers on the surface we may suppose that acid properties
of silica-magnesia catalysts are due to the formation of this substance.
~ The absorption band at 665 cm-1 is typical for absorption spectra of a
‘ _ number of magnesium silicates, such as taic and minerals containing mag-
v - nesium in the fourfold configuration. But comparison shows that the catalyst
’ : properties are not identical with those of talc:1) talc crystallites are aniso-

R tropic, the refraction index is 1.53 - 1.58; the catalyst crystallites.are iso-
tropic, the refraction index depends on the composition, reaching for the
sample containing 30% MgO the maximum value 1. 51; 2) the thermograms

' of talc are characterized by endothermal effects at 120 and 870°. Exothermal.

effects within the range of 1000° are not cbserved. On the thermogram of the
catalyst only the endothermal effect at 1200 (removal of adsorbed water) is
observed. At 855° there occurs an exothermal effect corresponding to the
" formation of clinoenstatite; 3) natural talc and synthetic talc do not have acid
oy properties. The catalyst is an acid of mean strength. : !
The influence of the chemical composition of silica-magnesia catalysts ‘
o on the position of the band at 1090 cm-1 and the value of the refraction index
‘ lead to the conclusion that the interaction products of MgO and SiOg are not
compounds of constant composition. It is possible that MgO is bound with

silica forming compounds of variable composition in which magnesmm ions
e are in the fourfold couhguratlon

3. INFLUENCE OF THE CHEMICAL COMPOSITION ON THE NUMBER OF ACID

, CENTERS. .
. F Infig. 3 a dependence of the number of acid centres on the surface of
R silica-zirconia catalysts on the contents of ZrOg is presented. It is seen from

the figure that with the increase of the contents of ZrOg from 0.1 to 1% the
) - number of acid sites increases in proportion to the concentration of zirconium
dioxide. The increase of the contents of ZrO in the samples from 1to 10%-
, - causes a further increase in the number of acid centers, but the rate of the
o increase slows ‘down. In the samples containing more than 10% ZrO9 the
. number of acid centers remains practically unaltered.
, ' < If we assume that the molecule of zirconium dioxide reacts with silicic
; . acid forming an acid center, then for the catalyst obtained by impregnation we
- can calculate the possible number of acid centers. The calculation has shown
. that in the case of the samples containing up to 1% ZrO, the number of acid
A centers is equal to the number of zirconium atoms on the surface. If the con-
centration of ZrOg is higher the number of the acid centers formed is less
than the calculated one.
Fig. 4 gives the concentration change of acid centers on the surface of
silica-alumina and silica-zirconia catalysts over a wide range of compositions.
- Curve 2 shows that with the change of the contents of zirconium dioxide from

,
N 4

Declassmed in Part - San|t|zed Copy Approved for Release 2014/02/28 o N

CIA-RDP80-00247A004200080001-5 - = “ . -=* s e s

— Tl e




B

Declassified in Part - Sanitized Copy Approved for Release 2014/02/28 -

CIA-RDP80-00247A004200080001 5

f
H

Declassmed in Part Sanltlzed Copy Approved for Release 2014/02/28 L L
CIA-RDP80-00247A004200080001-5 = -ty ae®elien e Ll om e g o [ iv

~

119

oo .

[

5 0 ) BT, -
Fig. 3. Dependence of the number or acid centers
on the content of ZrOs in the catalyst.

w. -

N 0 75 Lrelk

Fig. 4. Influence of the contents of Al 203 and ZrO, in catalysts
on the concentration of acid centers on the surface

15 to 57 mol. % the concentration of acid centers on the surface remains
approximately constant and is equal to about 1. 3 microequivalent per m2,

A similar dependence is observed for silica-alumina catalysts as well:
for low contents of AlyQOg in the catalyst the number of acid centers corre-
sponds to the calculated one. Over the range of 20-57 mol.% AlyOg (which is
equivalent to the change of the ratio SiO3:AlgO3 from 6.6 to 0.5) the con-
centration of the acid centers remains approximately constant and is equal
to about 1 microequivalent per m?2.

A slight change in the number of acid centers with the increase of the

contents of ZrOy or Al303 to more than 20 mol. % may be due to the following.

reasons:

a) inaccuracy in the determination of the number of acid centers due to the
fact that there is a limit adsorption when their concentration on the surface
becomes high;

b) interaction between acid groups on the surface resulting in a decrease of
their effective concentration;

’
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¢) incomplete interaction between zirconium dioxide and silicic acid.

If the true concentration of acid centers on the surface of catalysts in-
creased with the increase of the contents of metal oxide and the limit con-
centration found by us were due to the limit adsorption of n-butylamine
molecules, then a considerable increase of the catalytic activity of the acid
center equivalent would be expected. But as we shall prove below, this is
not the case. Special experiments have shown that in the case of the samples
obtained by coprecipitation, even with the equimolecular ratio of the compo-
nents one fails to find free ZrOg and AlyO3. This shows that the assumption
c) is baseless.

Presumably, the more probable is the second assumption according to
which the effective limit concentration of acid centers on the surface is due
to their interaction. In the case when hydroxyls are the acid centers they may
interact, separating water and forming oxygen bridges. On the basis of the
expemmental data obtained in this work we can determine the apparent site
area * of one acid group on the surface of silica-zirconia catalysts. One is
led. to think that in the region of low concentrations of zirconium dioxide
(below 1%) when the number of acid groups is proportional to the contents
of ZrOs and equal to the number calculated, the distance between the formed
acid centers is great and a considerable interaction between them does not
take place. The upper limit of this region is set by the concentration of
acid groups equal to 0.25 microequivalents per m2 (1% ZrOy), whence the
effective area of undisturbed acid centers is equal to 600 - 700 A2,

At maximum concentration of acid centers (1.3 micro- eqmvalents/ mz)

- - the effective area of an acid center on the surface of a silica-zirconia cat-
' alyst is 130 &2,
. t . For the silica-alumina catalysts the minimal effective area is larger,
P , about 170 A2. These results show that the value of the effective area of a

- hydroxyl group on the surface of catalysts of high acidity is 10-20 times

more than that of the effective area of 2 hydroxyl group on the surface of
silica gel

4. }NVESTIGATION OF CATALYTIC ACTWITY

: Investxgatlon of catalytic activity with respect to dehydratlon of isopropyl

,_" -~ alcohol has shown.that the catalytic activity of silica gel is close to zero.

- The addition of only 0. 1% zirconium dioxide to silica gel leads to the .
' appearance of considerable acidity and catalytic activity. With the change of
the contents of ZrOg in the catalyst, the specific activity and the concentra-

_ _tion of acid centers change in a similar way.

o . With the change of the temperature of calcining from 425 to 850°C the

-0 , catalytic activity becomes lower. As the surface area of the sample at these
. L ) temperatures remains practically the same, the observed decrease of the

L activity may be caused both by a decrease of the number of active centers

. - . . _.and the alteration of their nature.’

L - Fig. 5 gives the dependence between the catalyst activity with respec.t

* Furthar we shall call this value the eﬂecttve area.

" N

t
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lﬂf. : ' =5Ka‘

A a 02 13 ‘”P‘
Fig. 5 Influence of the number of acid centers on the surface of

silica~-zirconia catalysts on their catalytic activity.
"1, Decomposition of ethyl alcohol.
2. Decomposition of 1sopropy1 alcohol.
. 1 =10% ZrOg - 500%; 2 - 10% ZrOg - 850°
3 -~ 45% ZrOg - 500° 4 - 45% ZrOg9 - 800°
.5 -50% ZrOz 5000; 6 - 50% ZrOg = 8000
T - 55% ZrO, - 8000; 8 - 55% ZrOs - 800°
: - 9 - 71% ZrOg - 5000;10- 71% ZrOg - 750
' 11 - 85% ZrOg - 4359; 12- 85% ZrO, - 5000,
B 13 - 92 5% Zr02-425° 14 - 92.5% Zr02 - 500°.

. to the decomposition of ethyl and isopropyl alcohols and the number of acid

groups on the surface. As is seen from the figure, the activity of silica-zir -
conia catalysts is proportional to the number of acid centers on the surface:
within the limits of accuracy of determination the points for samples of dif-
ferent chemical composition calcinea at different temperatures lie on the
same direct line. This result shows that the decrease of the activity of silica-
zirconia catalysts after heat treatment is due to the decrease of the number
of acid centers and not to the change of their nature.

A linear dependence between the catalytic activity and the number of

" ‘acid centers on the surface is observed for the decomposition reactions of

cumene on the silica-alumina catalysts.and for dehydration of isopropylal-
cohol on silica-magnesia catalysts of various composition (fig. 6). The
same dependence was reported by several other authors between the number
of acid groups on the surface of catalysts and their activity with respect to
cracking reactions of cumene and polymerization of propylene on silica- -
alumina catalysts 7,9,10),

The direct proportionality between the catalytlc activity and the number
of active centers on the surface shows that the catalytic properties of the
substances studied are due to the presence of acid centers on their surface
and that the activity of any one acid center does not depend on the temperature
of calcining and the ratio of the components entermg mto the comp051t10n of
the catalyst. .

. The reaction rate constant referred to umty of acid centers is'a charac-
tenstlc value for a catalytically active component and may serve as a ratio-

nal characteristic of substances possessing catalytic activity with respect
'.to the processes of acid nature.

.
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. R Fig. 6. mfluence of the number of acid centers on the

surface of catalysts on their activity:
1) decomposition of cumene on silica~alumina
catalysts at 400°.

2) decomposition of isopropyl alcoho! on silica- -
magnesia catalysts at 3259,

For catalytic reactions occurring in the liquid phase in the presence of
proton acids a linear dependence between the function of acidity and the log-
arithm of reaction rate was found by a number of investigators 12,14), 1

was of interest to find out whether such regularities exist for solid oxides
possessing acid properties_.

Table 2
'rhe inﬂuence of the acidlty of catalysts on theu' activity.

logarithm of rea.ction ra.te constants

; g:;l::lﬂi:zn. PK gglggrz;tlonl dimerization dimerization
-y _ alcollJm(;py of propylyne of isobutylene
: (1/m.equiv.h) (_l/equiv. hour) (1/equiv.hour)
Al,05-8i0, | -8.2 3.75 4.1 -
Zr0,-810, | -8.2 2.25 2.75 4.0
phosphorous ‘ . -
acid on -5.6 1.47 1.6 3.6
silica gel
MgO-SiOg -3.0 1.25. - -
-metaphos- R ‘
- phorous -3 0.55 0.0 33
acid on : -
silica gel .

- In table 2 data are given characterlzmg the mﬂuence of the acxdxty of

" the cata.lysts studied by us on the activity of a unit of acid centers for dime-

rization processes of propylene, isobutylene and dehydration of 1sopropy1

alcohol . '

~— -
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As is seen from table 2 for all three reactions the reaction rates change
symbatically with the strength of the acid groups of the catalyst. The discre-
pancy between the catalytic act1v1ty and the acidity of the silica-alumina cat-
alyst is apparently due to inaccuracy in determining acidity because of the
absence of a suitable indicator with pK less than -8. 2. Probably the real
acidity of this catalyst is much higher.

For various reactions the character of dependence of the reaction rate
on the acidity of catalyst is different: the dependence of the dimerization rate
of propylene on the acidity of catalysts is much more pronounced than it is
for the dimerization rate of isobutylene. But for all reactions studied the de-
pendence between the acidity and the catalytic activity is less pronounced
than for homogeneous acid reactions. The coefficient & in the equation of

- Hammet is only 0. 15 - 0. 6 against 1 - 2 for homogeneous reactions.

The results obtained can be explained if we suppose that the greater part
of the molecules of the reacting substances adsorbed on the surface of even
a weakly acid catalyst is protonized, as a result of which the further increase

of the acidity of catalysts can not change considerably the degree of ionization.

Evidently the protonization of the molecules adsorbed on the solid surface

proceeds easiér than that of the dlssolved ones.

——— P . . .. . < - -
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‘THE MECHANISM AND KINETICS OF ALDOLIC
REACTIONS IN GASEOUS PHASE ON SOLID CATALYSTS
WITH BASIC CHARACTER

S. MALINOWSKI, S. BASINSKI, S.SZCZEPANSKA and W.KIEWLICZ
Institute of Organic Synthesis, Polish Academy of Sciences, Warszawa, Poland

‘.

!

\

Abstract: The reactions between formaldehyde and nitromethane 1), formalde-

1 hyde and acetic-aldehyde 2), formaldehyde and acetone 3), formaldehyde and

! acetonitryle 4) were investigated in gaseous phase in the presence of gsilica gel

. o catalyst containing various quantities of sodium (0.01, 0.03, 0.06, 0.08 moles -

. ' " Na/100 g gel). : :

‘ The apparent reaction rate constants were determined for reactions (2), {(3),
, (4) at 2750C. - T : '

_ In fig. 3 the dependence between apparent reaction rate constants and the
sodium content in the catalyst, is platted. The rate constants show a linear de-
pendence on the quantity of sodium in the gel. This fact confirms that the reac-
tion rates are directly proportional to the basicity of the catalyst. On the other
hand it was found the linear dependence between the acidities (pK) of the hydro-
gen donor molecules (CH3CHO, CH3COCH3, CH3CN) and the rate constants of
_the reactions with formaldehyde.

It confirms the previous established statement, that for this type of reac-

_tions (aldolic), the rate of reaction is directly proportional to the acidity of the
hydrogen of donor molecules and the basicity of the solid catalyst.

1. INTRODUCTION -

"y The reactions referred to as aldol reactions were described in several
‘ 0 earlier papers. Aldol reaction is here considered to be one that occurs be-

!
Yoo taining a mobile hydrogen, namely: )
' A.B.C=0 + HoC.X.Y ~ A.B.C=C.X.Y + Hp0
m - -@m ¢ (D) |

where B is a solid basic catalyst.

 ketones 4), nitriles 3,8), nitroparaffins 8) and diketones 9
. tigated. - - T

.. Studies on the mechanism of the aldol reactions carried out over solid

‘basic catalysts permitted thé conclusion that it resembles that of the aldol
condensation in the liquid phase 10). In the first stage of reaction (1), the
bagic catalyst abstracts a proton from the carbonyl compound. '

have been inves-

St

tween a compound, (I), containing the carbonyl group‘and another, (II), con-

As compounds (I), aldehydes 1-10) and, as compounds SII), aldehydes 1-3),

.- L KY.CHp+B~XY.CHO +BHW . - . o)
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It is too early to answer the question whether the proton is completely
transferred with formation of the conjugate acid BH(+), or the polarized
complex X.Y.CH. . .H...B is formed. This question will be studied further.

The following stages of the aldol reaction, namely, reaction of anion (IT)
with carbonyl compound. (I), '

X.Y.CH(-)+ C=0 ~X.Y.CH-C-0(-) )

which constitutes the condensafion proper and proceeds with formation of a
new C-C bond, then regeneration of the catalyst,

X.Y.CH-C-0(-) + BH(¥) ~X.Y.CH-C-OH , (3)
. and abstraction of the water molecule from the resulting compound,
* X.Y.CH-C-OH - X.Y.C=C + H0, 4)

were found to proceed at a higher rate. The rate—deterinining stage should,
1 therefore, be the reaction between the base and compound (II) containing the
acidic hydrogen. If this is true, the over-all reaction rate, V, should be -

directly proportional to the acidity of compound (II) and basicity of catalyst
B ' .

V=K (2)KB .

There were two methods to verify the above suggestion. By utilizing inva-
riably the same standard reaction (2) (K(2) = constant), the apparent rate

. constant for that reaction carried out over silica catalysts containing vary-
ing amounts of sodium, was found to be directly proportional to the sodium
content in the gel. The straight-line relationship holds true up to sodium
contents of 0.081 g-atom Na/100 g silica gel. This fact together with con-
sideration of the possible structure of active centres on the surface of the
silica gels used, permitted the conclusion that the groups -SiONa constitute

. ., _* . the active centres 8). .
: ~ " The first part of the present work deals with gas-phase aldol reactions
c ... of compounds (II) containing hydrogens of varying mobility (K(2) =variable)

in the presénce of the same catalyst (Kp = constant).
The following reactions were investigated:

SRR . .~ CHgNOg +HCHO= CH2=CH.NOz +H320, (5)
: CH3CHO "+ HCHO = CHz=CH.CHO + H20, 6)

* CH3COCHj3 +HCHO == CH=CH.COCH3 + H20 , M
CH3CN  + HCHO == CH2=CH.CN  +H30, B (8)

) " ... | The carbonyl compound was always the same, namely, formaldehyde,
e " and only the compound with mobile hydrogen was varied -(Kg)). The a-hyd-
T _ rogens are known to decrease in acidity in the order CH3NOp > CH3CHO >
_ 'CH3COCHg > CH3CN; if the above-mentioned assumption concerning the
( .. mechanism of the aldol reaction is true, the V-values should yield a series
- ) - that follows the type Vg > Vg > V7 >Vg.
The kinetics and mechanism of reaction (6) were described earlier 9),
* The present work makes use of a preliminary observation that reactions (7)
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and (8) proceed in the gas phase according to the above scheme. In the
presence of silica-sodium catalysts they are fairly efficient; their maxi-
mum yields are obtained at 3000 and 450 - 500°C, respectively.

~ Reaction (5) failed to occur in the presence of those catalysts. At re-
latively low temperatures (1509C), the reaction mixture became oxidized
with the nitro group. The products of the reaction were found to contain
water, carbon dioxide-and monoxide, amines and polymeryzates. Kinetic
studies of reaction (5) were, therefore, a failure.

The second part of the present work is intended to determine the appa-
rent rate constants of reactions (7) and (8) and to ascertain if in this case
also exists, as does for reaction (5), a straight-line relationship between
the apparent rate constant and catalyst sodium content.

The apparent rate constant was determined as the reciprocal of the -
contact time at 275°C within which the transformation took place in a defi-
nite degree. The temperature 275°C and the equimolar ratio of the reac-
tants were chosen to make it possible to compare the resulting data with
those obtained earlier for reaction (1).

2. EXPERIMENTAL

~

2.1. Apparatus - -
Experiments were carried out ina differential reactor described in an

earlier paper 1)

2.2. Catalyst

Silica-sodium catalysts 9) were used Pure- grade silica gel contammg
0.003 g-atom Na+K/100 g and gels containing 0. 010, 0.030, and 0.036 g-
atom Na/ 100 g were examined.

" 2.3. Reagents

Commercial 30% formalin (with 5% methanol)} was used as formalde- -
hyde. Pure-grade acetone was purified by distillation and a fraction boiling
at 55.5 - 56.00C was used. Acetonitrile was distilled to collect a fraction
boiling at 81 - 82°C.

The reaction mixture was made up of equimolar amounts of formalin,
acetone and acetonitrile.

2.4, -Analysis

Products of the reaction were analyzed chromatographlcally and chem-
ically. Methyl vinyl ketone was determined bromometrically. Acrylonitrile
in the presence of formaldehyde was determined by the method involving
addition of n-dodecyl mercaptane to the double bond. {The method applies
only for acrylonitrile-to-formaldehyde ratios greater than ; when pres-
ent in larger amounts, formaldehyde causes an error directly proportional

" toits conter_xt.)

- . . . -
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3. METHOD

In each-experiment, yields of reactions (7) and (8), based on acetone
and acetonitrile, respectively, were evaluated from the products analysis
data. The rate of dropwise addition of the reaction mixture, its composi-
tion and the catalyst volume were used to calculate the apparent contact
time defined as the residence time of the gaseous products in the empty
space equal to that occupied by the catalyst. )

4. RESULTS ' : ) .

The yield versus contact time curves for reaction (7) carried out over
different catalysts, and for reaction (8), are given in figs. 1 and 2, respec-
tively. The curves show that for each catalyst the yield rises as the con-
tact time is increased; for identical contact times, the y1e1d is related to
the content of sodium in the catalyst.

-

E B

- o _
g Latalysts
. S a © 00003 mol Na/M00g Gel
§ - & 800 molNa/©0g Gel
S % X 0030 mol Na/%0g Gel
e w O 00% md Na/#0Dg Gel
T sec | -
2 [ 4] » /] —
L, . Fig. 1. Dependence of conversion upon T.
Ty e . Reaction: CH3COCH3 + HCHO — CHz=CHCOCH3 + H20.
o - . ) -6t :
' ) © 80003 mol Na /1009 gel
S a 000 mol Nafwog get
8 x 0036 mol Najiog el
_ & ]
) -
B ‘ :
L B 5 20

o - - : F"ig‘ 2, Dependénce of conversion upon T.
e - Reaction: CH3CN + HCHO - CHyCHCN + Hg0.

-
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T ' Fig. 3. Dependence between apparent reactor rate constant,

and sodium concentration in silica catalyst. : i
X CH3CHO - + HCHO CH=CHCHO  + Hg0.
0-CH3COCHg + HCHO - CHg=CHCOCH3 + Hg0O.
O CH3CN + HCHO ' CH3=CHCN + Ho0.
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Fig 4, Dependence between acidity of orgamc molecules
and reaction rate constants

The data of ¥igs. 3 and 4 were used to calculate the apparent rate con-
stant, kg 10, for reactions (3) and (4) over each catalyst as the reciprocal
of the contact tlme 1, for a yield of 0.10, namely,

N o T o T ko 10=.1/7.
. The rate constant thus defmed allowed to compare the present data
with those obtained for reaction (6) 9). The 0.10 yield contact times for

reactions (7) and (8) with catalysts of reaction (2) were easy to read from
-fig. 1, since for each catalyst the maximum yield was greater than 0.10.
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On the other hand, maximum yield for reaction (3) was only 0.05; the con-
tact time for the 0.10 yield was, therefore, assumed to be twice that for the
0.05 yield. This assumption burdened the data with an additional error but
made possible their intercomparison.

The apparent rate constant versus catalyst sodium content curves for
the two reactions are presented in fig. 3. For comparison, the data obtained
for reaction (6) 9) are also plotted in fig. 3.

For catalysts containing less than 0.036 g-atom Na/100 g gel, the ap-
parent rate constants of reactions (6), ('7) and (8) are directly related to the
sodium content.

The comparison of the three straight lines reveals their two character-
. istic features:

| s a. the lines do not pass through the origin of the reference frame and inter-
‘ sect the upper ordinate,
b. the lines have different slopes.

) The first festure is applicable in terms of a primary activity of the si-
lica gel containing no alkali metals. The slopes of the lines are related to
a;ppa.rent rate constants based on unit sodium content in the catalyst, i.e.,
Kg = constant.

The relative apparent rate constants read from fig. 3 for the three re-
actions yield the followmg series:

KCHsCHO 'KCH3COCH3 :KCH3CN =1:0.07:0.04.

_ On the other hand the acidities of hydrogenes of molecules which we
- apply are known.
i the assumption » = K9 Kp is right, there should be expected the lineal

dependence between the acidities (pK) and the velocity constant of the reac-
tions involved. _

Table &
e : pK | kcugcHO/ Rx
, o CH3CHO 19.7 11 1
N \ CH3COCHzm | 20.0 1) | - 0.7
R S i ) 1CH3CN - |25 12) 0.04

Table-1 and fig. 4 show the dependence between pK and the apparent re- |
action velocity constants. In order to simplify this problem they are given
- as a ratio: kCH3CH/kx-

As it is evident the points are ranged along the straight line. This dia-
.gram confirms our assumption concerning the mechanism of reactions of
the aldolic type in the gaseous phase; on the other hand, it permits to fore-
. see the velocity aldolic reaction in gaseous phase at this moment, when the
* acidity of the hydrogen donor molecules are known.

N
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STUDY ON CATALYTIC DEHYDROGENATION
OF Cg - C;o-ALKANES

N. 1. SHUIKIN, E.A. TIMOFEEVA and V. S. SMIRNOV

Academy of Sciences of the USSR, Institute of Organic Chemistry
¢ . ) named after Zelinsky N.D., Moscow, USSR

1. 'INTRODUCTION

. Cg and above alkenes are valuable raw materials for manufacturing of a
number of important products, such as detergents, alcohols, carbonyl com-
pounds, etc. At present alkenes with double bonds on the end of the chain are
of the greatest interest. On polymerization of high-molecular unbranched
alkenes-1 lubricating oils are produced. The copolymerization of ethylene
with hexene-1, dodecene-1, hexadecene-1 has been carried out */. Isotactic
polymers with high melting points have been produced from branched alkenes-1
with tertiary and quaternary carbons “/. Recently alkenes with double non-
end bonds are becoming to be used in synthesis processes. For instance, the
Y position of double bonds in alkenes is not important for oxosynthesis. Copo-

3 " - lymers have been produced from conjugated alkadienes (isoprene, butadlene)

and hexene-2 or heptene-2

oy .- The main methods to produce high-molecular alkenes are thermal crack-
R ing of paraffins, synthesis from CO and Hy on ferrous and cobalt catalysts and
' polymerization of lower alkenes - ). The first and the second methods (on fer -
" < rous catalysts) give mainly mixtures of normal alkenes-1 of various mole-
e cular weights. The synthesis from CO and Hg on cobalt catalysts produces
considerably less alkenes than that on ferrous catalysts; double bonds of these
alkenes are in different positions. The third method gives more or less
branched hydrocarbons with double bonds in the middle of molecules.
- The development of new methods -of the middle and higher alkenes pro-
. " duction are of high importance. The catalytic dehydrogenation of alkanes is
-~ arather tempting method. Our aim was to study Cg - Cm—alkane dehydro-
. genation, to find catalysts and conditions for a selective process to produce
“corresponding alkanes, as well as to study possibilities of controlling the
reactions of dehydrogenation, dehydrocyclization and cracking. The given
-material is the summation mainly of our studies on the problem.
Cg and above alkanes might be divided conditionally into two groups:
1) isoalkanes, containing in their main chains less than 6 carbon atoms and
which therefore can not be aromatized directly without isomerization of
“carbon skeleton; :
' »_‘- . 2) n-alkanes and 1soalkanes contammg in their chains 6 and more carbon
"{.." .  atoms which can be aromatized directly. Besides our studies, there are few
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hydrocyclization of individual alkanes, as well as of their artificial and nat-
ural mixtures, and on dehydrogenation of C4-Cg-alkanes, which had a close
bearing on the problem we were interested in.

LY

2. STUDY ON DEHYDROGENATION OF ALKANES CONTAINING IN THEIR MAIN
" CHAINS LESS THAN 6 CARBON ATOMS

On the iso-hexane example we have shown that alkanes of this group can
. ' relatively easily be dehydro%enated into iso-hexenes with rather high yields
‘ ot close to equilibrium ones The chromia-alumina-potassium oxide-cata-
lyst which showed high activity in dehydrogenation of pentanes produced cata-
lysates of 2-methylpentane, 3-methylpentane and 2, 3-dimethylbutane with
-, 86-89% yields, containing 32-40% alkenes, mainly corresponding to original
alkanes. The results are given in table 1.

Table 1
Composition of iso-hexanes catalysates (500°C, flow rate 0. 5 hour~1
‘30 cc of catalyst, 100 cc of hydrecarbon)

§ I eds Catalysate Content in catalysate (wt.%)
ydrocarbon yield (wt.%)
' ) Alkenes | Dienes Aromatic hydro-
carbons
2-methylpentane 86.0 32.0 2.3 2.2
3-methylpentane 88.3 .38.9 0.7 1.8
|2, 3-dimethylbutane 89.2 40.1 4.5 1.5

Using this catalyst under somewhat different conditions 3, 3-dimethyl-

_ butene -1 was produced from 2, 2-dimethylbutane. The yield was 9%, also

C - rather close to an equilibrium one. When the reaction was carried out in
. helium, as an inert diluent, the yield of 3, 3-dimethylbutene-1 increased to

12%. Lorz et al. reached the same results when the reaction was carried
| out in vacuum 15

3. STUDY ON DEHYDROGENATION OF Cg-C19-n-ALKANES

Fig. 1 shows the equilibrium alkene yields, obtained on C2-Cg-n-alkenes
dehydrogendtion, depending on temperature. The estimates were made ac-
cording to the data on the free energies of these hydrocarbon formation 16
It is seen from the figure that the equilibrium yields of the corresponding
-alkenes increase with increase of molecular weight of the original alkanes
and of reaction temperature. On dehydrogenation of higher alkanes the equi-
librium alkene yields are believed to be higher. However, the higher is the
molecular weight of the original alkane and the higher is the temperature,
the more Iiossibilities there are for the side reactions to occur. Levitsky
indicates that while estimating the equilibrium alkene concentrations the
side reaction stage, including the aromatization stage, should be taken into
account. Table 2 shows the equilibrium hexene yields estimated by Levitsky
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-. Fig. 1. Equilibrium yields of alkenes from Cg - Cg-n-alkanes.
1 ~n-hexane; 2 -n-pentane; 3 -n-butane; 4 - propane; 5 -ethane.

" Table 2
The equllibnum hexene y1elds at different stages of n—hexa.ne aromatization.
Ben'zene Equii:igr(l:lxgl hqz)xene Benzene Equihbm& fxejix)ene yield
 yield y - yield 0

mol. %) | 4500c | a750C | s000c | @OLB | 4500¢ | 475°C | 500°C

] 24 .4 33.0. 43.2 30 7.1 12.4 19.8

5 . 178" | 26.4 36.8 - 40 5.5 9.8 15.9

10 13.8 21.8 21.9 50 4.3 1.7 12.6

-20 9.4 16.0 24.8 60 3.3 . 5.9, 9.7

at different stages of n-hexane aromatization.

As it follows from the table, when benzene contents in the catalysates
obtained at temperatures 450-500°C are 40-60% the equilibrium hexene
yields are 3-16%. Alkene yields of the same order were obtained in the ex-

~ periments on dehydrocyclization of n-alkanes. Levitsky compared the theo-

retical heptene yields with the experimental data by Grob 18 , Obolentsev
and Usovl9). He assumed that the equilibrium constants of n-hexane and n-
heptane dehydrogenation were equal. He came to the conclusion, that the
stage of heptane dehydrogenation in these experiments was so high, that the
heptene yields were determined not only by the rate of the forward reaction,

. but by the rate of the reverse reaction as well.

We have studied the behaviour of n-hexane on the conventional dehydro-
genatmg chrorma alumma.-potassmm oxide -catalyst . The thermodyna-
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mic estimates have shown that under the experimental conditions the hexene |
equilibrium yields were 42-73%, in spite of the fact that the hexene contents- |
in the catalysates varied only in the range of 9 - 12%, while the benzene con- ‘
tent was up to 67%. The result obtained is of a principal interest, since in |
the previous studies on n-alkane dehydrocyclization it was considered that
low yields of alkenes obtained from n-alkanes in the process of their aroma- .
) tization provided evidence that only a negligible reverse reaction, the reaction
of hydrogenation proceeded. -On this basis the assumptions on the mechanism
of alkane dehydrocyclization were made.
T : Thus in case the aromatic hydrocarbons are produced in the catalysis
' procass at 450-500° the hexene yields will not exceed the corresponding values
shown in table 2. However, provided one finds such dehydrogenating cata-
‘lysts and such conditions under which the aromatization reaction does not
take place at all or proceeds to a little extent, the alkene yields might be
relatively high, as is seen from table 2.

It is known that aromatizing and dehydrogenatmg catalysts are of the

L '- _ same nature and the aromatization reaction thermodynamically is more ad-

- ’ vantageous. For instance, at 400°C and up n-hexanes are practically aro-.

n ' : - matized completely, while the equilibrium hexene yields at 400° are only
~ 12%.

Having examined the published data on n-alkane dehydrocychzatlon we
found that the ratio of alkene and aromatic hydrocarbon yields depended both
‘on the nature of catalysts and on the conditions under which the reaction pro-
ceeded.- However, the alkene contents in the catalysate cannot be taken as a
criterion of dehydrogenating capacity of a catalyst, for it is quite probable
that a part of alkenes produced converted into aromatic hydrocarbeons in the
catalysis process.

In order to determine the stage of the proceeding of the aromatxzatmn
and dehydrogenation reactions we carried out experiments both with n-hexane
i and isopentane (hydrocarbon from which aromatic hydrocarbons are practi-

: -cally not obtained under dehydrogenating conditions) under similar con-

. ditions. Studies were carried out on the effects of methods of chromia-alu-
.o ’ mina and chromia alumina-potassium oxide-catalyst preparation as well as
' - of various alkaline additives on the ratio of dehydrogenation and aromatiza-
tion reactions 21,22), As a result of these studies a series of interesting
regularities were found.

Our data confirmed that the nature of catalysts and methods of their
‘preparation, in particular, the methods of introduction of alkaline addi-
tives (A) have considerable effects on the degree of the proceeding of the de-

" hydrogenation and aromatization reactions. It is seen from table 3, where
the selective data from the quoted works are shown.

’ 1t is seen from table 4 that catalysts with nearly the same dehydrogenating

- - capacity (on isopentane) do not always give the same yields of aromatic hy-
'~ drocarbons. '

- . The dependence of 1soamy1ene contents in the isopentane catalysate of
: " hexene and benzene contents in the n-hexane catalysate and of benzene con-
: tent in the cyclohexane catalysate upon the duration of the experiments is
: . ' shewn in flg 2. The dehydrogenatlon and aromauzatlon reactions of these

Declassmed in Part Sanltlzed Copy Approved for Release 2014/02/28
CIA-RDP80-00247A004200080001-5 .= i-0 wfo: 0 Lol




Declassified in Part - Sanitized Copy Approved for Release 2014/02/28 -

ClIA-RDP80-00247A004200080001 -5
1. 26
‘ .

~ Table 3
o The effects of ca.talyst coniposmons and methods of their preparation
(500°C flow rate 0.5 hour™, 30 cc of catalyst, 100 cc of hydrocarbon)

Yield on the hydrocar-

bon passed, wt. % Ratio of yields
Catalyst - . Alkenes .
, - ben- {isoamylenes:! hexenes:
ff)gﬁtai_gg ﬁo%ehe zene benzene benzene
. : _ Catalyst composition
1 ' Cr203 7.0 6.5 38 1.8 1.71
. AlpOg + CroOg 29,5 19.6 13.9 2,21 1.41
Aly0Og + Crg0g + K0 38.2 11.9 37.0 1,06 0.32
N A1203 + Cr 0 + NaZO 36.8 12.0 22.5 1.67 0.53
Al,0q + CraOs + Pbd | 291 15.6 13.3 2.19 1.17

Method of preparation AlpO3 + Cra03 + KoO (90.7 : 5.6 : 3.7 mol. %)
Impregnation of ) : ‘
A1203 with K20r207
38.2 11.9 37.0 1.04 0.32
and (NH )201'207 :
: solutlon : :

e o —————— " ——
-

Impregnation of -
A1203 with KOH and
(NHgoCr0q
- solution

37.9 119 | 28.3 1.34 - 0.48

' Impregnation of ‘
; AlyOg with CrOg 39.3 13.3 22,0 1.80 1 -0.60
and K9Og solution

Coprecipitated 292 5.0 24.0| 122 - g.21

- hydrocarbons were studied with 17 different catalysts. Here are given only
selective data. As it is seen from the figure, the curves of dehydrogenation
(isopentane and cyclohexane) and of n-hexane aromatization are parallel

‘not in all cases. This statement does not correspond with Steiner's 23) main
assumption on which basis he came to the conclusion that the active centres
of oxide catalysts for the reactions of n-alkane dehydrogenation and dehydro-

. cyclization were identical. Steiner states that the poisoning effect decreases
the dehydrogenation rate apprommately to the same extent as the dehydro-
cyclization rate.

The observed regularltxes indicate that n-hexane dehydrocychzatlon re-~
action apparently needs some additional changes of the catalyst nature which
are not necessary for dehydrogenation of isopentane or cyclohexane.

, ] The direct proof of the existence of various active centres which are
- responsible for proceeding of dehydrogenation and aromatization on the chromia-

- " alumina catalyst surface is our work on partial poisoning of the chromia-

. alumina catalyst with cyclopentadiene or furfural 24), In this work we showed

that the treatment of the chromia-alumina catalyst with cyclopentadiene or
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Iaoamylene yields from isopentane, hexene and beazene yields from n-hexane

Table 4

in terms of the hydrocarbon passed (the conditions are as in Table 3)
AlpOg3 + Crg03 + A (80.7: 5.6 : 3.7 mol.%).

L. 26

A-Na. 50 Impregnation of Al;,03

C Howrs
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with (NH,;_) Cr 07 and 38.2 119 a7.0
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"  Impregnation of Al,O .
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KNO3 solution
n Impregnation of AloOg
with Cr(NO,g)g and 40.8 11.9 28.1
'KNOj3 solution
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with Cr03 and KzCOB 39.3 13.2 22.0 -
solution
with (NH4)2Cr20q and 36.8 12.0 22.5
NaNog solution -
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‘Fig. 2 Unsaturated (® - from isopentane, ¢ - from n-hexane) and aromatic

- (A= from n-hexane, A - from cyclohexane) hydrocarbon contents in

3
4 - A1203 + Cr90g (precipitation);

"« 5 = Al203 + Cr203 (impregnation);
. 6 = Als03 + Cra03 + K20 [(NH4)2Crs0ny and K20r207],

7 ~ same as above, KNOg instead of KyCr

8 - A1203 + Cr203 + Kzo [CI'(NO3)3 and ICNO3],

9 - Aly04 + Cr,04 + K,0O (precipitation);

. dependence upon the duration of catalyst work.
. 3-Cry0 ‘

10 - Al;03 + Crg0Og + Ky 0 [(NHy) 2Cro0q + KoCOg];
<11 - Al 0 + 01‘203 + K 0 [(NH4)201‘207 + KOH];
12 - A1203 + Cry0q + K20 (grinding of wet salts);

13 - A1203 + Cra0p + KZO [Crog + K,C0].
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furfural and its subsequent regeneration led to irreversible poisoning of its
| dehydrocyclizating capacity without changing in its dehydrogenating activity.
' This could be seen for example from table 5.

Table 5
‘ Trreversible poisoning of chromia-alumina catalyst with cyclopentadlene
‘ : : (500, flow rate 2.1 hour~1, 30 cc of catalyst, 100 cc of hydrocarbon).

. Original hydrocarbon Catalyst state Average °°‘2$t“fy0‘)n catalysate
<Y, . Alkenes Aromatic hydro-
; - e . " carbons
' n-Hexane Without poisoning 17.5 6
' . After poisoning
and regeneration 16.4 ' 8
n-Nonane |- Without poisoning 17.9 21
After poisoning 4 _
and regeneration 134 1
Isopentane Without poisoning |  26.1 -
After poisoning . . 26.1 _
and regeneration . :

The existence of dehydrogenating and dehydrocyclizating active cenires
on the surface of chromia-alumina catalysts gave us hope to find conditions
for selective dehydrogenation of Cg and above alkanes. Indeed, at 475°C and

) flow rate 2,1 hour~ -1 in the presence of the chromia-alumina catalyst men-
i ’ tioned above we obtained a catalysate of n-hexane in 97% yield, containing
Lt 10% hexenes. The catalysate did not practically contain aromatic hydro-
E = carbons. Hexene yield on decomposed n-hexane was 74% 25). At 427°C and
flow rate 4.2 hour -1 the catalysate of n-nonane in 98.7% yield containing
g 8-9% nonenes was obtained. Aromatic hydrocarbons were also almost ab-
sent in it. The nonene yield on decomposed original hydrocarbon was 87% 26),
We also carried out (more or less selectively) the reaction of dehydro-
genation of Cg-Cyp-alkanes with another oxide catalyst -K-5, technical
catalyst for n-butane dehydrogenation 27’_ 28) At 5000C and flow rate 2. 1
- hour-1 aromatic hydrocarbons were produced on it only at an initial stage
of the experiment, then their formation practically terminated. The amount
of alkenes in the catalysate was maintained at 7-11% level. The number of
carbon atoms in molecules of the major portion of produced alkenes corres-
_ ponds to original alkanes. Isomerizing activity of both the chromia-alumina
‘ catalyst and K-5 catalyst was extremely low under these conditions and
. therefore the paraffin part of the catalysate consisted mainly of unchanged
_ original alkanes.
' These first results of selective dehydrogenation of C6-C10-n-alkanes
‘ . undoubtedly are of theoretical interest. 10-12% yields of alkenes might be
| - of practical importance only if simple and accessible methods of their iso-
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lation are developed. Our attempts to increase considerably alkene yields with
other catalysts (metal, coal, chromic oxide on silica-alumina and others)

- failed. Alkene concentration and contact time of alkenes with the catalyst under

conditions of selective dehydrogenation of n-alkanes (the process is carried
out at comparatively high flow rates) are likely to be too negligible for aroma-
tization tooccur toahigh extent. The increase of alkene concentration resulted
from changes of reaction conditions leads to the beginning of the dehydrocycliza-
tion reaction. The higher is alkene concentration the higher is reaction rate.
It seems that our large experimental material on n-alkane dehydrogenation
and some published data permit to say that the formation of alkenes on oxide
catalysts promotes to some extent the n-alkane dehydrocyclization process.
We do not, however, eliminate the possibility of the formation of aromatic
hydrocarbons directly from n-alkanes under some conditions.

In this connection our study on conversion of n-hexane on the chromia-
alumina-potassium oxide-catalyst at low pressure is of some interest.

-Taking into account the fact that dehydrogenation of n-alkanes into corres-
-ponding alkenes is a reversible reaction proceeding with evolution of one

mole of hydrogen per one mole of reacting n-alkane and the aromatization
reaction is irreversible, we can assume that the reduction of partial press-
ure of mixture components will result in the increase of the alkene yield,
hexenes in our case. We have studied this reaction at temperature 500° in
vacuum and in helium atmosphere. All experiments were carried out at the

~ same contact time. It is seen from fig. 3 that the reduction of partial press-

ure in the system results in the increase_' of benzene yield and in some re-
duction of hexene yield. We think that the fact can be explained only as follows:
under the conditions of the reaction n-hexane dehydrocyclization occurs main-

_ly through intermediate formation of hexenes.
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We obtained important data at the umt with ﬂuld bed oxide catalysts 29),
Using various chromia-alumina catalysts and changmg process cond1t1ons
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we could cdntrol the stage of side reactions (arorriatization and formation of
low -boiling alkenes) with reference to the main reaction of dehydrogenation.

As it is seen from table 6 there are several ways to carry out n-alkane de-
hydrogenation reaction.

Table 6 : '
Results of n-alkane dehydrogenation reaction on fluid bed oxide catalysts.

Catalysate composition
Cataly- (wt. %)

) ' |Temper-| Flow | sate |Cgor Cg-| Low | Aromatic |
Hydro- Catalyst ature | rate | yield asflkenes boiling | hydro~
carbon ©C) |tr~D|wt.%) alkenes| carbons

" . ' Selective dehydrogenation |
n~Hexane| Al,O +Cry04 475 9.2 98 11 no traces
n-Nonane| Al;03+Cra03 500 92| 95 8 no 2

Dehydrogenation with aromatization
n-Hexane M2%3+Cr203+ - 575 5.0 76 | 20 no 25
+ : :
n-Nonane{ Al;03+CryOg 600 9.2 | 177 19 6 - 15
Dehydrogenation with cracking
n-Nonane K-5 600 | 9.2 85 10 14 "2
Dehydrogenation with cracking and aromatization
n-Nonane| Al503+CryOg+| 600 | 9.2 | 70 18 15 | 16
+K90 . i

1. Selective dehydrogenation with the productlon of corresponding alkenes
with yields of about 10%. .
b, 2. Dehydrogenation and aromatization; cracking to low-boiling liquid hydro-
carbons does not occur at all or proceeds to a little extent. Such course of
the reaction might have a practical importance for certain hydrocarbons, e.g.
n-hexane. Hexenes as well as benzene produced from this hydrocarbon are
' valuable products.
3. Dehydrogenation and partial cracking to low-boiling liquid products; aro-
matic hydrocarbons are produced in very small amounts. It is of importance
that cracking products in this case consist mainly of alkenes-1. This way may
also be of great interest.
4. Dehydrogenation followed by cracking and aromatization. :
In conclusion it should be noted that the main portion of alkenes produced
. _by n-alkane dehydrogenation have a double bond nearer to the middle of the
molecule. Regardless of the reaction conditions and catalysts, we always
- oObtained hexene-2 and hexene-3 from n-hexane, heptene-2 and heptene-3
from n-heptane, octene-4 from n-octane, nonene-4 from n- nonane, decene-4
and decene-5 from n-decane. Only a larger part of cracking products, if they

‘_."' ‘, .
-
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were, consisted of alkenes-1. -On the whole, this result corresponds with
thermodynamic calculations.

4, CONCLUSIONS

| 1.” The cases of 2-methylpentane, 3-methylpentane, 2, 3-dimethylbutane and
' 2, 2-dimethylbutane have shown that Cg-alkanes, the main chain of which
. : contains less than 6 carbon atoms are comparatively easily dehydrogenated
' on the chromia-alumina-potassium oxide-catalysts producing corresponding
alkenes with yields near to equilibrium ones.
2. The experiments have proved the existence of at least two kinds of active
. centres - dehydrogenating and dehydrocyclizating - on the surface of the
- chromia-alumina catalyst.
3. There have been found catalysts and conditions for practically selective
dehydrogenation reaction of Cg-Cqg-n-alkanes with production of ~ 10% of
corresponding alkenes. : . .
4. There has been shown the ability to control the stage of proceeding of

dehydrogenation, dehydrocyclization and cracking reaction when the process
ocecurs on fluid bed oxide catalysts.
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SELECTIVITY"O‘F' CATALYSIS AND BOND ENERGIES

L " A.A.BALANDIN and A.A. TOLSTOPIATOVA
.Ic N : T The N.D. Zelinskii Institute of Organic Chemistry,
f;i_. " Academy of Sciences, Moscow USSR

i T :

!

" . ) i

Abstract: In deder to study the causes of the selectivity of catalysis the energies
of the bonds of hydrogen, carbon and oxygen with the active centres of dehydro-
genation and dehydration were determined for 25 oxides by the kinetic method.

For the rare earths a parallelism has been found between the bond energies
and the magnetic moments of the metal ions.

It has been found that for the oxides of metals of the atomic number changing
from 4 to 92 (with some data lacking) the energies of the bonds of the catalyst

with oxygen, determined kinetically and thermochemically, vary almost in a,
parallel way.

A dependence between activation energies and ionic radii has been observed.
The results are discussed in terms cf the multiplet theory.

- ~ . - -

1. According to the multiplet theory the select1v1ty of the catalytic ac-

N It follows from the latter that a doublet reaction, for instance AB + CD =
- 7. AD + BC, the most active will be a catalyst, K, for which

| \&., - | | N QAK + QBK + QCK + QDK = % SQAB + QVCD + QAD + QBC)' (1)

Thus the selectivity depends upon bond energies. '
. Here the terms of the type Qg denote the bond energies of the re-
h - . acting atoms in the molecule, and those of the type @5k are the energies
' ’ of the bonds formed by these atoms with the catalyst surface. The average
hal values for the bond energies @ g can be found in the tables. The knowledge
Lo of the bond energies @, ik and their relation with the position of the elements
. in the Periodical System would be an important step forward in the solution
| ° of the problem of a cognizant choice of the catalysts 2).
o _ “With this aim in the N.D. Zelinskii Institute of Organic Chemistry of the
. Academy of Sciences of the USSR and in the Moscow State University the
o - present authors and their younger colleagues started a systematic deter-
b - mination of the values of @k using the kinetical method. The experiments
Lo, . have been described in papers recently published together with Dudzik,
" Ferapontov, Konenko, Matiushenko, Matiushenko, Naumov, Peng Be-sien,
. _ Revenko, Strszyzewski, Yui Tsi-tsyuang and others. The results obtamed
“§. . ' are generalized in this report.
S The data for three standard reactions, i.e. the dehydrogenation of
| tetrahn (1), the dehydrogenation of propanol-2 (II) and the dehydration of the
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lafter (I11) are given below. According to the multiplet theory their index

groups, i.e. the groups of atoms reacting in direct contact with the catalyst,
are as follows:

£6 L 00 50
g ng O . H Ili (In Ili Cl) (1) {2)-

Metal oxides were used as catalysts; they were prepared by essentially

one and the same method consisting in the precipitation by ammonia by
aqueous solutions of nitrates.

The multiplet theory equations for reactions I, II and III in (2) are:

; . Bl =-2Qcg +2QxK *+ 29CK »
Ep =-@QcH -Q0o8 +2Qpk +QCK Q0K » . (3)
Etn=-Qcg - co * Quk* 29ck * Q0K
and ) . _ o
€1=-3E1; €2=’--3En;"€3'=-3Em ' (4)

‘Here E is the heat of formation of the corresponding intermediate
multiplet complex, € is the activation energy of the reaction. From the
system of three equations (3) we find the three unknowns Qug, Q@cg and .
QoK and by way of substituting € for E and introducing the values QCH =

98.7; Qop = 110.6 and @ = 85.5 cal (cf. ref. 3) instead of QAB we finally
Obtaln for QAK

L o ,Q_HK=3(”-61*2621’263)*62'0’

“Qog=1(- €1 +2ey - 2e4) + 368, | (5)

Qo =1 (3€y - 29 -263) +48.6. o

The results are summarized in table 1. For a lesser number of oxides
a review has been given in ref. 4a). 7
_ For computation of @4k, in table 1 the values of €4, €9 and € 3 given
o 3 .+ .inthis table have been used as a rule with the only exception of the items
- marked "m". This mark means that the mean values of €y, €9 and € 3 were
.taken from different series of experiments and not solely from table 1. K
for some reason €9 and €4 for the catalysis of propanol-2 could not be ob-
tained, then for evaluating the values € 9 and ¢ 3 for other substances in-
cluding methanol, tert. butanol and formic acid were taken.
" In the case of identical index groups in (2), but different extraindex
. .~- ' substituents, the values € for one and the same catalyst are found to be in
e ~" " close proximity to one another. Accordingly the same is true for the values
S Q Ax- Bence it follows that in the course of the reaction the index groups of
" the reacting molecules are actually oriented towards the catalyst in full
agreement with the multiplet theory. In the next approximation the influence
__'of the valency of the metal, and that of the nature, the number and the dis-

-4

—————

1
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' Table 1 .
Bond energies @QAK (cal).
n K r@d) | e1 €2 €3, Quk | 9k | WK
| 4 BeO 0.32 - 164 | 20.1 498 * | 196 * | 66.5 *
} 12 | Mgo 0.74 - 249 | 263 - - -
! 13 | Al403 0.57 - - 113.0 - - -
21 | Sro0g 0.83 127.4 25.2 | 30.0 56.1 24 4 39.4
}: : 22 TiOg | 064 (17.6** 104 [ 153m | 59.0 30.2 44.9
B 23 V903 0.67 [23.8** 20.6 | 20.9 56.5 26,5 43.6
T 24 | Cr203 064 |[22.8** 188 |242m | 61.0 22.5 48.8
! 25 | MnO 0.91 [32.0 **{ 31.9 - 60.8*| 26.7* | 38,8 *
! 30 | ZnO 0.78 - 14.9 - 486 %! 231 % | 61.7*
| 31 | Gag03 0.62 [32.0 8.3 | 11.5 53.5 23.8 67.6
1‘< 39 Y503 "0.97 [34.5 16.0 | 20.7 53.6 22.0 56.5
F 42 MoOsy 0.68 j16.0 14.0 - 62,5 *| 28.8* | 40.3 *
} 42 MoOg_,| 0.65 (14.6 - 183m | 605*| 285 * | 438 *
| 57 | LagOg 1.04 |51.0 24.3 | 28.0 47.5 17.2 64.9
i . 58 CeOy 0,92 |[32.0**] 21.1 | 27.8m| 56.2 21.2 49.0
| 59 | Pry03 | 1.00 |51.6 15.2 | 27.4 52.9 | 114 | 72.0
: 60 Nd203 0,99 (44.8 174 | 26.0 52.8 16.0 64.7
62 |Sm203 0.97 (42.9 20.6 | 26.0 51.3 18.8 60.6
‘ - 64 | GdoOg 0.94 (433 14.7 | 25.6 54.8 15.0 65.2
i 66 | DysO3 0.88 |40.2 13.7 | 26.5 571 | 14.8 62.2
| 67 |HO5O0g3 | 0.86 |38.4 12.8 | 24.7 57.1 [ 16.0 | 62.2
68 | EryO3 0.85 |36.6 15.5 | 26.5 56.5 16.4 59.4
69 | TugO3 | 0.85 [38.8 18.3 | 17.0 54.9 18.0 57.4
70 | YbyOg 0.81 [34.7 20.6 | 25.1 53.4 22.1 53.0
73 | TaqOg 0.66 - - 23.8 - - -
T4 WOg3_| 0.65 126.8 - 23.7 53.2 % | 27.7T* | 429 *
90 ThOp .| 099 |35.7 23.5 | 31.8" 56.3 17.7 48.8
92 | Uz0g | 0.93 |36.3 20.0 | 18.5 489 | 256 - | 40.3
* From other reactions. *% For cyclohexane
3 . position of the atoms surrounding the active centre should also be taken

into consideration. Thus, in the case of chromia @k decreases markedly
. . with the increasing valence of-chromium 1). The influence of the environs
o {(particularly those dependent on method of preparation) is described 1) vy
J . the sublimation term . In a few cases the apparent ¢ were used instead of
_ ‘ . the true ones, but that was of no-considerable effect 1) upon the values @ AK
- found, because in these cases the extent of the reaction never exceeded
15-20%. . .
2. Let us begin the discussion of table 1 with the rare earths, for which
most instructive results were obtained. As it is-well known, the lanthanides
- - comprise a series of 14 elements in which the 4f-shell is gradually filled up.
" The change of the atomic number 7 causes a consequent change of their
various properties in two limiting types, i.e. the monotonous one (effected
by the increasing nuclear charge) and the periodical one (due to particular
'* . stability of the configurations of 0; T and 14f-electrons}. ,
' " Contrary to incomplete data of earlier authors, we found that catalytic
- - properties of the rare earths differ considerably. Their values Qug, CK
B ~.and Qo differ too (cf. table 1).
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Flg 1. Dependence of the bond energles and Qpk.

_ - in cal, and of the magnetic moment, u, in Bo s
magnetons, on the atomic number = of the rare
earﬂ; element.

The energ1es of the bonds with the catalysts proved to be a periodical
. function of z. The values QHK and @ gk change 5) ina parallel way with the
C *  effective magnetic moment p in which the periodical properties of the ele- .
ments are expressed most evidently (fig. 1, p in Bohr's magnetons). The
) "~ lower exactitude of the relationship for Qo is probably caused by its known
‘. " -~ greater sensitiveness to foreign influence. The bond energy @ck varies in-
versely with u (fig. 2).
The activation energy of the dehydrogenatlon of propanol-2, €9, also
varies periodically and inversely with u (fig. 2). In contrast w1th this fact
Vo ~ the energy of activation of the dehydrogenation of tetralin, €1, variesina
3 © different way, almost monotonously, in parallel with the ionic radii (fig. 3).
S " At the same time the activation energy of dehydration of alcohol, €3, is
. practically constant; it decréases gradually from 28 (for La203) to 25.1 cal
" (for YbgOg), with but few deviations (table 1).
- The regularities found show that the bond energies (which depend upon
'the electronic structure) are more primary properties for catalysis than
“the actlvation energles Indeed all the three values QBK, QCK and QoK
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Fig. 2. Dependence of the bond energy Qck, in cal, and
the activation energy of the dehydrogenation of
propanol-2, €,, in cal/mole, and of the mag-

netic moment ¢, in Bohr's magnetons, on the
atomic nnmber n of the rare earth element.
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' Fig 3. Dependence of the activation energy of the dehydration

* of tetralin, €, in cal/mole, and of the metal ion radius,
r, in A, on the atomic number, n.
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vary periodically and are distinctly either parallel or inverse with one and
the same value, u, whereas €j varies monotonously, €9 varies periodically
and € 3 is constant. -
It is of interest to discuss the results from the structural standpoint
. too. An approximately linear relationship has been observed between €9 for
the rare earths of the structure DS3 and their lattice parameter a (fig. 4).

,Mm&

51

47t

- 7 m s ) . 7 10 rigj
" Fig. 4. Relationship between the activation energy of the dehydrogenation .
' of tetralin, ¢y, cal/mole, and the constant of the crystal lattice
r o - of the rare earths, a, in

’

. _ The curve in fig. 4 is analogous to fig. 3 in 2) which is illustrated the linear
S " relationship between €3 and the distance Me-Me on Co, Ni, Cu, Pd, Agand
: Pt 2) (now amplified by the data for Re and Ru). Both cases, those of the
s . rare earths and the transition metals, are explained by the pr1nc1p1e of con-
L ' servation of the valence angle.
‘ The regulantles found are important for the multiplet theory. They
substantiate the energetical equations of the latter, since the parallelism
of QoK with u shows that QA has a real physical meaning. On the other
" hand it confirms the principle of conservation of the valence angle based .
: on this theory. The results are likewise of importance for the electronic
4 2 theory of catalysis from the standpoint of which the role of the d-shells and
E - - the relationship between catalysis and the properties of transition metals
o . were frequently discussed.
" Thus the effect of the change in the electronic structure on catalysis
. discussed in the electronic theory is due to the resulting change in the
e , 'energy of the bonds wi_th the catalyst discussed by the multiplet theory.
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| By the way scandia has Qmk and @k values in proximity with those of
yttria. Since yttria is usually discussed in common with the rare earths,
the fact we found is in favour of the inclusion of scandia into the same
group.

3. From the data obtained it follows that the catalytlca.lly active centres
of the oxides consist mainly of metal atoms and not of oxygen ones. This is
evidenced by the following facts:

(i) The @ Ak observed for metals and for oxides have the same order of

’ magnitude; thus @k, @ck and @y for nickel 1) are equal to 55; 14 * and
! 48.5, and for chromia 61.0; 22.5 and 48.8 cal.

. _ (ii) In catalysis of alcohols it is unlikely that the oxygen atom is bound
to the oxygen of the oxide because the formation of a peroxide is chemically
impossible under the condition. The energy of the O-O bond is about 35 cal,
whereas the observed QOK are higher, sometimes above 60 cal (table 1).

(iii) If the hydrogen or carbon atoms of the molecule were bound to
oxygen atoms of the oxide, Qg should not change considerably when one
oxide is substituted for another. However Qg varies within wide limits,
i.e. from 72.0 for praseodymia to 29.8 cal for zirconia (cf. table 1). .

(iv) I hydrogen and carbon were bound to the oxygen atoms of the oxide,
a considerable variation in Q o x might be expected if a sulfide instead of an

. oxide of the same metal should be used as a catalyst. However there is little

. difference between the actually observed values Qg for oxides and sulfides,
: e.g. for MoO3_, and MoSy we have obtained: QK 61.8 and 60.3; Qck 27.7

" and 26.8; Qok 42.9 and 59.5 cal and similarly for WO3.x and WSz QYK
' 57.0 and 58.0; Qck 29.6 and 26.8; Q@K 61.3 and 54.2 cal respectively.
(v) For the rare earths the vaIues @yK and Qok change parallely with
i of the metal ion and the values Qg inversely with pu (cf. above). Hence
it follows that the nature of the metal plays a decisive role.
If the oxygen atoms are also a part of the complex active centre, then
their influence can not be decisive, as it is seen from the facts mentioned

¢ - above.

g ' Further consequences follow from the conclusion that the reacting

Ty atoms are bound mainly with metal atoms of the oxide catalyst. From this

one can expect that there exists a parallelism between the energies of the

4 bonds of the oxygen of the reacting molecule with the oxide. catalyst surface,

. Qe O measured by the kinetic method (table 1), on the one hand, and the

_ energies of the bonds of the metal with oxygen, found thermochemically,
Qp~Me, on the other. In part, Q and QG._pe Are measures of one
and the same property, namely the ai?fmﬁlr of the metael to oxygen, but one
value refers to the surface and the other one to the bulk on the oxide, and
therefore they must dﬁfer only by the sublimation term X.

In fig. 5 a plot of Q and 9g._pe 2ginst 7 is given. The ex-
pected general parallehsml\%eqoeen these curves is really observed 7).

* n this report the values Qck are always by 8.3 cal greater than in 1,2), because
of a new value for the heat olé atomization of carbon recently estabhshed 3)  This

" does not affect E in the eq. (1) and (3) because in their left and right hand pa.rts
the corrections are identical and cancel out.
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- Fig. 5. Dependence of the bond energies Q%-Menom and Q%-Me on the atomic num-
ber, n, of the metal in the oxide.

Such a parallelism primarily shows that in catalysis the atoms of the react-
ing species are adsorbed on the metal and not on the oxygen atoms. It shows
secondly that @35. enO is a periodic function of the atomic number since,
" as it is known, QA e 152 periodic function ofn. K . _
‘- -. In{fig. 5 the urvé for QB_ o Tuns above that for @ 5_MeynOm and there
. ) exist some deviations from the complete parallelism, outside the limits of
. . experimental error. This is due to the influence of the correction sublima-
' . . tion term X; one might not expect complete constancy of the latter for the
- different catalysts investigated in spite of the identical method of their prep-

- . _ aration. Therefore the fact of such discrepancies is alsoina qualitative ac-
. “  cordance with the multiplet theory.
e .. b C - . L - . -~ LY
f‘ ,i" " ".l'-- -:- e - e ' '1“.‘ . 7“' .ol e ' - P e et e . P ;;-:‘L‘.;‘-\.-.._,"
3 -
R
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o .-f:“ o :;;1‘ LT R W @0, % o M X 0, w
SRR SPI T XYM In YM . lafrSnDy VB W U n
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A “ T ERTL T ‘ -~ Fig. 6. Dependence of the bond energy Qck. cal, on the
AT ST A "jonic radius of the metal, », in A.
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'4. It has been further found 4), that the values @~ for the oxide cat-
alyst vary with n inversely to the ionic radius » of the metal of the oxide

(fig. 6). For QK and Qpk there exists a similar dependence, but it is not
so well expressed.

As regards €1 and € 5 as a function of n, they change in the range from
n = 4 ton = 92 (with some data lacking) almost in parallel 4) with the ionic
-radius, for the case of catalysts of an identical method of preparation. This
can be seen for instance in fig. 7, where €1 is the activation energy of the
s dehydrogenation of cyclohexane (from our data and from paper 8)), and in
- fig. 8, where € g is the activation energy of dehydration of propanol-2.
yo. . , £, : :
i - ul
‘ [ 2

4

1@

0w % 40 5_0. K 70 & W
no- Mo Lafr3m ™
Cavmn Co Mo
. Fig. 7. Dependence of the activation energy of cyclohexane, €1,
_cal/mole, and of the ionic radius of the metal in the oxide,

7, in 3, on thé atomic number, n, of the metal in the
oxide. '

n ud

,-_-“..L .. A 0 W w0 w0 wm

- , B WE T SVE G Y M Lof 5m Tii b Ta T 7 C
- CeNd6d HoTu W
Fig' 8 Dependence of the activation energy of dehydratlon of
propanol-2, ¢4, cal/mole, and of the ionic radius of
the metal in the oxide, r, in K, on the atomic number
of the metal n.
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The interesting relationships found evidence agaih‘that the energetical
and structural factors in catalysis play an important role and that they are
closely interconnected. .
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} SOME DATA ON THE CORRELATION OF ADSORPTION
T PROPERTIES AND CATALYTIC ACTIVITY

/1

s P.TETENYI, L. BABERNICS, L.GUCZI and K. SCEACHTER

. National Atomic Energy Commission, Institute of
. Isotopes, Budapest, Hungary

L‘ ) o Abstract: The adsorption of hydrogen, cyclohexane, benzene, isopropanol and
. _ acetone was investigated by the kinetically on the catalytically active part of the
¥ : pickel surface. It was stated, that the catalytically active part of the surface is

characterized by mean adsorption of hydrogen, and weak adsorption of the other
substrates. There were determined the energy of activation values of cyclo- '
) hexane and isopropanol dehydrogenation and tert-butyl alcohol dehydration on
i ) - gix, differently prepared nickel catalysts. From the energy activation of values
the bond strengths of H, C and O with the nickel surface were calculated. The
obtained data supports the above mentioned conclusion on the character. of ad-
' - sorption as taking place on the catalytic surface. On the basis of the bond
‘ strength values a further suggestion can be made, that the catalytic reactions
ngelect" the most appropriate part of the surface. This result was supported
by the experiments on hydrogenation of ethylene in the presence of preadsorbed

e

hydrogen.

1. INTRODUCTION | S

pe

" The correlation of adsorption and catalytic properties is one of the
‘most important questions for the theory of catalysis. According to the
first view the better the adsorption properties, the higher the activity of
the catalysts. The great effect of the previous history of the catalyst on its

SR catalytic activity is explained by the followers of the chemical theory of
,}’ - catalvsis from this point of view 1). This is true, however, only of the
3 . " total activity depending on the surface area of the catalysts, but the relation

1 . .hetween the adsorption capacity and the activation energy is more complicat-
. ed. This is shown in the work by Beeck and his coworkers 2), who establish-
L W ed, that the smaller the absolute value of the adsorption heat of hydrogen . o
f Lo and ethylene, the higher the rate constant of hydrogenation of ethylene on
several metal films. Balandin came to the conclusion, that both the too
) - strong adsorption and the too weak one are disadvantageous with respect to
I T catalytic activity, and that there is an optimum bond of adsorption for the
‘ 1+~ catalytic reactions 3). I is rather difficult to clear up this problem, be-
. -cause there are no data to state surely the character of adsorption taking
place on the catalytically active part of the surface, considering that the
adsorption taking place on the whole surface of the catalyst may not be iden-
tified with that taking place on the part of surface which is active in the
$ -. catalytic reaction. - B S R
}- . . To study the problems mentioned above the adsorption of hydrogen as

LI
¥
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well as the kinetics of dehydrogenation of cyclohexane and isopropanol, hy-
. drogenation of ethylene and the dehydration of tert-butyl alcohol were in--
' vestigated over Ni catalyst. :

2. EXPERIMENTAL

The adsorption of hydrogen was measured ina BET volumetric appa-
ratus 4), the kinetics of dehydrogenation and dehydration were investi-
s ' gated in a flow-system reactor 9), the hydrogenation of ethylene ina cir-~
- culating apparatus. ' i o _ '
I The measurements were carried out over metal nickel catalysts pre-
< " pared in several ways. .
‘ Catalyst no. .1. Ni(OH)g was precipitated from the solution of Ni(NO3)2
© 7. with NH4OH and this was decomposed in air and Hp stream
' _ at 400°C. ' ’ ,
_ Catalyst no.. 2. Ni(NOg3) was decomposed in argon stream and reduced in
_ - Hog stream at 4000C. ' ‘
n " . Catalyst no. 3. NiCp0O4 was precipitated from. solution of NiSO4 with am-
o monium oxalate and it was reduced in Hy stream at 4000C.
~ Catalyst no. 4. Raney nickel. : . ' BT
o Catalyst no. 5. Nickel formiate was decomposed at 400°C in Hg stream. -
BT Catalyst no. 6. Nickel carbonate was decomposed at 400°C in Hy stream.

~

‘3. .RESULTS AND DISCUSSION

= ll3.1.-Adsorption data obtained by the kinetic method

s . r A new form of Balandin's kinetic method 6) for determining the ad-

e “ . -+ sorption coefficients was developed, thereby rendering possible the deter--
ST T mination of the absolute value of adsorption coefficients for the participants
‘ o -of the catalytic processes. The data obtained by the kinetic method charac-
J.d077 7. terizethe adsorption of different substrates especially on the catalytically

. _active part.of the surface.

"J.- .. The kinetics of dehydrogenation of cyclohexane, as it was previously

SR S proved 7), in presence of additives, obeys the equation *

et R s IS10 SRS SR NN 7RYs I3 :
S e e e G o

7. - where w. is.the rate of reaction, &i, kh, kh are the rate constants of ad-
. e 'spr.ptio.ri of cyclohexane, of desorption of benzene and hydrogen respectively,
P .' e by is tt;é_ adsorption coefficient of the additive; vy and v; is the flow-rate of
© 4.7 77% 7. “cyclohexane and the additive, respectively. : . :
w4 Plotting 1/w against v;/vy it can be shown that eq. (1) defines a straight
220 fine with siope (1 + b)/kq, in the case of mixture cyclohexane-argon: 1/k1
L ;\g’s_'.t_han_'_ b; = 0. h C L : o

-

v

- g L. - - ) N _ S
P S i.. * To obtain' this equation no supposition as regards which of the elementary. reaction -
S ‘ S or. .., » steps is the rate-controlling one, was made. . _ :
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- Comparing the slope values obtained in two series of experiments the
adsorption coefficient of additives can be calculated. In this way the adsorp- :
- tion coefficients of benzene and hydrogen were determined over the catalyst . ‘
: . no. 1, the values of whicharegiven in table 1 together with adsorption heat '

j ) data calculated from these.
o S~ Table 1
3 .~ .. Adsorption data relating to the adsorption of hydrogen and
B o " benzene on sample no.1 (kinetic method) '
b, - - ~ = A T -
’ ‘S_ o | Substrate | ¢©C) | d(atm~l) | '8 H(keal/mole)
T ‘. | 218 0.87
o : ) ) ] 293 0.57
Te . B2} 50 [ oz |- 24.1
o S | 323 0.17 : .
e ;o 275 | 15.20. .
12 - _ 285 12.09 .
L - S| Cefls | 54 8.59 11.8
g T | 314 7.50 -
_ - -1 The kinetics of dehydrogenation of isopropanol in case of catalyst no. 1
f..: ..- = was previously studied by one of the authors-and Balandin 8). It was estab-
: . ' . lished, that the reaction obeys the - \ :
ke e ;,.;,-(bz ba),;_l Y. (bz b3 . 1’) o ]
£ - k=G n - 4 +—-1)x
N R AR . .-
. - - - ,.equation, where by, by, b3 are the adsorption.coefficients of isopropanol,
Lo acetone, hydrogen, respectively: k is the reaction rate constant; x is the
. f.-7 7., - quantity of isopropanol reacting during a time-unit. |
e T The values of relative adsorption coefficients in equation (2) can be
= e _determined 9) by comparing the rate of the bimry mixture with additives
. % .+ .. Dby the aid of the equation ) :
j;-- E I __-' . — - . :‘ it__ ("i-/,"o) -1 ,’ : L . .
O ' S 5  (100/p)--1 eI (.)
"..  -wherep isthe concentration of alcohol in the mixture expressed in mol%.
5 * - Table 2 contains the relative adsorption coefficients of hydrogen,
Yo .~ acetone, benzene, cyciohexane, isopropanol determined by the dehydrogen~- _
- . ation rate of the differert binary mixtures in the way mentioned above.
"~ .Comparing the values of table 1 and 2 the data for the adsorption of iso- _
-~ "t propanol, acetone and cyclohexane can be calculated and are collected in
;. table 3. C , T . o -
.. " . These data can be said to be quite reasonable when compared with those
_-.in the literature. The values of the heat of adsorption of hydrogen is of the =~

same magnitude as that determined from the isosteric heat of adsorption
" . over the same catalyst (tablé 4). The values of the heats of adsorption of
°.7". isopropanol and acetone fall close to those determined by Gale et al. 10)

. 4“_- ‘-“ L - - - - . - - .
R - T T -~ . CR. - _—— a " - . PERE S L. . LT

-
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Table 2
Relative adsorption coefficients of hydrogen, acetone, benzene and
- cyclohexane to isopropanol. Sample no.1 (kinetic method) .
) b AH{-0H
i 1
Substrate OO | Br | pud e 3
index i: Hy 172 | 0.39
o] 184 fo2s) o
index 1: 1-C3HqOH | 197 | 0.16 :
. - 206 | 0.11
$ . . ;
o ' SR index i: CgHgO 166 | 1.51 [
T ' S 182 | 1.35 _ 34
A ‘. . | index 1. i~CgH7OH | 198 | 1.16 '
' ’ ' 209 1.00
C- .} index {: CgHg 170 | 0.96
r , : o 180 | 0.85} _
S index 1: 1-03H7OH 191 1.06
; : B ‘ _ 1 210 | 0.97
3 - ihdex i: CgHyg | 161 | 0.18 ’
- ) s 170 | 0.24
A ) - index 1: C3H,OH 178 0.26 - 7.8
- ‘ - 188 0.32
'_ S ) 207. | 0.43
S - L Table 3 :
L. co Data relating to the adsorption of the different substrates
A S onsampleno 1, ¢ =2500C (kinetic method)
S -1 |
IR | lsubstrate b(atm } VAH 01. AG(mole) AS (e.u.)
T T TTRITLOY T Ty T sae | 244 ~1450 -43.3 : )
T T | CGHG 25.5 : 11.8 -2560 -17.8
e oL Ce CgHio 106.9 1.8 ~4850 5.8
A L | i—C3H7OH 124.7 9.6 -5000 - 8.8
DR ST . I T CgHgO 89.8 13.3 -4680 -16.5
1 ‘_'. o - L - - Tab1e4 .
B 1 The rate constants of ethylene hydrogenation (k') and the adsorption coefficient of
T ' _hydrogen (sz) at different quantities of preadsorbed hydrogen Sample no.1, ¢t = 0°C.
| ' ) : VH - :
. . : o o 2 1 ' -1 3 -1
.7 io7 o7 P mintegT kmin™ | by, 10 Torr™
el R S X 371 - 100 B E g
TN e e s 045 | 2.140 32 . , s T
o - 054 - -] 1.800 - 19 . N ' )
B ! R X1 0451 |- 13 . L
‘ TR 0.67 ceme2 | . 11 T L.
b [ 0.80 0.115 7.8 T L
." ] oL . '_-"IT..j,-, .‘:?."ﬁ i ) ,~,_' . _':'.' X ‘,._ By . o e
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in the case of NiO and that of benzene to that found by Rubinstein et al. 11)
over alumina silicate catalyst. The value of the heat of adsorption for cyclo-
hexane is lower than that determined by Rubinstein 12), moreover, it is
lower than the heat of condensation of cyclohexane. Presumably this is in

- connection with the fact that, in case of Ni catalyst a dissociative, probably

endothermic adsorption, takes place to some extent at lower temperatures,
as has been confirmed by Galvey and Kemball 13 , while Rubinstein observ-
ed the change in character of the adsorption over alumina-silicate catalyst
only at higher temperatures which seems to be quite reasonable.

By an investigation of the obtained absorption heat data it can be con-
cluded that it is only in the case of hydrogen when "classical' chemisorp-
tion on the catalytically active part of the surface is taking place. The
isosteric heat values for hydrogen adsorption vary as a function of conver-
age from 32.4 to 8.1 kcal/mole. Hence it can be seen, that the catalytically
active part of the surface is not the most active one from the point of view
of adsorption. This conclusion is especially supported by the data referring
to the adsorption of benzene, isopropanol and acetone, from which it is
clear that these substances are submitted to a physical adsorption and/or to
a weak chemisorptionasaresult of which a mobile adsorption layer is form-
ed as it is shown by the values of entropy of adsorption. Therefore, catalysis
is not characterized by the strongest possible adsorption of the participants
and, from the point of view of catalysis it is not the most active of the sur-
faces which is the most favourable one. : :

This statement is also confirmed by the investigations on the hydrogen-

. ation of ethylene carried out over catalyst no. 1. Under the given circum-

stances the rate of reaction proved to.be of first order with respect to the
pressure of hydrogen and independent of the pressure of ethylene, and so
the measured rate constant represents the multiplication of the true rate
constant and the adsorption coefficient of hydrogen _

- . k! =ka2 ) (4)

It was studied further to see how the rate-constant values of this reaction

were influenced by the quantity of preadsorbed hydrogen. Table 4 sum-~
marizes the overall rate constant values, %', in the case of different quan-
tities of preadsorbed hydrogen, as well asthe values of bH'z calculated by —
the Freundlich equation from the adsorption isotherm of hydrogen. The
results are shown graphically in fig. 1.
It can be seen that the values of both the overall rate constants and

the adsorption coefficients decrease with increasing quantity of preadsorb-
ed hydrogen. The shape of the two curves, however, is not the same. The
shape of the k' curve is not so steep as that for by, and it has several sec-
tions. Similar results were also obtained at two ot%er temperatures.

~ The difference between the shape of the curves of 2' and by, can be
explained supposing the preadsorbed hydrogen at lower coverage excludes
the sites having lower activity from the point of view of catalysis. So it is
clear and explaimble only by the initial increasing of kvalues that the 2’
values representing the multiplication of 2and by, decrease in a smaller

e degree at-the beginning than the bHZ values. The break of the curve, and

e

E—J s ' ; _ . . - - . ' o -~ o
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_ Fig. 1. Change of the overall rate constant,
_ ’ : T k', (full ring) and of the adsorption
coefficient of hydrogen, b, (open ring)
L e - - -as a function of the quantity of pread-
T . . sorbed hydrogen on the surface of Ni
catalyst no. 1.

the steeper decreasing of the %' values after this break point is likely in

’ connection with the fact that the preadsorbed hydrogen increasingly ex-

o . _cludes the parts of the surface having lower but optimum activity from the

- ~ point of view of catalysis and accordingly also the overall rate constant

2 . and the sz values decrease. The &' values at higher coverage are decreas-
ing to a smaller extent again and this fact is due likely to the phenomenon,
that the activity of sites changes only slightly with the coverage.

" The statement that the catalytic reactions studied do not all take place
“on the sites having optimum adsorption capacity, but rather on those having

t . smaller Activity and that the centres for the optimum adsorption and for

‘ : ) optimum catalytic activity do not coincide, seems to be supported by the
Y ) . experiments above

3.2. Inﬂuence of the ‘method of preparation on the catalytic activity

<. “ The statement, that it is not the most active part of the surface on
o - . which the catalytic reactions take place raises a question, i.e., is it pos-

sible to obtain and in what degree differences between the activation energy
g | ‘ of reactions taking place on catalysts which have the same composition but
' ’ - . wer€ prepared in different ways? It is reasonable to suppose that the sites
] o ‘with optimum activity are ""chosen" by the catalytic reaction and for the

ca e same reaction the same activation energy is expected.

I To study this problem the activity of six nickel catalysts prepared in
different ways were investigated. Three reactions-were used to measure i

; - .. 7 the activity of catalysts: Dehydrogenation of cyclohexane and isopropanol .
RS Qand dehydration of tert-butyl alcohol. The kinetics of the dehydrogenation

. -
-
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reactions were studied on the basis of eqs. (1) and (2), the applicabilities of
which were verified by kinetic measurements of the catalysts prepared in
P - different ways. The calculation of the rate constant of dehydration of tert<
E ' butyl alcohol was performed

—

st . L k=m0 6
e - e v1-x ) : i
‘with the.aid of equatxon f5)
A D o The activation energy values are collected in table 5. Furthermore, in
R _ "“Table 5 - . o
B Tha activation energy values for dehydrogenation of cyclohexa.ne and :
*L 470 - isopropanoi and for dehydration of tert-butyl alcohol on the different
_ _ ' » nickel catalysts in kcal/mole unit. )
. - . - .+ .| sample | CgHyp |i-CaHiOH| t-C4HgOH
B e el T e e 22,9 |0 1005 21.7 -
' . 2 243 | - 1.8 29.2
-3 20,5 | 145 21.0 .
4 ] 18.2 9.0 22.2 - : _ . _
ETRUE SRR »l. 8- - 219 123 23.2 e e
. 6- '19.9 11.2 21.1 - ' o

_ ordevx" to opfairr r:h'ta‘.abo'ut the differences concerning the surface hetefogene- |
- ' ity, the hydrogen adsorption on the different samples was studied by the
. _ v_olumetric method. These data are summarized in table 6.

Table 6 S e

Hydrogen adsorption on different nickel catalysts -
o T investlg'a.ted by the BET method.
5. Y I S ’ Convera -

Sample Isotherm. : Vmax A g -AH kcid
} ° ) N ) - b - . ml NTP/g ,—‘Tmax } ) mO e .

3 1. Freundlich - 3.32 0.18 - 0.66 | 32.4 - 8.1

) 2 . Freundlich 2.34 0.06 - 0.26 | 20.7 - 8.6

Ateal ro-ls 8 | Langmuir P | 0.98 0.10 - 0:50 | 22.2 - 10.6

: - 4. Freundlich 4,92 0.08 - 0.33 | 36.7 ~ 16.8

5 ) 5 "Langmuir /P 2.28 0.08 - 042 | 16.7 - 14.2

e - |76 | Langmuir¥P | 110" |0.09-0.35 |27.0

. From the data of tdbles5and 6 it can be seen that there are considerable.

. differences both in the adsorption of hydrogen and the activation energy val-
ues of the reaction taking place over different catalysts. As in the 1nvest1-
gated reactions different combinations of the atoms C, H and O occur, .it
wa8 reasonable to determine the interaction characterized by the bond

, energy between the individual atoms and catalytic surface accéording to
Balandin's kinetic method 14) with regard to the bonds Ni-H, Ni-C and
Ni-O.(table 7). At the same time in this table the deviations between the

. va-lues' of bond energy mentioued above and the thermochemical ones are

A O Y i - . S .. L . . X - D
o ._.,_, N AT i L - . .- ~ e
> . ; .
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Table 7
The strength of chemical bonds between the catalytic
_suriace and H, C, O atoms (in kcal urnits)

Sample | Quni | Muni | QoNi | Moni | Qoni | PoNi | ZAxNi
1 618 | 6.8 | 185 | 75 | 501 | 2.6 | 16.9

2 662 | 112 | 86 | 2.6 | 506 | 2.1 | 159
3 564 | 14 | 145 | 85 | 545 | .6.0 | 159
4 647 | 9.7 | 137 | 7.7 | 461 | -24 | 150
5 620 | 7.0 | 143 | 83 | 468 | -1.7 | 138
6 620 | 7.0 | 153 | 9.3 | 470 |.-15 | 148

summarized, characterizing the effect of the nature of the surface, which
for the bond energy according to Balandin is,

@xK = QXK * *XK ©)
where Qyy represents the surface bond strangth value; @Oy represents
that in the bulk phase; Axy the so-called sublimation factor representing
the effect of surface atoms on the bond strength. )

From the data of table 7 it can be seen that though the single values of
Q xNj and Axyj measured over different catalysts differ considerably, the
sum of Ay values shows only small deviation, i.e., the changes in the
bond strength values compensate each other.

The appearance of this compensation confirms the fact that really the
most favourable interval is chosen by the reaction because the sum of .
-deviations from the bond energy in the bulk phase are the same with respect
to all the catalysts. The selection, however, has a limit as for different
atoms the sites of different activity have an optimum. As a consequence of

* this for some of the atoms the part of the surfaces on which the reaction
takes place really differs from the optimum to some extent. Since the
energy of activation for different reactions is given by various combinations
of the bonding energy of HNi, ONi and CNi, so the values of energy of ac- .

" tivation differ from each other for different catalysts.

Summarizing our investigations it can be stated that the reactions in-
vestigated above take place over that part of the surface which is less active
from the point of view of adsorption, and the catalytically active surface is.
characterized by a weak adsorption of the participants. The method of pre-
paration of catalysts influences the energy of activation of reactions and the
bond energies of atoms taking part in the reaction, but the values of Za

XNi

- characterizing the activity of different catalysts from the energetical point

of view change to 2 smaller degree which confirms the supposition, that the
reaction selects the optimum interval on the surface.

1) G.K. Boreskov, Heterogeneous Catalysis in the Chemical Industry, Goschimizdat,
- (Moscow, 1955). . :
-~ 2) 0.Beeck, Mod. Rev. Physies, 17 (1945) 61; Disc. Faraday Soc. 8 (1950) 118.

"~ 7 .- 3) A.A Balandin, Adv. in Catalysis 10 (1958) 96.
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- .- THE.INVESTIGATION ON INTERMEDIATE SURFACE
.. .~ ~-COMPOUNDS OCCURING IN ELEMENTARY STAGES
S . OF HETEROGENEOTUS CATALYTIC REACTIONS

S T _ " $.L.KIPERMAN | | |
Ire., . T The N.D.Zelinski Institute for Organic Chemistry, . i
'.!};..'1_ - . . . the Academy of Sciences of the USSR, Moscow, USSR ’

i -

- i T N . 4

o ' Abstract: Adsorption-chemical equilibria, para-ortho hydrogen conversion and
. non-gradient reaction kinetics method have been used in obtaining characteristic

N . information on intermediate surface compounds, and in determining the effects

.. .. * - of these on thie.mechanisms of heterogeneous catalytic reactions. Data have been

obtained on the surfacé compounds on nickel catalysts with oxygen or carbon and . ‘

- - _--on those yielded by chemisorption of cyclohexane on nickel, as well as on the

b - nature of catalytic centres on the surfaces of some synthetic polymers. The na- !

] et .- .. . ture of the surface intermediates formed by some reactions and the mechanisms

. ~ of the latter are discussed. The optimum stability of the surface compounds and

B * the problem of-the optimum catalyst are considered.

D R .
g i - P e e S

. .

" . 1. INTRODUCTION -~ . . - I B
. _+ . The regularities of heterogeneous catalytic reactions essentially depend
el Tlon the type, nature and stability of the surface intermediates formed at
) Lo IR _-_elementary reaction steps. The specific features of reactions in real ad-
A~~~ .~ 7 sorption layers 1), in particilar, the effect of an energetically heterogene-
.. .- -ous surface which predomimates in a number of cases should be allowed for
" * in investigating these kinds of compounds. o S
© = "As the same substance may yield different surface compounds, predo-
-minance of the desired reaction route will be a function of optimal stability
~ . of the respective compound. The rate of reaction appears to be maximum®
<o for surface compounds of medium stability ensuring sufficiently fast forma-
= .. _ tionand decomposition of these. ' '
N A Therefore estimation of the stability of intermediates on various sites
4 - .+ of the catalyst surface is of great importance in understanding the reaction
1. .-* - . mechanisms. The best way to achieve it at present would be combined
{<* .-." ‘determination of thermodynamic functions of the surface layer formed in
-~ -~ " the course of reaction, and kinetic studies, as well as the investigations of
- .. . physical properties. S ' : )
.~ The work from Professor Balandin's laboratory was concerned with the -
" character and the stability of intermediate surface compounds. The para-
- ortho hydrogen conversion was used under various conditions, as well as
- . "“the method of adsorption-chemical equilibria and the kinetic non-gradient
-~~~ methods. T S '

- .
-~
-~
-~
.

- ~. .
- _— - T S R I L T
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aluminium fluoroborate solution 1-3). In the temperature range 250 - 5000C
alkylphenols with an alkylgroup higher than methyl undergo dealkylation,
‘ isomerisation, and to some extent also disproportionation.

! | _ 0}-1 - OH

| @Cigz @*Cﬁfc/ ) Cw
N~ end - “gr2 o

* i The values listed in table 1 show that the reactivity decreases in the
_ order ortho, meta, para. The rate of dealkylation is greater with the propyl
% " group than with the ethyl group but further lengthening of the chain has no
, more effect. A very strong influence on the reactivity of alkylphenols is
- exercised by the branching of the alkyl group. This effect is particularly
marked with ortho-substituted alkylphenols, most extremely in the case of
2-tert-butylphenol. Equality of the reactivities of 4-isopropylphenol with.
4 -tert-butylphenol is somewhat surprising.
] : . . Table 1
. ' ) - Dealkylation of alkylphenols on aluminium
| : fluoborate catalyst 1.2),
i - Alkylpheno! Acltgzgc};%rﬁrgy ‘ kre] for 450°C
2-ethylphenol - 24.0 6.6
- | 3-ethylphenol 22.7 3.0
;. e _ 4-ethylphenol . 243 1.0 -
' o . ) 2-propylphenol -~ 28.8 Y 15.1
-. .77 | 4&-propylphenol - 29.8 2.0
- 2-_isopropy1phenol 22 .4 . 456
4-isopropylphenol 27.8 100
_ 2-butylphenol 26.6 15.1
S s | 3-butylphenol .- . 40
- _— . | 2=tert-butylphenol 27.9 33000
4-tert-butylphenol 25.8 100

£

The results concerning the dialkylphenols are summarized in tables 2
and 3. The methyl group constitutes in these compounds a substituent non-
reactive under conditions used. The presence of a third substituent (methyl
or. hydroxyl) on the benzene nucleus decreases in all cases the reaction rate.

 On a nickel catalyst promoted with aluminium oxide 6,7) and in the
presence of hydrogen, the alkylphenols undergo hydrogenolytic cleavage of
the alkyl group (reaction (2)). The rates of this reaction are also dependent
- .on the. structure of the alkyl group and on its position in respect to the hy-
.droxyl group 5). The representative values are listed in table 4. It is evident
.-, - that again the order of reactivity is ortho, meta, para. For the three mem-
pers of the homologous series the rate of hydrogenolysis decreases rapidly
. with the number of carbon atoms of the alkyl group; with further members
_ the decrease in rate is only negligible. The branching of the side chain also
% .- lowers the reactivity but to a small extent. Both these factors (i.e., length
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3
Table 2
Dealkylation of some dialkylphenols on aluminium
fluoborate catalyst 3).
Compound kyel | Ratio )
. . 12-tert-butylphenol * 2180 1,0
. - |2-tert-butyl-4-methylphenol * | 1530 0.7
B " |2-isopropylphenol * 30 1.0
. 2-isopropyl-5-methylphenol * 12 0.4
] 2-propylphenol ** . 1 1.0
i 3 2-propyl-4-methylphenol ** 05| 0.5
! * At 2500C, ' -
: - ** At 400°C.
|
b -
E Table 3
Effect of the methyl or hydroxyl group on the overall reactnnty
of the ethyl group on an acidic catalyst at 400°C 3),
‘ .
: . Compound . krel
t . 2-ethylphenol i
. L 2-ethyl-4-methylphenol 0.86
i . - 2-ethyl-5-methyiphenol 0.84
2-ethyl-6-methylphenol 0.78
2-ethyl-3-hydroxyphenol 0.56
2-ethyl-4-hydroxyphenol 0.35
) Table 4 ' N
_ Hydrogenolysis of alkylphenols on Ni-AlgOg catalyst ’
e L 7 - at3sooC 9,
{ﬁ ‘ Compound Relative reaction rate
A
. ’ . 2-methylphenol 1.0
y 2-ethylphenol 0.52
2-propylphenol 0.22
LI 2-isapropylphenol 0.19
2-butylphenol 0.23
2-sec~butylphenol 0.19
2-tert-butylphenol 0.14
2-methylphenol 1.0°
s N 3-methylphenol 0.31
. . - 4-methylphenol 0.0
: '1 of cham and branchmg) operate reversely than in dealkylation on the ac1d1c
7 - - - catalyst. Here it is worthwhile to point out the characteristic feature of this
hydrogenolytic dealkylation, sraely that the fission occurs between all car-
- bon atoms of the alkyl grouy and not only between this group and the aroma-
L\‘. tic nucleus ) . ] .
{ < . L . B E P ‘-’.:: - -;7 ) Loe, "'.,‘;----' -. o . r;.—.‘
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op op |
Q[‘R + Hz—-©|+ RH. (2)

In the case of dialkylphenols it has been established (table 5) that the
_ introduction of a further alkyl group has practically no influence on the rate -
1 - irrespective of whether this second alkyl group is methyl or ethyl, and whe-
g ther it is in meta or para position to the reacting group. However, if this
group is in the ortho position the rate is rather strongly diminished.

: Table 5 )
Hydrogenolysis of o-methyl group in dxalkylphenols
on Ni-AlgOg catalyst at 3500C 4).

~ Compound , Relative reaction rate

2-methylphenol

1
2,4-dimethylphenol 1.16
1 2,5-dimethylphenol 1.19
2,6~-dimethylphenol 1.31
2,3-dimethylphenol 0.22
1 .2-methyl-4-ethylphenol 1.14
- - * | 2-methyl-6-ethylphenol 1.08
: Table 6
Dehydration of secondary alcohols over y-alumina 5),
o ) Com 3 . | Activation energy | . ¢ .. 9p00C
A . P p (keal/mol) “rel
Héptanol - (4) 1.0 - 33
. 2-methylhexanol - (3) . 1.0 34 .
A ~.]2,4-dimethylpentanol ~ (3) 1.3 32
- ’ Cyclopentanol 1.9 36
_ : : ‘Cyclohexanol 1.0 35
s : D Cycloheptanol 2.3 35
Cyclooctanol - 8.6 -
2,2-dimethylcyclohexanol . 0.9 34
. trans-z-methylcyclohexé.nol 1.8 44
trans-4-methylcyclohexanol 1.9 38
trans -4-tert-butylcyclohexanol 2.1 38
| cis-2-methyleyclohexanol 12.1 21
. tcis-2-tert-butylcyclohexanol 40.3 19
- cis_—4-tertfbutylcyclohexanol 13.6 27.

. Further correlation between structure and reactivity was obtained in
! the study of dehydration of aliphatic and cyclic secondary alcohols on
aluminium oxide (reaction (3)). It has been ascertained that with aliphatic
alcohols {table 6) the branchmg of the chain in the neighbourhood of the
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carbon bearing the hydroxyl group does not markedly affect the rate or the
- value of the activation energy.

Rl Rl -
ScHoH . “cH '
I —_— 0 + HoO (3)
/CH - C
R2” \Rgr3 R2” g3 .
o ‘ A more marked dependency of reaction rates may be observed with the
ring size of simple secondary cyclic alcohols. However, the values of the
. X activation energies are practically the same for all members of this group
\ } _ : and differ only slightly from those for the aliphatic alcohols. From com-

1 parison of the value for cyclohexanol and its 2,2-dimethyl derivative it is

- evident that the presence of quarternary carbon atom diminishes the reac-
tivity only slightly. Larger differences in reaction rates and activation
energies were found among stereoisomeric alkylcyclohexanols. Table 6
shows that on the average the activation energies of the cis-isomers are
substantially lower than that of the trans-isomers. For the aliphatic and
simple cyclic alcohols this quantity has values between those for the alkyl-
cyclohexanol sterecisomers. In the series of the trans-alkylcyclohexanols
no effect of the alkyl-group structure on the rate has been detected whereas
_ the opposite has been observed for the cis-compounds. We assume there-
- . . fore that different reaction mechanisms of water elimination from these two

types.of compounds are operating.

3. DISCUSSION o -

f In discussing the effect of structure on reactlon rate 1t is convement to
’Jt - consider separately the electronic and steric factors. From current expe-

rience with transformations of the type studied we could expect to find elec-
.70 tronic effects on rate to be specially marked in these cases:

In dealkylation of alkylphenols on the acidic catalyst, the reaction rate
should increase with the length and with the branching of the alkyl group,
electropositive substituents on the benzene nucleus should decrease the
‘ o . rate, electronegative should increase it, and o- and p-alkylphenols should

| _eliminate the alkyl group faster than m-derivatives. In hydrogenolysis of
the alkylphenols a.second alkyl group in dialkylphenols should influence the
reaction rate of the o-alkyl group and the effect should depend on its posi-
tion-in respect of the reaction centre. In dehydration of secondary alcohols
‘the exchange of the propyl group for the isopropyl group in dialkylearbinols
(heptanols) should influence the rate of the elimination of water, and the
rate of dehydratlon of cyclohexanol and 2,2- dxmethylcyclohexanol should
differ.
As the results in tables 1 - 6 show of these predicted effects only the
_increase of the reaction rate with length and branching of the alkyl group
- was experlmentally confirmed. The same reactivity of the isopropyl and
- tert-butyl group in the para position is at present difficult to explain. How-
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_ever, Rase and Kirk 8) have observed the same phenomenon in dealkylation
- of alkylbenzenes on an alumosilicate catalyst. 7
- In all other cases the electronic effects of the structure were feeble or
‘ indistinguishable. Of special interest is the fact that in no case the transfer
~of the electronic charge through the aromatic system was observed. This
indicates that in the reactions studied the aromatic character of the com-
pounds was probably disturbed by chemisorption.
This absence of electronic effects could be explained in various ways.
We suppose that in most cases it is due to predomination of steric effects.
The important role which the steric effects play in the reactions studied is
§ clearly seen from these findings: The reactivity of the ortho derivatives is -
e much higher than that of meta or para isomers both in transformations of
' alkylphenols on the acidic and on the metallic catalysts. Extremely high
reactivity of 2-tert-butylphenol in acid-catalysed dealkylation is evidently
due to a combination of this ortho-effect and steric acceleration by the bulky
group. The decrease of the rate of hydrogenolysis of 2,3-dialkylphenols in
comparison to 2,4- and 2,5-isomers can be explained only as a steric hind-
3 : rance. The rapid decrease in the hydrogenolysis rate in the series of
3 o-alkylphenols with increasing number of carbon atoms in the chain is very
probably caused also by steric hindrance. In the dehydration of cyclic alco-
hols the influence of the ring size conforms with generally accepted explana-
"tion which is based on steric considerations. The steric requirements of the
~ dehydration on the solid catalyst are probably so strict that they lead to dif-
ferent mechanisms of the reactions of cis- and trans- -alkyleyclohexanols.
The predominance of steric effects in heterogeneous catalytic reactions
can be deduced also from the work of other authors. In this respect most
complete data are those concerning hydrogenation of aromatic. compounds on
metallic catalysts as published by Lozovoj and Djakova 9), Wauquier and
Jungers 10}, and mainly by Smith et al. 11-18). The order of reactivities
- . found can be explamed as mcreasmg steric hindrance with increasing num-
- - - ! ber of alkyl groups. In this way one may also understand why the reactivity
)t of the ortho isomers is lower than that of meta and para compounds.
- - Fromi the facts described here it appears that one of the main factors
§ ~ affecting the reactivity of organic compounds in heterogeneous catalytic
- reactions is the steric arrangement of the reacting rnolecule especially of
the chemisorbed species. -
It is clear that from so limited a number. of experimental findings it is
not possible to draw final conclusions. Further work is necessary and it is
- hoped that it may bring deeper understanding of the heterogeneous catalysts.

-
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EFFECTS OF STRUCTURE CON RATE IN REACTIONS
OF ORGANIC COMPOUNDS OVER SOLID CATALYSTS

M.KRAUS, K. KOCHLOEFL, L. BERANEK and V. BAZANT

. Institute of Chemical Process Fundamentals,
Czechoslovakian Academy of Sciences, Prague, Czechoslovakia

k | Abstract: The effects of structure of organic compounds on the rate of their
W / hetercgeneous catalytic reactions have been studied by dealkylation of alkyl-
;.{ £ and dialkylphenols over an acid-type catalyst. by hydrogenolysis of alkyl- and
i dialkylphenols over a nickel catalyst, and by dehydration of secondary alcohols
k . . over aluminium oxide. The results are discussed in terms of electronic and

" conditions are the most important factors determining the reactivity within a

series of homologues and isomers over a particular type of catalyst. The work
of other authors on hydrogenation of alkylaromatic compounds is interpreted in
' the same way. .
}_' 1. INTRODUCTION
f} - ‘The study of effects of the structure of reacting compounds on their
5 reaction rates represents one approach to the elucidation of mechanisms of

organic reactions. Although this method has been extensively exploited for

~ .homogeneous reactions there are relatively few papers devoted to analogous

ity in acid-catalysed dealkylation of alkylphenols 1,2) and dialkylphenols 3)

b

..~ out with the substrate in the gaseous phase and the kinetics of these trans-
* formations have been determined. This approach has made it possible to

S obtain in most cases the values of reaction rate constants which served as
oo a basis for comparisons. :

steric effects of the structure of the reacting substance. It was found that steric

{. ‘ " studies of heterogeneous catalytic reactions. However, the work hitherto

A ‘published indicates that such research may help to understand better mutual
k 1 - interactions between a substrate and a solid catalyst. ‘

AL In recent years we were concerned with effects of structure on reactiv-

} : . - in hydrogenolysis of alkylphenols on a nickel catalyst 4), and in dehydration
L - of secondary alcohols on aluminium oxide 5). All these studies were carried

STAT

! ' The results of this work indicate that for heterogeneous catalytic r"eac -
C L 'tionsd;fferent relationships are valid in comparison with homogeneous're-.
- yu--- . actions. This conclusion is in agreement with the findings of. other authors -
t%-' U "espgcially in the case of hydrogenation of aromatic compounds. :
13‘ B The dealkylation of alkyl- and dialkylphenols (reaction 1) was studied on "
. ;J . .an acidic catalyst which was prepared by impregnation of y-alumina with an’
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2. METHOD OF ADSORPTION-CHEMICAL EQUILIBRIA

This is a convenient method 2) for obtaining thermodynamic character-
istics for different parts of the surface layer formed on the catalyst in the
course of the reaction. It involves the investigations of the equilibrium in a
reaction between substance (X), adsorbed on the catalyst surface (K), and
substances in the gas phase (Y and XY): ‘

- CX(K) + Y(gas) = XY (g35) + {K). | (1)
) The thermodynamlc functions relating to equilibrium
X(gs) + K) = X(K) @
} I at different sites of the catalyst surface may be obtamed by combining equa-
-, ' tion (1) with the data found for equilibrium _
- - ,
S X(gas) * Y(gas) = X¥(gas)- @) -
‘ An advantage of this method is the ease of obtaining the necessary val-
_ ues for the adsorbed layer fugitivity p solely by varying the Y to XY con-
z centration ratio in the gas phase. This enables studying the equilibria over

a large range of p's and the degrees of coverage depending on p.

The adsorption-chemical equilibria of type (1) may set in at fast steps
of the catalytic process. For instance, when reaction (3) proceeds through

. steps (2) and (1), the former being rate-limiting, fast step (1) can be con-

sidered as an equilibrium step. The adsorption-chemical equilibrium of
this step would determine the concentration and stability of the X(K) surface
intermediate and may be characteristic of the slow step.

We studied the adsorptlon ~-chemical equlhbrla of nitrogen on an iron

catalyst 2): ) o
‘ - N(K) + #Hy(gg) = NH3(gas) + (K) | )
of oxygen on nickel catalysts (in both directions) 3, 4):
O(K) + Hz(gas) = H2O(gas) + (K) | 5)
N (see also refs. 5, 5)) and of carbon on nickel: '
. C(K), + 2H2(gas) CHy(gas) + X(K) (6)

e . The study of equilibrium (5) shows that there occurs at first a regular
T increase in the chemical potential with the covering of nickel by oxygen 4)
After coverage of 15 to 20% of the surface the chemical potential begins to
‘vary around a certain constant value. This is probably due to diffusion of
- ‘adsorbed oxygen from sites of moderate adsorption capacity into the surface
layer. The last phenomenon is due to greater stability of the bulk NiO com-’
pound as compared with surface O(Ni) compound at these sites.
_ ‘ This interpretatlon is in agreement with other data 7-11), Our study of
. - equlhbrmm (5) on nickel pre-heated in vacaum at 8009C provides further
"~ - support for this standpoint. In this case even the first portions of oxygen
R . sorbed brought about chemical potential variations around a constant value,
TR which seemed to result from disappearance of maximum activity sites.
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A similar effect was observed in the‘ study of equilibrium (6). The data
f obtained by Varushchenko and the author {fig. 1) shows that at first the re-

§ﬁ4]
e
- B
? o0c
s L s00% 2
i ]
i
Lo ‘.":“!u
. -4
; =
| ® .
N -
R Y 16 1
H
]
- o
{ .
Z - 81
| 81 swor |
| il s
: 2 1 400°¢C PP -___/
o

0 % 2 3 4 %

ﬂarhon 71 % u{ mumtager

- Flg 1. Adsorptlon—chemlcal equl.hbrmm of carbon on reduced nickel
" at 300 and 4000C; Dependence of equilibrium constants and of
the standard free energy change AG© on the amount of carbon

gsorbed (in %% of the monolayer)

_ moval of sorbed carbon causes regular changes in thermodynamic functions;

. then the latter begin to vary around a certain value. Carbon seems to be
’ capable of penetrating from sites of moderate activity under the surface
layer in the course of adsorption. This part of sorbed carbon would be the

' last to leave the catalyst, so that the change in chemical potential values

1 would not be regular. The penetration of some surface compounds into the

! catalyst (partially or completely) might affect indirectly the reactivity of

L the surface layer. This effect may be used in determining the fraction of

o ~ reactive sites in the total surface of the catalyst.

3 APPLICATION OF PARA-ORTHO HYDROGEN CONVERSION

, . The rmctmn of para -ortho hydrogen conversion

1
. -7 ‘. -~
~
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p-Hy = o-Hy _ N M

was used by Davydova and the author in studying the effect of oxygen or
pyridine surface compounds upon the catalytic activity of reduced nickel.
The kinetic data for reaction (7) as well as for the exchange reaction:

Hy + Dg = 2HD (8)

, 'after sorption of different amounts of oxygen by the catalyst are hsted in

table 1. It will be seen that after coverage of about 20-30% of the surface

Table 1
The rate of reaction (7) and (8) on reduced Ni after the sorption of oxygen
(quasi-statlc circulating system, 0-1000C, 10 mm Hg).

Temperature

Oxygen sorbed | Reaction rate | Activation
of sorption %% of the at 90°C energy
°c monolayer) | kmin~1. min~2 | kecal/mole
Reaction {7)
350 0 1.14 6.8
"o 15 . : 0.61 9.3
" 50 0.61 10.3
" -0 - 1.0 7.4
" 30 0.50 10.3
M 50 . 0.80 11.7
Ton T 85 . 0.55 10.6
v 100 . 0.62 94
: 1 -l 50* 1.07 7.2
35-100" 0 180 4.6
" 20 0.78 8.5
S 1. eo 052 12.5
o - 70 0.52 12.0
no ~ 100 0.53 4.8
" 50 1.80
Reaction (8)
" ,35-100 : o 2.01 8.0
" ’ 100 0.29 20.9
"o - 50* 2.0 7.8

* 50% of oxygen sorbed is removed.

further SOrpt1on of oxygen no longer alters the rate of reaction (7). Removal
of a half only of the sorbed oxygen would bring the rates of reactions (7) and
(8) to their initial values. These results confirm those obtained for equilib-

" rium (5). The most probable suggestion would be that oxygen is retained only

by a certain part of the surface (varying with temperature), bonding with
the other part being but weak, and diffusing under the surface. Hence,

~ further sorption of oxygen at a coverage exceeding some 20- 30% of the sur-
- face would not change the reaction rate. The removal of a half of the sorbed

oxygen involves first of all that part of it which is bound with the. surface;
this provides an explanation for the restoration of the reaction rates to

- their imtial values. The rate of reaction (7) per surface unit of nickelous
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face heterogeneity.

It will be seen from table 2, that poisoning of the nickel catalyst by in-

Table -2

; oxide is considerably less than that for oxygen-covered Ni
' : the first portions of oxygen seems to be due to changes in the nature of sur-
face heterogeneity. After treating nickel at 8009C the sorption of oxygen,
whatever its amount, does not affect the rate of reaction (7). This is prob-
ably caused by the-capacity of even the first portions of oxygen to penetrate
into the catalyst. Thermal treatment alone brings about a sharp increase

in the apparent activation energy as a result of changes in the nature of sur-

Pyridine sorbed, | Reaction rate | Activation |
RN %% -of the at 90°C, 9 energy,
: monolayer E min~!', m~“ | kcal/mole
. x 10-5
0 2.00 8.9
10 1.40 9.2
| _ 20 - 0,11 9.4
' _ 50 0.09 "8.7
b ' 100 0. - -

‘ creasing amounts of pyridine results in decreasing the reaction rate. Yet,
| E the apparent activation energy remains practically the same. A similar
effect is observed for other reactions occuring on catalysts poisoned by
' sulfur compounds 13-16), The latter was usually considered to result from
- \ homogeneity of the catalyst surface, but it may be also interpreted by sur-
‘ ‘l face heterogeneity. An expression of the apparent activation energy E for

reactlon (7) was obtained 17).

mg rate constant at i sites of the s

k

bemg'

CIA-RDP80-00247A004200080001-5

urface 18):
GK

k -GK -(1- a)

Although in passing from one site to ancther the true actxvatlon energy
will-vary, it follows from equation (10) that the sum E + a ¢ and consequently
eq. (9) remain constant for a reaction at any site of the surface.

In order to elucidate the nature of surface compounds and the origin of
_catalytically active centres of some polymers with conjugated 7-bonds,
Da'vydova, Slinkin, Dulow and the author have studied reactions (7) and (8),

_ E E°+ @ g° +2RT,

~

. The effect of

The influence of pyridine on the velocity of reaction (7} in the presence
. of skeletal nickel in a non-gradient system.

. where EC and ¢° are the act1vat1on energy and the heat of the elementary
step of adsorption of para-Hs, related to the most active sites of the sur-
face, a is the exponent in correlating the equilibrium constant K; for an
elementary step of formation of the surface compound and the correspond-

(Gisa constant) the rate constant of the same step in the inverse direction
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Table 8’

(quasi-static ciroculating system,

#
LI
=2

20-200 mm Hg)

The rates of rea‘cﬁons (7) and (12) in presence of poiymeré and the properties of the latwi's

. ’ Temperature | Magnetic Electro- Electro- Spins Kx10° (min"l.m'z)
Catalyst of the thermal | suscepti- conductivity | conductivity unpaired
; treatment °C bili logarithm activation | (ESR-data)| reaction reaction
;o . - x10 (log) energy, eV YN (12)
T ooc | 300°C
1 Poly 570 -0.5 -1.45 | -5.52 0.35 3.8x1020 1 4700 3700
(methy] vinyl ketone) 670 -0.5 1.67 | 0.70 0.11 6x1019 850 -
A 870 -0.8 2.05 | 1.74 0.035 4x1018 70 - 670
: : 1000 . . -0.8 - | - - - 12 10
; Poly 500 0.1 -0.95 | —4.30 0.38 3x1017 17.5 150
| T (p-diethynylbenzene) 600 0.1 -0,60 | -2.25 0.18 - 4.3 280
P | Ashless charcoal - -0.4 - - - - - 87
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and the reaction of ortho-para-conversion:

0-Hg = p-Hy (12)
in correlation with measurements of electric and magnetic properties of
polymers.

It will be seen from table 3 that changes in properties of samples sub-
jected to different thermal treatments are consistent with those in rates of
reactions (7) and (12). The maximum reaction rate is attained at the maxi-
mum number of unpaired electrons and minimum specific electroconductiv-
ity. At different pressures the rate of reaction (7) follows a first-order
equation, the activation energy being 6.5 kcal/mole or more. No signs of
reaction {8) or adsorption of hydrogen were observed under the same con-
‘ditions. A conclusion may be drawn that a specific physical mechanism,
namely, the action of the inhomogeneous magnetic field created by catalytic
centres upon hydrogen molecules colliding with the surface, is character-
istic of reaction (7) in this case. Such centres may be conceived as electron-

transfer surface complexes. The existence of these centres was suggested
as an explanation for the properties of the above-mentioned polymers 19).
The validity of the first-order equation for various pressures is in favour
of the physical mechanism of the reaction; however the temperature co-
efficient of the reaction is abnormally high. This may be due to the energy
of thermal excitation of surface sites, to the irradiation effect 20) or to
excitation of 7-electrons to the triplet state necessary for cis-trans-inter-
conversions 21),
In order to determine the character of surface compounds formed by
~ chemisorption of paraffins on metals Davydova and the author made use of
" reaction (12). Preadsorption of cyclohexane at 30-100°C (10% of the mono-
layer), was found markedly to accelerate the reaction (12) on reduced nickel

.- Sy -

£ at -1969C. Accelaration increased with increasing temperature of CgH12
o - adsorption. Hence, a conclusion may be drawn that even at low temperatures
' ' the chemical adsorption of cyclohexane is accompanied by the formation of
l surface compounds which accelerate reaction (12) due to their radical-like
A nature (possibly by dissociation of initial molecules). The previous conclu-

sions about the dissociative nature of adsorption were based on studies of
reaction mechanisms or, in some cases, on experimental results 22,23);
yet, the interpretation of the latter was not always unambiguous. A S1m11ar

4 effect might be expected for adsorption of other saturated compounds o
some metals because of the small differences in energies of bonds of the
same type 24). This effect should be allowed for when considering the
mechanisms of corresponding reactions on metals, in particular, those of
the dehydrogenation processes.

»

4. NON-GRADIENT METHODS IN THE STUDY OF REACTION KINETICS AND ME-
- CHANISMS '

, - ] Non-gradient methods 25-27) were used along with other techniques for
: . the study »of the kinetics and the mechanisms of some reactions and for the

=

Declassrfled in Part Sanltlzed Copy Approved for Release 2014/02/28
CIA-RDP80-00247A004200080001-5




Declassified in Part - Sanitized Copy Approved for Release 2014/02/28 :
CIA-RDP80-09247A004200080A001—5

1.34

elucidation of the nature of surface compounds. These methods are most
reliable. They permit operating directly with differential kinetic equations,
thereby avoiding difficulties which arise for reactions in flow or static sys-
tems and also allow us to work with differing amounts of the catalyst We
shall report some results as obtained by using this technique.

A question arises whether the rate-determining step in hydrogenation
and dehydrogenation on a skeletal nickel catalyst at low temperatures is the
formation or the decomposition of the surface compound of hydrogen. Kaplan,
Nikolaeva, Davydova and the author made a comparison between the rates
observed for the hydrogenation of ethylene and for the dehydrogenation of
alcohols in a non-gradient system 27) and the rate of reaction (7), which
under these conditions was much higher. It appeared that the formation or
decomposition of such surface compounds (i. e., adsorption or desorption
of Hy) cannot be the rate-limiting step. The rates (w) of hydrogenation of
acetone and of dehydrogenation of isopropanol at temperatures below 100°C
in the same system are described by the kinetic equation:

p%5  _ pO3
kP Ho 5 C3H70H . 13
w =~ FC3He0 p0;5 } 0.5 (13)
: C3H70H Py,

It is consistent with the suggestion that the formation and the decompo-
gition of an intermediate surface compound adsorbed acetone - are the
rate-determining steps.

The rate of dehydrogenation of formic acid on reduced skeletal nickel
in the non-gradient 27) and flow systems, examined by Nagyshkina and the
author over a conversion range from 0.54 to 82% and temperatures from

" 77 to 196°C appeared to be of zero-order. These data, as well as experi-

ments using deuterium, provide a confirmation for the scheme implying
that decomposition of the surface intermediate is the slow step, as was
suggested before by Dutch scientists 28). The bond energy of the surface

_compound can be estimated in this case as being about 40 keal/g-atom for
'one valence for sites of the lowest activity.

Andreev and the author have used the flow-circulating method 25) in
investigating the kinetics of dehydrogenation of cyclohexane in the presence
of a nickel-zinc oxide catalyst at temperatures up to 300°C in a region far
removed from equilibrium, At partial pressures of CgHyg exceeding 100

mm Hg it will be described by a zero-order equation, below 100 mm Hg -
by equation:

0 5 : K :
\ w=k PCGHIZ o (14)
The chahge in the reaction order may be due to passage from the region

of high coverage to that of medium coverage. The kinetics of the reaction

_may be.interpreted under the assumption that the reaction proceeds via

several slow steps and the fast step of format:on of a radical-like com-
pound CgHjo*(K).

‘ It was shown by Nagyshkina and the author 25) that the kinetics of )
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dimerisation of ethylerie in a flow-circulating system at 200-300°C in the
presence of a nickel catalyst on silica-alumina follow a first-order quation.
This may be interpreted on the assumption from the standpoint that the re-
action on inhomogeneous catalyst surfaces proceeds by the formation and

" decomposition of a surface compound, i.e., of adsorbed ethylene.

5. STABILITY OPTIMUM FOR INTERMEDIATE SURFACE COMPOUNDS AND THE
PROBLEM OF THE OPTIMAL CATALYST

The different stabilities of surface compounds on various sites of the
surface as well as the reaction mechanism and conditions should be taken
into account in approaching the problem of the optimal catalyst (in the sense
of its highest activity). As the reaction rate for various sites of the surface
> 8 is different, attention should be paid to the problem of optimum sites where

. the intermediate surface compounds would posses optimal stability. The -

assumption that their stability should be neither too high nor too low, is, in
fact, a qualitative presentatmn of Balandin's ""energy correspondence"

principle 29),

The reaction rate should be maximum at such sites of the surface,

where the possibility of formation of an intermediate equals a (see eq.

(10) 1,30), As a rule o is close to 0.5 and consequently optimum sites

should be those where at a given fug1t1v1ty p of the adsorption layer the

coverage probability would be close to 3; therefore, the maximum reaction

rate would correspond to medium coverages. The optimum heat of forma-

tion of the surface intermediate will be

- - e ‘_'.q(pt-= RTIH*W o | .(15)’

where B_ is the reciprocal of the adsorptlon coefficient pre- exponentxal
factor. \?Jhen chemical-adsorption (or adsorption} equilirbium determining
the value of p sets in at fast steps of the reaction, the optimal bond energy
-of the surface intermediate QM(K) ot will be:

® it b

;‘ QM(K)opt =2 Q' +RT ln_° + RT InE)L' R (16)_

I" P 1t -

where % @' is the sum of dissociation energies of initial bonds, P;: and
.n are the partial pressures of reactants and products of fast reaction

8 eps the signs + and - relate to cases when the rate-determining step is

the formation or decomposition, respectively, of the surface compound.

_ When no rate-determining step may be detected ina reaction (e.g., in
a regmn remote from equilibrium) and the reaction follows a two-step
scheme 1) the mammum rate will correspond to the equality of rates of
both steps and : _

_ Z} _ ' _ ¢1GH(K°)1 il Py )
- t 1
-QM(K)opt““( »Q =2 2 )+RT1n(1 )6 &R +RT lnPI, (17)

- 3 R

Declassmed in Part Sanltlzed Copy Approved for Release 2014/02/28
CIA-RDP80-00247A004200080001-5 -




Declassified in Part - Sanitized Copy Approved for Release 2014/02/28 :
CIA-RDP80-00%f17A004200080001-5 |

1. 34

where @' is the sum of energies of the bonds formed, K2 and K2 are pre-
exponential factors of the equilibrium constants for each step, Iand Gyp
are factors of eq. (10), corresponding to stages I and II respectively,

Py and Ppj are the partial pressures of reactants involved in steps I and IL
When a = 0.5, Gy = Gyp, K = Kjjand Py = Py, eq. (17) will coincide with
the quantitative formulation of the energy correspondence principle 29), ,
which was also obtained by Temkin 1) for ''symmetric" reaction (i.e., when

_Gy = Gp). More complex cases may often be reduced to the two-steps

- Hg brings about a change in Q¢ (K)

gcheme.

It will be seen that the optimum characteristics of the surface are
functions of many factors: a change in the reaction mechanism, degree of
removal from equilibrium, experimental conditions (in particular, and
changes in the ratio of partial pressures of the components in the course
of the reaction). Yet the above equations may be used for approximate esti-
mations.
 Thus, for reaction (7) at 300°K the changes in pressure from P = 760
to 0.4 mm Hg would bring about changes in the optimum stability of the sur-
face compound @y (K) ont from 56.5 to 60.4 kecal/g-atom, which corresponds
to a shift of the optim:B heat of adsorption (g) equal to 8 kcal/mole. These
values lie within the range of ¢ variations on nickel.

For ammonia synthesis we obtain from equation (17) and using the data 2)
for T="723°Kand P = 300 atm @N(K) g = 42-7 kcal/g-atom (per 1 nitrogen
valence) while for P =1 atm @Qy(k) t%s 44.1 kcal/g-atom. This corresponds
to a change q from 30.3 to 38.7 kca?,pmole. The latter lies close to the
middle of the range of ¢ variations on iron and tungsten which are active
catalysts for this reaction. Although tantalum adsorbs nitrogen readily, it
does not show sufficient catalytic activity, the g value being considerably
in excess of the optimum 31). '

For hydrogenation of ethylene (using relation (17) and estimating Bg as
being about 3 x107 atm at. T = 300°K) the change in Pcopy from 300 to 1 mm

t from 36.1 to 37.8 kcal/g-atom (with
respect to 1 carbon valence), w ic?‘Pcorresponds to ethylene adsorption
heats of 11-14 kcal/mole. The values of ¢ on nickel are higher than the op-
timum value and the reaction seems to take place at high degrees of cover-
age, when the sites with low g values become occupied. Of the metal exa-
mined by Beeck 31) the lowest ¢ value and the strongest catalytic activity
were displayed by rhodium. :

- From the standpoint as discussed above, a catalyst may be regarded

-as optimal when its surface offers the largest number of optimal sites un-

der given experimental conditions. For an ideal case the maximum rate
would be attained for a reaction occurring on a homogeneous surface con-
sisting of optimum sites only. However, this hypothetic catalyst with a
homogeneous surface would no longer be optimum once the reaction con-
ditions have changed, whilst with a heterogeneous surface the possibility

.always remains of finding a sufficient number of sites which would be op-
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catalysis will largely depend on advance in new methods for the investigation
of the intermediate surface compounds and the estimation of their stability.
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THE EFFECT OF ELECTRON PROPERTIES
"OF SUPPORT UPON EXO-ELECTRON EMISSION
‘ AND CATALYSIS -

N.1.KOBOZEV, 1. V.KRILOVA and A.S. SHASHKOV !
Moscow State University, USSR

Abstract: A number of supported catalysts has been investigated by the exo-
electron emission method. The relationship between catalytic and exo-emission
activities of catalysts on semiconductor and dielectric supports is discussed.
Catalytic activity is not a simple function of exo-electron emission for supported
platinum catalysts. Catalytic activity of luminophor catalysts ZnS - Cu and

ZnS - Ag is a direct function of their luminescence and exo- electron emisgivity.
It is concluded, that (1) electron gas of support does not affect considerably the
catalytic activity of supported metal catalysts and (2) electron gas of crystals is
an active participant of the act of catalysis in case of crystallophosphor catalysts.

,

1. INTRODUCTION

The present report will deal with the discussion of relationship between

_catalytic and exo-electron properties of supported catalysts, particularly,

platinum adsorbed on various inert carriers at-various surface coverage

-values (o). This type of catalysts has been extensively studied in our labo-
- ratory (for reviews see refs. 1, 2). The catalysts may occur in the surface

layer in form of a wide variety of aggregation states from separate atoms
at very low o (ca. 10-3), groups of several atoms, or "ensembles", at in-
termediate, and crystals with dimensions 50-100 A at high a (ca. 1). Such

_ aggregates can be generally formulated as Me, ; with growing coverage n

may take values from 1 to 104 - 105.

Kobozev has proposed a theory of the formation and catalytic activity of
this type of adsorbed layers, known as "active ensembles theory™ 3). The
data to be discussed lower were obtained with systems, involving aggregates
Me,,, emerged into or in contact with the support electron gas of varying
density. The study of relationship between the exo-emission and catalytic
activities seems to be an advisable approach to experimental solution of the
problem of electron gas of support upon the catalysis process. This was

- interpreted formerly in terms of rather general assumptions to lead to some
* -discrepancy of conclusions 2,4,5),

The exo-electron emission phenomenon has been extenSively studied

" during the last decade after several basic publications by Kramer 6) and is

now attracting attention of many solid state physicists. Compared with the
more common Richardson's emission, exo-electron emission can be ob-
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electron, ultra-violet and visible light irradiation of metallic and non-me-
tallic crystals. The decay of emission after the end of exciting action is

usually fitted by the following equation:

J =AM,
where A and n are constants, and ¢ is the time after the end of exciting ac-

tion.

Emission may take place at room and lower temperatures, but some-
times heating is.necessary. In the latter case, the "electron emission glow
curves", similar to glow-curves from thermo-luminiscent phosphors, are
to be measured. These curves show usually one or several maxima.

The firmly established low energy of exo-electrons, not exceeding
tenths of an electron volt, suggests the exo-emission phenomenon to take
place in only a thin surface layer.

A large number of substances which can emit exo-electrons is now
available. These are metallic and non-metallic crystals, oxydes, salts and
complex minerals. There has been proposed a number of theories for inter-
pretation of the exo-electron emission phenomenon 7,10). Kramer's original
hypothesis, based on the assumption that the energy supply of electron emis-
sion is provided by exothermal * post-excitement recrystallisation or re-

laxation processes is no longer considered valid. However neither of the
modern theories is sufficient.

2. EXPERIMENTAL

Supported platinum catalysts and luminophor catalysts ZnS - Ag and

- ZnS- Cu were investigated.

Platinum catalysts were prepared on six supports - a.lumma, zirconia,
barium sulphate (dielectrics), and zinc oxyde, chromium sesquioxyde, mag-
nesia (semiconductors) - by adsorption of chloroplatinic acid and subsequent

" . reduction with electrolytic hydrogen. All the supports except alumina were

non-porous "analytical grade' commercial preparations. Low temperature
krypton adsorptmn method showed the following values of surface areas:
ZrOg - 9.6 m /g, Zno - 1.9 m2/g,MgO - 8.9 m2/g, CrgO3 - 1.5 m2/g, and
BaSO4 - 5.5 m2/g. Alumina was prepared from aluminium sulphate by
precipitation with ammonia from agqueous solution; ; it exhibited a surface
area of ca. 250 m2/. g. Hydrogen peroxyde decomposition and cyclohexene
hydrogenation (in dry ethanol at 200) served test reactions for assaying the
activities of platinum catalysts. The rates of reactions were measured

gasometrically.

Luminophor catalysts were prepared by impregnating zinc sulpmde
with cupric nitrate and silver nitrate solutions and subsequent glowing at

~ . 900°. The catalytic activities were assayed by the rate of isopropyl alcohol

decomposition in a continuous-flow apparatus at 315-360°. Luminescence

. was excited with a mercury-quarz lamp, Amax = 365 mu. Intensity of lu-

* This assumption prompted the term "exo-electron emission".

- -
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- minescence was mea.sured by means of a luminescent photometer at room
‘temperature.

Exo-electron emission was excited with X-rays (Mo-anticathode, 30
kV, 10 mA) and measured by means of a Geiger-Miller point counter with
argon-ethanol filling, attached to a conventional radiometric instrument.
The intensity of emission J was evaluated by the number of counts per min-
ute, 5 minutes after the end of irradiation. If no emission could be obtained
1 ] at room temperature, glow-curves were measured. The temperature was
} - increased at a constant rate of ca. 79per minute. The intensity of emission

(’_ T - was evaluated by the number of counts per minute at the temperature of the.
g: - first emission maximum.

P T —
)

" 3. RESULTS AND DISCUSSION

1 - Exo-electron emissivity and specific activity * of platinum supported
. - with carriers of varying electron effinity are plotted in figs. 1-3 versus
B coverage o **_ Specific activity of a suﬂ)orted catalyst is the total activity
=" - - of layer divided by coverage, a = Ala ; it characterizes the activity of
.+ 7. the amount of the applied substance, equivalent with a monoatomic layer.
_ _ -Comparing J and a, one can draw some conclusions concerning the effect
l-.» . of weakly-bound electrons of the support (covered partially with metal cat-
ﬂ_ L alyst) upon the activity of the supported metal weight unit.
S Rather obvious parallelism is observed between J and a for platinum
L _ supported with dielectrics Zr0g and Al303 (fig. 1): with increasing coverage
|- .= - both the emission and specific activity at first sharply drop (according to -
" 7 exponential law), pass a minimum and again increase at high values.
- .-, -. The initial steep slope of the curve can be easily explained in terms of
!" *,_ active ensembles theory by decreasing amount of platinum in form of sepa-
.7 7 rate atoms, which is known to be most reactive in HyO9 decomposition cat-
| '?% . alysis 11, 12) The decreasing exo-electron emission reveals the fact, that
h . separate platinum atoms are as well most effective as electron traps.
3 f _ - More complex catalytically active structures My, » > 1, appear at
\7:"7 7 high-coverage {a - 0.01), and they as well are exo-emission centres. Anal-
- '. ogous formation of complex emission and catalysis centres is observed for
- platinum supported with MgO.and Cro03 (fig. 2). However, it appears that
with dielectric supports Al30g and ZrOg in the diluted layers region, con-
5 sumption of electrons is not related immediately to catalytical activity, as
“.. . ° the activity' maximum is observed at a - 0, where both consumption of
: .electrons and fading of exo~emission by platinum atoms are still negligable.
w.... -Hence, -thetwophenomena - exo-electron emission and catalysis - are re-
R 1ated only indirectly, through the atomic structure of the applied platinum.
Pgaeln et A somewhat less distinct parallelism between J anda values is ob-

el k. In hydrogen peroxyde decomposition. : :

w *x Intensity of exo-emission was measured for aluminium, mag'nesmm and chro-
R :'~_'._'_* mium oxydes and barium sulphate at room temperature for zirconia - at 759,
R “and for zinc oxyde - at 140°.

%% 4 ig expressed in terms of first order reaction rat.e constant.

'.',' '.w L - -
- el =40

\\
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Flg 1. Speclﬁc catalytlc activity (1) and exo-electron emlssthy
(2) of supported catalysts versus content of platinum for
: Pt/Al03 (a) and Pt/ZrOg
. Pomts oJfor Pt/Al03, a = 0.25; for Pt/ZrOg, ¢ = 5.
oc

served w1th non-typical semiconductors MgO and Cry05 (fig. 2), and the

two curves become anti-parallel for a typical n-semi-conductor ZnO (fig.
3a). No parallelism of J and a is observed with BaSQO4, this dielectric.giving
abnormal exg-electron emission (some two-orders more intensive than
other materials investigated). Hence, it can be concluded, that coverage

- -_. functions of exo- electron and catalytma.l activities-may be both parallel and

- anti-parallel.

) (All the exo-electron emission curves reveal the fact that the most in-
tense drop (fig. 1a and b), or increase (fig. 3a and b) of emission takes

. place at very low coverage, when there are only separate metal atoms on
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" ations are of no direct effect upon the catalytical activity, as it is demon-

1. vJ

5

. o

e

i ar o0 a5 a0 2z
. . PFig.2. Specific catalytic activity {1) and exo-electron emissivity
-+~ . - (2) of supported catalysts versus the content of platinum for
Pt/Cry03 (a) and Pt/MgO (b). '
- Points ©c for Pt/MgO and Pt/Cry03, a = 5.
N M - - .-, . . .

-
P

the surface of the support. Such diluted layers are at the same time the best
photon traps, as indicated by the sharp drop of reflective index at low cov-
_erage, seen in fig. 4.. This figure shows also parallelism of specific cata-
‘1ytical activity a and reflective index for Pt/ Al503. '

The above data suggest, that platinum atoms may both increase the
number and energy depth of electron traps and reduce it subsequently by
shielding. Hence, the concentration and the state of electron gas is strongly
dependent on the nature and coverage of the support. However, these vari-
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Fig 4. Specific catalytic activity (1) and reflective index R (2) of
Pt/A1303 catalysts versus the content of platinum.

- strated in table 1, where absolute specxflc catalytic activities of catalysts
with various supports of different electron properties (particularly, exo-
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Table 1
The effect of emissivity of carrier upon the catalytic activity
of supported platinum.
Surface | Emissivity | Emisstvity Amcg;gz ACt.li: ity
Support .:reamoi :f P*:)rri ' ata(if sts decompogition cyclohexene
’ upp upp cataly mole/sec hydrogenation
AL,O; | 250 1400 1400 15 -
MgO 8.9 - 1300 1000 0.4 0.14
ZrQOq 9.6 1400 1400 0.36 1.3
Crq03 1.5 3000 1000 0.14 0.5
- Zno 19 50 0 0.34 0.36
BaSQy4 5.5 40000 40 000 1.35 0.48
: * | platinum 10 - 130 6.6 -
. g black :

electron emission activity) * are surveyed
As it is seen in this tabie, the maximum catalytical activity (expressed
in terms of number of HyO2 molecules decomposed on 1 platinum atom or,
for hydrogenation, Hg molecules, consumed on 1 platinum atom, per second)
. . is not strongly dependent on the nature of the support and exhibits no paral-
T lelism with its electron properties (column 3) and the exo-emission activity
2. .  of catalysts {column 4).
This important conclusion is in accordance with the ev1dence concern-
_ing the effect of the support upon the turnover of active centres, obtamed in
" . our as well as in other laboratories and surveyed in table 2. Here we can
L o once more see that catalytic activity of the supported metal is completely
S independent of the nature of the support.
.- The presented data are a step forward in as much as they are the first
, ; attempt to make a direct comparison of the catalytic activity of the sup-
: T ported platinum layer with the concentration and the energy state of the sur-
. ' - . . face layer electron gas. The absence of a simple relationship between the
; o two properties is an evidence in favour of minor role of the electron gas,
T - surrounding the platinum active cgntr’es,_ in their catalytical function.
‘The ‘conclusion must be referred certainly to only atomic {(e.g., plati-
, num) supported catalysts. On going to ionic catalysts, and particularly,
q ‘ with ions involved in crystalline lattice (luminophors), the phenomena be-
o . come completely different. It has been already mentioned in previous pub-
Heations that the activity of ionic catalysts, in contrast to that of the
atomic ones, is strongly dependent on the nature of carrier. A parallel study
; of catalytic, exo-electron and luminescent properties of luminophors ZnS- Cu
¢ and ZnS- Ag revealed a quantitative relationship between the catalytic and
!. b 7 . _ emission activities, and, consequently, confirmed direct participation of
|
|

electron gas in the act of catalysis. -
The curves in fig. 5 (a and b) show the catalytlc activity and mtensmes

L i Exo-electron emission mtensmes are gwen at lowest temperatures at which they
I L stﬂlcanbemeasured

e L L e
. B

. . - . .-\' 3
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Table 2
The effect of electron properties of carriers upon the catalytic
activity of supported platinum.
A. Decomposition of hydrogen peroxyde (209).
. . Activity 2
_Carrl‘er Type of carrier mole/sec . Authors }
Charcoal semiconductor 0.58 Kobozev and Reshetovskaya
Garmanium semiconductor 0.9 Krilova, 'Ogartv, Kobozev
Metallic cathode-polarized 0.9 Krilova, Ogariv, Kobozev
bismuth . conductor ‘
Metallic conductor 0.3 Krilova, Ogarlv, Kobozev
bismuth
Metallic conductor 8.3 ‘Lebedev, Trossman
cadmium _ , _ .
Alumina dielectric 0.9 Krilova
Silica I dielectric 0.54 Krilova
Silica IT dielectric 0.21 Strelnikova, Lebedev .
" B. C = C-double bond hydrogenation (at 259 in ethanol).
Substance . Type .
' for Carrier of ;}clt:/r;tg'c Authors
hydrogenation carTier °
Cyclohexene, | Silica dielectric |- 0.23 Maltsev, Kobozev et al.
methylcyclo- i T
hexene Do
1-Heptene Silica dielectric 0.76 Maltsev, Kobozev et al.
1-Heptene Nion silica | conductor | 0.2 Buchman, Sokolsky
.o S . i
» dielectric ) ’
Styrene Raney~Ni | conductor 1.35 Stsheglov, Sokolsky _
2-Methyl- Raney-Ni conductor 0.14 Stsheglov, Sokolsky
4-methoxy- ;
2, 3-butene B S
Cyclohexene | ZrOq dielectric | 1.1 Maxted 4}
Cyclohexene | ThO, _dielectric 0.85 Maxted 4)
Cyclohexepe | MgO - semicon- | 0.38 Maxted 4 -
: ductor ) '
_Cyclohexene | Cry04 semicon- | 0.46 Maxted 4
: ductor .

._,-.’, e
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i Fig L (a) Cata.lytic actiwty 330° (1) andexo-electron emissivity,

260° (2), of ZnS - Cu, (b) Intensity of luminescence, Jyym,

© 200 (1), apd exo-emissivity, Jg, 1400 (2), of ZnS-Cu, versus

. the contsnt of copper.
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Fig. 6. (a) Catalytic activity, A, 345° (1), and exo-emlssiwty,

140° 2), of ZnS -Ag, (b) Intensity of luminescence, J lum,
of ZnS -Ag, versus the content of silver.

of. exo-emission and luminiscence of ZnS - Cu to increase with increasing
concentration of copper *. Both the catalytic activity and the luminescence

* The curves in fig. 5 were obtained at close temperatures. The exo-emission curves
of ZnS - Cu at room temperature pass maxima at the same concentrations of copper
but these maxima are less distinet.
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: - Fig. 7. Catalytic activity versus intensity of exo-emission
) : (1) - ZoS-Cu, () - Z0S-Ag.

and exo-emission curves show two maxima at close concentration of copper.

Good superimposability of the two maxima will become even more evident,
* . ~ if one remembers of the logarithmical scale on the abscissae axis.
Catalytic activity and luminescence and exo-emission intensities are
: plotted in fig. 6 (a and b) versus silver content in ZnS- Ag samples. Silver
W-‘i' B contamination, on the contrary with copper reduces the catalytic activity of
- S zinc sulphide, but there takes place a parallel decrease of exo-electron
- o emission. The slope of the luminescence curve is somewhat different *

.o As the luminescent centres are éltuated in the whole volume, whereas the exo-

‘emission and catalytic centres are situated in the surface layer of solid bodies,
- 'a somewhat better correspondence of --z-emisgion and catalytic activity curves

' N | could be anticipated. This {s confirmed also by experimental evidence (see figs.
. - _ 5 and 6). ) . - ‘ - ) .
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{fig. 6b), but its general character remains very similar.

Direct correspondence between the catalytic and exo-emission activities
of luminofor catalysts is most distinctly seen in fig. 7, where catalytic ac-
tivities ¢ of ZnS- Ag and 2nS- Cu catalysts of various silver and copper con-
tent is plotted versus exo-electron emission J. The observed parallelism
suggests the catalysis. exo-emission and luminescent centres to be common.

Hanlew and Gourgé 10} have pointed out the similarity of methods for
exciting emission and luminescence. Exo-emission and luminescence ex-

. hibit usually very similar decay and temperature curves, etc. The workers

proposed the observed similarity to be the consequence of the analogous

. character of elemental physical processes giving rise to the two phenomena.

v It is known, that the blue luminescence centres of non-activated zinc

' ~ sulphide are Zn* interstitial ions. Their concentration may increase on ad-
dition of minor activator contaminations 13). The above data suggest the
same ions to account for the increase of catalytical activity and exo-emis-
sion at low concentrations of copper (the first maxima of the curves in fig. 5)..
The second maximum of luminescence c¢urves must be due to the effect of

. properly the activator (separate ions, or atoms, of copper and silver), and

) the subsequent decrease of luminescence is due to its aggregation 14). The

coincidence of the second maxima of catalys1s, emission and luminescence

curves leads one to the conclusion that the active centres of the phenomena

. are common, and that inactivation is caused for all of them by aggregation

- - - processes. _

' Hence, on the contrary with supported metal catalysts luminophors
ZnS+ Cu and ZnS - Ag exhibit a direct relationship between the catalysis,
luminescence and exo-emission phenomena. The observed parallelism sug-
gests the presence of common active centres (isolated ions or atoms of Zn,

Cu and Ag) as well as direct participation of crystal electrons in the act
of catalysm.
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k ' CONCERNING THE MECHANISM OF CYCLENE
! C ' ISOMERIZATION OVER ALUMINA

K.V.TOPCHIEVA, 1. V.SMIRNOVA, A.A.KUBASSOV

]

'(“f“'{  University of Moscow, USSR

s,‘,.;, Abstract Adsorption, calorimetric, and gas-chromatographic evidence has re-
'; vealed the specific behaviour of six-membered cyclenes over alumina at pre-

catalytic temperatures. The precatalytic state of reacting molecules has enabled
B to predict the most likely course of the catalytic isomerization of these hydro-

i carbons. The study of kinetic regularities of the isomerization of cyclohexene
_ -derivatives over alumina has substantiated these suggestions and helped to elu-

k : cidate the sequence of the elementary steps involved in the process.

" 1. INTRODUCTION

4 e

. Adsorptmn studies, carried out up to precatalytlc temperatures with
? different classes of hydrocarbons that are catalytically active over alumina
have shown an anomaly in the behaviour of six-membered cyclenes 1). The
= ~ higher catalytic activity of this particular class of hydrocarbons toward

e ". behaviour in the precatalytic state and the subsequent catalytic conversion.
“ - The present report deals with thlS problem..

[t 2. ) :

S 2. EXPERIMENTAL

. ] The cyclic hydrocarbons with a different degree of unsaturation of the
.4 cycle such as benzene, toluene, cyclohexane, methylcyclohexane, the syn-

1 . thesized cyclohexene, 1-methylcyclohexene-1, 1-methylcyclohexene-3 and

‘ I 1-ethylcyclopentene-1, as well as normal heptane were all carefully pari- .
' fied until their phys1ca1 chemical constants practlcally commded with liter-

ature data. The purity of hydrocarbons was substantxated chromatograpm- :

“cally. . )

: ' . Alumina, silica gel and erbia were used as contacts. The charactems—_

- ' tics and treatment of alumina were described in ref. 2). The granulated

. . silica gel of the trade mark KSK had specific surface of 340 m2/g deter-

. - “mined by the adsorption of benzene vapours at 200 (B.E. T.). It was treated

1 ' smularly to alumina. Erbia, prepared and treated followmg the procedure

_ described in réf. 3) had specific surface of 55 m / g measured by means of

S gas chromatography 4).

P - The adsorption of vapours was investigated on an appdaratus similar to

- Me Rain<Ralkr halanca at 200 9) Tha adanrntinn fram calntinng in an 'aert
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' solvent, n-heptane, was measured interferometrically at 0° through 800,
.To measure adsorption from solutions at elevated temperatures a special
_procedure was worked out toeffect reliable separation of equilibrium solu-
“tion from the adsorbent at the particular temperature of the experiment 6),

,‘_-, -The heat of wetting of alumina by pure hydrocarbons and their solutions
~* m n-heptane, was measured at 20° in a calorimeter with a permanent heat
". “exchange of 1-5 x 10-50 and 2-4 x 10-3 cal. sensibility 7). The heats of
"~ -~ -hydrocarbon vapour adsorption under 8%recatalytlc conditions (100°9-250°)
.. . . were studied by gas chromatography
I, Catalytic isomerization of 1-methylcyclohexéene-1 over the 2500 - 4500
C- range was investigatéd in a conventional continuous flow installation. Cata-
-! - "lytic isomerization. of 1-methylcyclohexene-1, 1-methylcyclohexene-3, and
e " l-ethylcyclopentene-1 over the 1800 - 3100 range at various rates of the
o . . gas-carrier, helium were studied under chromatographm conditions by im--
. _pulse microtechnique 9, 10), -
- The isomerization products were analysed by means of gas chromato- .
, - graphy. The overall catalysate was separated on a column filled with diato-~
: y mite bricks impregnated with the liquid OP-7 11) at 68°. The combined -
g . .. peakof 1,2-dimethylcyclopentene-1, ‘1-ethylcyclopentene-1, and 1-methyl-
cyclohexene-3 was frozen out and separated on a second column filled with
"Inzen' bricks impregnated with a saturated solut1on of silver nitrate in
- ethylene glycol at 50°.
© .77 o7 " Detection was effected by a katharometer with helium used as gas-
) © carrier, passing through the first column at a rate of 40 ml/min and
through the second 30 ml/ mm The reproducxbmty of results amounted to
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‘ 3 RESULTS AND DISCUSSION I oo T ooy ,
| ) T - M wme e T
‘ * : . ' The comparlson of adsorptmn propertles of six- membered cyclic hydro-

' carbons and their methyl derivatives with a différent degree of the unsatura-
_tion of the cycle has shown an anomalous behavmur on the surface of alu-
sy - - .~m1na : i
R . “The calculation of the isotherms of cyclohexene vapours over alumina
4.0 7. ... at 200 gave a higher total volume of adsorbent pores than that calculated in
' terms of benzene vapour adsorption. Such a result was accounted for by
.. —~. . closer packing of cyclohexene molecules in the monolayer due to their
‘double bond orientation to the surface of the adsorbent on chemisorption 8),
.. The arrangement of cyclohexene molecules on the surface of alumina
-~ - 'was determined by measuring adsorption from solutions. Isotherms of
Corte T ';' ,' cyclohexene adsorption from solutions in n-heptane over alumina at 0°, :
ot T ", 20%and 309, are given in fig. 1. The shape of isotherms at 20° and 300 N
T havmg curve bends reminds of stepped isotherms of alcohol adsorption
" known in the literature, with their molecules being reoriented on the sur- ’
st _, ¢ face of the adsorbent from a planar to a more inclined position 12). The

- °..= 7 calculation of isotherms by conventional methods 13) shows, that the area
*.-' R '_” o ocmpied by the molecule of cyclohexene in a dense monolayer (about 30 12)
t o T 7 e ahrnt bwicaamallar than it 30 at tha naind Af tha handiam Af $ha -ﬂfd-l‘erms
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Fig. 1. Adsorption isotherms of cyclo-
hexene from solutions in n-hep-
“tane over alumina at 0° (1), 20°

@), and 30° (3).

Fig. 2. Isotherms of heats of wetting of
alumina by solutions of cyclo-
hexene (1), 1-methyleyclohex-

_ene-1 (2), and 1-methylcyclo-~
‘ hexene-3 (3), in n-heptane at 20°,
It is evident that cyclohexene molecules are first adsorbed by the main
plane of the cycle parallel to the surface of alumina with increase in cyclo-
hexene concentration; in the process of adsorption they acquire a "'rib"'-
orientation remaining as a double bond at the surface 1). With methylcyclo-

. hexenes adsorbed from solutions under similar conditions the bend on the

isotherm is scarcely noticeable. Only at a much higher temperature (80°
for 1-methylcyclohexene-1) does the isotherm reveal a pronounced band
corresponding to the reorientation of molecules to an inclined position, be-
cause the transition to the "rib"-orientation is hindered for these cyclenes
owing to a methyl radical introduced in the molecule. The introduction of a
methyl radical lowers also adsorption, the maximum adsorption of 1-methyl-
cyclohexene-1 at 200 being four times lower than that of cyclohexene 6

The reorientation of cyclohexene molecules over alumina is substantiat-
ed by calorimetric measurements of heats of wetting )

" The isotherms of heats-of wetting of alumina by cyclohexene and methyl-
cyclohexenes in n-heptane over the whole range of concentrations at 200 are
given in fig. 2. Their shape corresponds to that of adsorption isotherms of
the cyclenes studied and the band on the isotherms of heats of wetting is in
accordance with the picture of reorientation of molecules on adsorption,
The introduction of the methyl radical in the cyclohexene molecule increases

. the difference in the energies of interaction with the surface of dlfferently

orientated molecules.
" In table 1 the heats of wetting of alumina by cyclohexenes are compared

. ‘with heats of adsorption of respective cyclenes measured by gas chromato-
- graphy (Q ) under conditions rather similar to those of catalytic isomeri=-

zation in the flow. It is to be noted that the values of heats of wetting and

-adsorption of cyclohexenes and their methyl derivatives are lower than the
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) Cyclohexene 7.0 7.0
1-methylcyclohexene-1 7.7 8.3
1-methylcyclohexene-3 7.4 7. 5

. I,;'

1. 44
Table 1 ’
. Heats of wetting and adsorption of six-membered
. cyclenes over alumina,

Heats

of wetting | of adsorption
(cal/g) (cal/ mole)

corresponding ones found for hydrocarbons of a similar structure but with
another degree of the unsaturation of the cycle 7,8). This also speaks for
the specific behaviour of cyclohexene molecules on the surface of alumina.
Cyclenes that are more catalytically active to isomerization over alu-
mina have lower values of energetic characteristics. From the hydrocar-
bons under investigation thé most active one proved to be cyclohexene that
was found to isomerize over alumina already at the liquid phase at 409, At
precatalytic temperature (30°) the adsorption isotherm (fig. 1) has shown
the greater part of cyclohexene molecules on the surface of the catalyst to

Hhave a "rib" orientation, or a double bond orientation to the surface. On

going over to 0°, or to a temperature that.is not as near to the initiation of -

“the catalytic conversion of cyclohexene, the adsorption isotherm shows that

practically no reorientation of cyclohexene molecules takes place. Thus,
the ''rib''-orientation of cyclohexene molecules seems to precede catalytic.
- conversion.’ .

. Another proof of such a relation is afforded by the study of the behavi-
.our. of cyclohexene on adsorption over catalysts that do not cause isomeri-

" zation. To this end we have measured adsorption isotherms of cyclohexene
" from solutions in n-heptane at 20° over silica gel that was found to initiate

-isomerization of cyclohexene at 2500 only, and over erbia with no skeleton

. isomerization even at 5000, With these catalysts no reorientation of cyclo-
~ hexene molecules is to be observed.

. For methyl derivatives of cyclohexene of a similar 1mportance on
transition to precatalytic state is the reorientation of their molecules on

. the surface of alumina to an inclined position. The peculiarity in the re-
. orientation of methylcyclohexene molecules is displayed by a higher tem-

perature of their catalytic isomerization. 1- Methylcyclohexene-1 does not -

3 undergo catalytic conversion in the liquid phase even at 1009,

- We believe that the "'rib"-orientation. of the molecules of six-membered
_cyclenes on the surface of the catalyst in the precatalytic state that we have

N .U'demonstrated should govern their further catalytic conversion. With a

. "rib"-orientation of the cyclene molecule the most polarlzed hydrocarbon

'“-.'atoms would be those that are nearer to the surface of the catalyst and this
: should favour the breaking of their bonds. Therefore, the behaviour of

molecules of 1-methylcyclohexene-1 and 1-methylcyclohexene-3 during the

elementary catalytic event of skeleton isomerization should be different.
3 Isomerlzation of 1- rnethy cyclohexene 1 must lead to 1- ethylcyclopentene -1
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‘ Fig 3. Percentage of 1-methylcyclo- Fig. 4. Percentage of 1-methylcyclo~
' hexene-1 (1), l-methylcyclo- hexene-1 (1), 1-methylcyclo-
| hexene-3 (2), l-ethylcyclopen- hexene-3 (2), l-ethylecyclopen-
| tene-1 (3), and 1,2-dimethyl- tene-1 (3), and 1,2-dimethyl-
cyclopentene-1 (4) in the cata- cyclopentene-1 (4) in the cata-
lysate, depending on the tem- lysate, depending on the rate

perature, at the rate of gas- .. of gas-carrier at 2680,
carrier of 60 ml/min.

as one of the products, whereas the skeleton isomerization of 1-methyl-
cyclohexene-3 should give no such product.
To check this suggestion we have studied kinetic regularities of cataly-
-tic isomerization over alumina of both methylcyclohexenes and 1-ethyl-
cyclopentene-1. The catalytic runs were carried out under chromatographic
“conditions with the gas-carrier rate 60 ml/min over 1809 - 3100 range, and
also at several temperatures and changing rates of gas-carrier from 10 to -
150 ml/min. Fig. 3 shows temperature dependences of isomerization of
! 1-methylcyclohexene-1 over alumina. It will be seen that with rising tem-
' perature and decreasing percentage of 1-methylcyclohexene-1 in the catalys-
ate the amount of 1-ethylcyclopentene-1 in the products of catalytic conver-
I sion passes through a maximum just as does the amount of 1-methylecyclo-
hexene-3 formed. The maximum on Kinetic curves pomts to the fact that the
products formed are intermediates.
" Carrying out isomerization of 1-methylcyclohexene-1 in a continuous .
flow installation over a broad range of temperatures led to similar results.
The dependence of catalytic isomerization of 1- methylcyclohexene-1 on the
" rate of gas-carrier at 2680 is exemplified in fig. 4. The study of the in-
fluence of the rate of gas-carrier at several different temperatures has
also shown that 1- ethylcyclopentene -1 and 1-methylcyclohexene-3 are form-
ed as intermediates.
Kinetic. investigations of isomerization of 1- methylcyclohexene -3 have
demonstrated that this cyclene is converted essentially to 1-methylcyclo-
hexene-1 (up to 70%) and also to 1,2-dimethylcyclopentene-1 (up to 20%).
Experiments on catalytic 1somerlzat1on of 1-ethylcyclopentene-1 have
shown that the catalysate consists mainly of 1-methylcyclohexene-1 (up to
ENULY anA Aimathuleurnlanontonog
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i As a result. of our investigation the catalytic isomerization of 1-methyl-

" cyclohexene-1 may be pictured as follows: the molecule of 1-methylcyclo-

hexene-1, chemisorbed by the double bond on the surface of the catalyst

. undergoes the breaking of the cycle to form 1-ethylcyclopentene-1 that is

then converted to one of dimethylcyclopentenes. 1-Methylcyciohexene-~1

_can also give 1,2-dimethylcyclopentene~1 or undergo isomerization with

the transfer of the double bond to 1-methylcyclohexene-3 that leads to 1,2-
dimethylcyclopentene -1 dlrectly, without mtermedlate formation of 1-ethy1-
cyclopentene -1 - . ) A\

e gsireirag

\C.

The formation of ‘1'-ethyloy'c10pentene-1 as one of intermediates of

catalytic isomerization confirms our suggestion about the specific behavi-

our of six-membered cyclenes on the surface of alumina. At the same time

. a more detailed information, provided by the investigation, on the sequence
~of elementary steps involved in catalytic isomerization must contribute to

the elucidation of the mechanism of the process.
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