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I. ABSTRACT

The effect of various amounts of Se02, a p=-type impurity,
in modifying the selectivity of the copper oxide catalysts for metha-
crolein production, in the catalytic oxidation of isobutylene was
investigated, at different feed ratlos and several temperatures up to
425°C, in an isothermal integral flow reactor. The reaction products
were analyzed quantitatively by gas chromatography.

It has been found that there is an optimal amount of 3802
required at each operating condition to enhance the selectivity of the
catalyst. The experimental results are explained with the electron
theory of catalysis on semiconductors and a reaction mechanism proposed.
It has been postulated that the rate determining step in the partial
oxidation of isobutene to methacrolein is a p-type and its further
oxidation to water and 002 is an n-type, under the operating conditions,




IT, INTRODUCTTON

The furdamental concepts with which we are concerned in
catalysis are the cancepts of the "activity” and "selectivity” of a
cstelyst, The former characteriges the reaction rate and the latter
is related to the product distribution,

Every reaction conzista as a rule of a mumber of intermediate
stages which occur both in parallel and consecutively. However, it is
underatood that if a catalyst can accelerate ths first step of s conse-
cutive reacticn it will also accelerate all the subsequent steps, Also
1f 4t can accelera:: one of the parallel reactions it will accelerate
the others as wll {1 ;. In cther words a certain catalyst alone can
not affect the selectivity undser a certain opereting condition. From
industrial view point selectivity is always more appreclated than the
reactivity itself, for instance in the oxidatlion of unsaturated hydro-
carbons, one is more interested in the yleld of an intermediste product
such as the aldehydes and not the final pmoducts such as carbon dloxide
and water.

The purpose of the present study was to Investigste the means
by which the activity and selectivity of the copper catalyst could be
improved by adding some other components besides the primary active
catalytic agent that may be present durdng the catalytic action, The
additives defined ms "catalyst modifiers™ may include promotors, inhi-



bitors, accelerators and polsons. uhen the amount of the additives is
extremely small compared with the parent catalyst, it is called "doped
catalyst™, The catalyst used for the parent study belongs to this class,
Here a general concept of "modifier" is used {o replace the individual
terms since a given modifier on a given catalyst may be a promotor for
one reaction and a poison for another even in the same reaction, it may
act a5 a promotor at one stage and then act as a poison at another stage.

The partiasl oxidation of isobutylene into methacrolein over
copper oxide catalyst was studied to 1llustrate this phenomena using
selenium dioxide as the modiffer. Both catalyst and modifier, by their
electrical properties belongs to the class of semiconductors.

The catalytic activity of semiconductors was discovered long
before the coneept of a semiconductor itself appeared. However, until
recently the relaticnship between catalytic activity of the solid and
its semiconductivity was uniknown, Most of the researches carried out
in this direction have been of a qualitative nature., The so-called
electron or charge transfer theory of catalysis on semlconductors canmot
be regarded at present as a theory which could explain the catalytic
activity of semiconductors completely satisfactorily on a quantitative basis,
It 18 being erected on the foundation of the modern theory of chemical
bonding on the one hand and an the foundation of the modern theory of
solids on the other hand.

In the present study, the importance of different amounts of



impurlty on the concentrations of free glectron and positive hole on
the surface which in turn determine the rates of adsorptlon and desorpe
tion of molecules, ztoms and ions is $llustrated.

An hypothesis "the chemisorption of both reactants on the
surface of this catalyst are necessary steps in hetercgensous catalysis®
iz proposed in this work. In other words, the surface reastlon can only
occur between the charged species., It is proposed that the Rideal
machanism 1s only a special cage of the Langumir-Hinshelwood mechandam
and that adsorption constant of one of the adsordate is relatively and
comparatively sraller then the other one, Eut since the adsorption
constant of ane of this reactant could be increased or decreased by
changing the properties especially the work function of the catalyst,
the conversion and yleld of a resction might be changed,

This hypothesis does not contraverse in any way the existing
results obtained by different researchers, It is shown that it is poseible
to resolve and explain many conflicts in the experimental data concerning
the reaction oxrder and activation energy which are reported in the lite-
rature and which can not be explained by the old active center concept.




111  LITERATURE SURVEY

A. LITERATURE RELATED TO OXIDATION OF ISCBUTYLENE

Bretton, Wan and Dodge (2) found that the vapor phase oxida-
tion of four carbon hydrocarbons over a vanadium pentoxide catalyst
can for the most part be explained by a scheme of atomic dehydrogenation
and peroxidation, similar to that suggested by %aters (3 J and by peroxide
decarposition, The first step according to this scheme was the removal
of a hydrogen atom fram the hydrocarbon forming a free radical which
then reacted with a molecule of oxygen to form a peroxide radical, This
last product then became a peroxide by gaining 8 hrdrogen atom.

According to Water's mechanism, the peroxide radical abstracted
a hydrogen atom from another hydrocarbon molecule arxl the reaction
proceedey in a chain like fashion. The experimental results were ex-
plained by considering the catalyst as z hydrogen atom abstractor and
donor. This role of the catalyst is represented by the following reaction:

RH + X+ HX + R~ (1)

R-+02-’Rs-0-0- (2)

ReaO=O- + HX + ROCH + X (3)




where X represents the catalyst. The decomposition of the peroxide
occurs by scission at the 0-0 bond followed by scilssion of an adjacent
C-H or the weakest adjacent C-C bond. The presence of methacrolein in
the products of oxldation of iscbutylene indicated that the initial point
of oxidative attack on the mono-olefins might be at the c-methyl or
methylenic carban atom.

H

CHZ ;--\_--.OE..O-H-;-CHZ " (‘:-aio+!{20
i3 %y

Balawin () deseribed a method whereby iscbutylene could be
oxidized to methacrolein. He has given a list of possible metals,
their organic compounds and common supperts, which form useful catalysts
for oxidation of hydrocarbons.

Dowden and Caldwell ( >) studied the effect of reactant ratios,
contact times and temperatures on the conversion and yleld of isobutylene
to methacrolein. They claim that by passing 100 liter/hour of a mixture
of 85% air and 15% by volume of iscbutylene through a flow reactor packed
with 30 ml. of a silite supported copper catalyst, a conversion of 17%
per pass with a 95% yield of methacrclein could be obtained at 400°C,

Kitahara and ¥oriya ( ©) investigated the catalytic oxidation

of isobutylene to methacrolein over various metal oxides and their mixtures,



They found that a Vzos : r:go3 : ?205 catalyst supported on an alumimine
sponge was the moat effective catalyst for oxidation, They also studied
the effects of variocus types of supports, grain size of aluminme-sponge,
space velocity, isobubtylene/oxysen ratio in the feed, and the promotional
effects of steam, Methacrolein and other liquid products (aldehydes,
ketones, acids and ethers) were obtained by condensing the reaction
products in the iee cooled traps and an sbsorption train contaldning
methanol. The products which were collected in condensatiocn snd sbsorp-
ticn treins contalned 908 methacrolein,

Popeva, M1l'man and lLatysheva { 7 studied the oxidation of
isobutylene with oxygen over a 0,1-1,5% copper oxide {70% Q10 + 308 Cud)
catalyst swpported on silite, at 350°-370°C. They used an iacbutylene
oxygen ratic of 5.6 ower a wide range of space veloeities. 3.8% of the
isobutyl~ & was converted to carbonyl coapomds; 8a.5% of which was
rmethsorolein, 7.2% proplonaldshyde, 6,2% acataldehyde and 4,1% acrolein,

Popova, Vermel and Mil'man { 3; followed the oxidation of
1sobutylene in a flow reactor on 0.5% amd 1.5% cupric oxide supported
on gilite with and without the addition of %003 and h’O3. They found
that the reaction was first order with respect to oxygen for the formation
of aldehyde and carbon dioxide, The formation rate of the unsaturated
aldehydes depended on the structure of the oxidized hydrocarbons and the
reactivity of the aldehydes formed., Addition of !&:03 arnd HOB did not
change the activation enargy of the dienzls but inereased activation energy




of the carbon dioxide formation and the oxidation selectivity of the
dlenes, which was relatively lower than that of the monoolefins. Elec—
tronic considerations of these experimental data showed that the formation
rate of unsaturated aldehydes on the copper catalyst was determined by

the degree of polarization of hydrogen in the methyl groups conjugated
with a double bond as well as by space difficulties while being oriented
toward the catalyst surface,

Skirrow and Willlams (Y ) examined the gas-phase oxidation of
isobutylene by a static method between 252° and 320°C., They found that
the reaction proceeded with an initial pressure decrease during whdch
formaldehyde and acetone were produced in equivalent amounta. They
suggested that the isobutyPaldehyde detected at the lower temperatures
was probably formed by the iscmerization of ischutylene oxide., Much
of tle pressure decrease during the course of the reaction was attributed

to the overall process,
(Cy),=C = CHy + Y0, + (CHly),CHCHO

rather than to peroxide formation, since under certain comditions, the

yleld of peroxide was much too smell to provide a satisfactory explans-
tion. The more important primary products could be accounted for in terms

of a radical addition mechanism initisted by addition of a hydroxyl radical

to the terminal (Ha group and followed by peroxy radical formation and its



subsequent decompoasition., The formation of methyl allyl hydvoperoxide
~xi methacrolein showed that sare zbstraction of methyl hydrogen cccoured,
although to be less Irportant than the addition attack, The carbon oxides,
water and propylene were forsed by rezctions of the primary products, It
has besn cugpested that the branching oceured by aldehyde oxidation,
. Marm and Rouleau {1 studied the oxidation of iscbutylems over

a pumice supported copper catalyst by a static method between 360° and 400°C
and found that the order of the reaction was first and gero order with
respect to oxygen and iscobutylene respectively. 7They also obtained an
activation eneray of 21,65 2 0,05 keal/mole.

They studied the same reastion hetween 350°-450°C for a recle
procal space veloeity of 0,12 to 16,8 and an oxygen/isobutylene ratio
of 0,25 to 4.0 in an isocthermal integral flow reactor. They found that
with an ‘.crease in the process variables of temperature resctant ratlo,
coppsr concentration and reciprocal of space velocity, the conversion of
isobutylene increared and that the yleld of methacrolsein decreased, A rate
equation based on Hougen-Watson type approech was alzo derived by them
(11). A surface resction between adsorped isobutylens and oxygen in the
gas phase or between strungly adsorbed iscbutylens and weakly adsorbed
oxygen was found to be the rate determining step.

While the concentraticns of oxygen and isobutylene were chsnrad
from 2 to 3 and 7 to 80% by velume respectively, the contact times were
changed approximately 29 times, Shapovalova, CGorokhovastiskii and




fubanik (12; found that in the partial oxidstion of lscbutylene, the

rete of reaction wms flrst order with respect to oxyren and sero order
with respect to iscbhutylene, However, they found that in case of somplete
oxidation of isobutylene, the rate of reactions were 0.8 and zero order
with respect Lo oxypen and isobutylsne respectively.

B. LITERATURE RELATED TO CATALYST MODIFICATION

The phencmeron of catalyst promotion arxi polsoning by ispurities
has long been well-known and has beon widely used in the clowicsl irduse
tries, Hunerous experimontal pepers are devoted to this problee. An
exceilent literatwre marvey concerning the catalyst premoticn ard
poisoning by some othar corponents bDesides the primary catalytic agent
was carried out by Irwe (13, Where Inng reviewed the literaturs frow
1942 to 1952, the earlier literature has been reviewed by Beriazan,

Yorrell and Egloff (14,

The very fact that the additives may affect ¢he yield and
reaction kinstics, make 8 study of the catalyast modifieation an interes.
ting subject,

Parravano arxd Boudart (15: reported that the activation ensrpy
for the carbon monoxide oxidation in the temperature range 180-250°C 1s
increaned by doping W10 ,with trace smounts of Ll20 ard decreased by
doping H10 with 0,01 mol % W0j. The activstion energies for the 117 doped




|
i

pure end W' doped NAO are 25, 13.7 and 6.5 keal/mole respsctively,

Schwab and Bloek {10 ) obtained results which were exactly
opposite to those obtained by Purrevano and Boudart, They studied the
same reaction in the tempermture rarge 300° to 450°C with L™ and Ge'''
doped Hi0 and found that the additicon of a trivalent ion lowered the
conductivity and raised the enrgy of activation for the catalytio
reaction. The addition of a monovalent lon increased the conductivity
and lowered the energy of asctivation., The eonflicting observations of
Sohiwab and Parravano now have been resclved by the electron theory of
catalysis on serdconductors,

Margolis and Krylov (7 } investigated the oxids’ .on of ethylene
on MgO. Cr203 catalyst with nazsma irpurity, They found that the
aotivity of the catalyst was not a linecar function of its fmpurity
content,

Hauffe, Glang and Egnell (1? )} found cut that though an
addition of 0.1 mol % Li,0 to Zn0 caused a distinot increase in the rete
of nitrous oxide decorposition, an excess addition of 11,0 of about 35
mol ¥ to Zr) slowed down this reaction very drastically,

Many suthors have pointed out that the same Impurity in
the same catalyst in relation to the same reacticn can assume the role
of a proamter or poison at a glven temperature depending on its concens
tration,

Zhahrova and Foltdna (9} cuudied the decompesition of hruropen
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Roginskll €0 ) has inmvestipated the complete oxidation of iaso-octane
on WO, crystal with added NaCH. Element €1 ) studied the same reaction
on m3 arystal with added RNOB or 5203. Both of the above mentloned
regctions were found to be promoted at one aconcentration and inhibited
at another concentration,

V.E. Ostrovidi et al &7 ) studied the modifying effect of 3,
Se, Te and C1 an a silver catalyst for oxidation of ethylene waing a
radiochemical method, The additives concentration varied within the

limits 1072 to 107

atom %, In each case the optimm activity was found
to 1ie in the modifier concentration range which corresponded to small
coverages of the cstialyst surface,

Data were obtained on the modifier distribution within the
catalyst and on its surface and on their volatility to the gasecus phase,

The changes in the activity of the catalysts due to the added
modifiers have been attributed to a change in the band energy of adasorbed
oxygen.

Krosjalov et al 3 ) studled the air oxidation of propylene
into acrolein over OuSeO3 on active alumina oxide, silica pel etc, as
carriers, They explained the funetion of selenium as follows:

*Due to chemisorption it blocks the active centers easential
for complete oxidation of propylene. In addition, during the formation

of acrolein, selenium participates in the transfer of oxygen to the propy=-



lene molecules™., They proposed that selenium assiste the rupture of
the chain reaction for the decomposition of the allyl hydropercxide
radical, or acts as a prosoter on the active centers of the catalyst
during the catelytie reaction.

¥Margolis et al (24 investigated the effects of many additives
upon the catalytic activity and selectivity of metals ard semiconductor
catalysts (silver and copper oxide) for the oxidation of ethylene and
propylene, They found that with the modifying additives with electro-
negative value preater than of the catalyst decreased the activity
and increased the yleld of electrons of the catalyst, at the same tinme,
increased the work function and the selestivity of oxidation of ethylene
and pronylene,

Many patents concerning the partial oxidation of propylene
and other olefins to acrolein and higher unsatwrated aldehydes in presence
of selenium have been granted between 1950 and 1960 to Hadley and co
workers at Distillers Company Limited. The process was carried out in
vapor phase and the catalyst consisted of copper on various supporta
impregnated with elsmental selenium {5 ;. Alternatively, the selenium
was introduced as vapor in the reactant stresm £0). T. many of these
the method described was essentially the following: 25 liters of gas
adxture per hour were passed over 8 to 10 grams of catalyst mass
between 200° and 400°C, preferably about 300°C. The mixture consisted
of 98% air and 2% olefin by volume, It also contained 0,0008 gram of



-1l =

selenfus vapor per liter, They claimed that in either case, selerdum
iengthened the 1ife of the copper catelvst and increased the yield of
unssturated aldehydes, NHowever, they do not give sny information
regarding selectivity under different cperating conditions,

A eareful search of the literature hes revealed that most of
the litersture which is devoted to the catalyst modification is concerned
with the practical phases. The existing information does rot appear to
be of great importance in underatanding the catalytic oxidation processes,
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10 THEORY

In recent years a better understanding of heterogeneous
catalysis has been obtainsd as a result of Lhe recogniticn that a
direct slectron exchange takes place between the reactants or products
and the catalyst. In developing this theme for the case of electron
transfer on the surface of semisonductor, it is conveniernt to begin
with some beckground information from the solid stabe physics.

I. BASIC CONSIDERATIONS

A, The barnd model

¥hen the electronic progesses in semiconductors are concerned,
the band theory rrovides the most useful basiz for discussion.
(1)  Energy levels

The energy levels of the various electrons within a single
atcs can be measured from the spectral studies, each of these electron
has an energy such that if the electron is removed from the structure
energy cheangss giving rise to absorption spectra are cbserved, The
subsequent capbure of an clectron and the accampanying ensrgy changes

give rise to the emisslion spectra.
These enorgy levels are discrete since the Peull Principle

states that only two electrons ean have the same set of quantum nurbers




in an isolnted atom.

(11) Energy bands

If atoms are brought together from larpe distances to form
a solid, the electrons of the individual atoms will interact, this
interaction does not change the mumber of electrons in a filled subshell
but 1t makes it impossible to assign the individual electrons to the
individusl atoms, one has to consider the elsctrons to be more or less
collectively shared by the individual atomic nuclei,

As g consequence of the interaction, the discrete binding
enagrgy of an electron in a single atom is changed into a borxd of allowed
binding energles in the crystal., The discrete energy levels of the
electrons in & single atom thus correspo to bands of allowed energles
in a solid, Ths energy gap between the two allowed bands is called the
forvidden energy gap. If the allowed energy band is filled, we call it
"Valence Band®, if 1t 1s ampty or partly filled we call it "Conduction
Band®,

B, Conductors, Insulators and Semiconductors

Their gifferences and definitions are better understood
with the band model, for conductor (Ploure 12), the energy gap is much
less than KT (here k is the Boltzmann constant and T is absolute
temperature) and the conduetion band 48 partially filled so that it is
easy to excite electrons from valence band to conduction band, For
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insulstor (Pigure Do), the energy vap is mueh lavger than kT and

the conduction band i3 empty, the electrons transfer between these

two bands 1s very difficult. For semiccndustor (Figure 1r), the enerny
gap has a value near #T and the conduetion band also is amply. AL the
absolute gero termperature the aprliestion of an electrlce fleld to
semdconductor could not cause canduction since nons of the electrons

are frec to sove under the inclusnce of the external field, it 1s
therefore an insulstor st very low temperatures, However, its electrical
conductivity is very sensitiwe to temperatures and increases rapidly
with incressing temperatures. Since the width of the eneray zup is
different for different semicomductors, so when the energy gap inareases,
the temperature required to produge a3 significsnt amount of semnicor
ductlon also incresses,

Co Classification of Sendconductors

‘There are in prineiple two types of semisconductors, intrinsic
and extringic.

(1) Intrinsic semiconductor (Figure Xo)

The nams *intrinsie® implies that the gesdconductivity property
of the material is its own characterdstic property and they are essentilally
insulators at low temperature, However, as the texperaturas is incressed
their conductivity is increased, comtrary to the behaviour of metallic
candustors,



The conduction process in case of Intrinsie semiconductors
is carried by two types of carriers. The one type 1s of course the
free electrons in the conduction band, For every electron appearing
in the conduction band there must be an elsctron missing from the
valenes band, Such & vacant spot in the valence band 1s called a free
hole, it. acts in many respects as a positive charge and 1s wmobile in
the oppesite direction to the free electrons and thus takes part in
the conduction procegs.

(11) Extrinsic semiconductors

In intrinsic semiconductors, the current 1s carried by two
types of carriers, electrons and holes but in many respects, it would
be much more convenient to have semiconductivity with only one type
of the carriers either electron or hole, so we therefore have two
kinds of extrinsic semiconductors.

a) n-type (negative type Flsure |J

Semiconductor, in which the current is carried predominately
by electrons, is called "netype semiconducter”. In between the filled
valence band and the empty conduction band there is ancther discrete
occupied energy lavel, slightly below the conduction band., One has
only to increase the tempsrature slightly in order to raise the bounded
electrons in this level to the conduction band., It is for thie reason,
that the energy level is caller “donor level®, Cns typloel netype
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semiconductor is ZnO. Due to a structure defect of Zn atom excess
in Zn, a free electron is wandering through the crystal:

Zn+ <———Zn+++e

b) p-type (positive type Figure lc)

p-type semicanductor is a kind of sam;conductor in which
the current is carried predominately by positive holes. Sometimes
between the filled valence band and the empty conduction band, there
1s snother discrete unoccupied energy level vwhich is slightly above
the valence band. One can raise the electrons from the valence band
to these unocoupied energy levels to leave free holes behind in the
valence band, Such energy levels are called acceptor levels, One
typical example of a p-type semiconductor is CuaO. Due to a structure
dafect of excess oxygen in Cuzo a free hole is wandering throush the

lattice:
wt =— at+ @

¢) mixed-type semiconductor

In mixed type semiconductors both acceptors and doricrs are

present in the material, Due to the compensation effect the difference

between donor and acceptor concentration will determine the carrier
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type and concentratlion.

Besides, the semiconductors which show conductivity due to
structure defect or non-stoicholmstry, the nwtype or p-type semicon-
dustor can alec De nade by introducing scme iinds of altervalent lons
as impurities, for example doped Li” ean increase the hols congentration
of Cu0 and doped o™ can decrease it. Thus the rigid classificatien
ofaeatalystm"p—type”or"n—type“umbablyalesammm
criteria than the so-celled "degree of p-typeness® or “degree of
n-typenesa® (27) which a eatalyst can maintain during the conditions
of & glven catalytic reaction,

d) PFermi-Dirac Distribution and Permi Level

Permi level or Fermi energy is a parameter oharacteristic
of the semiconductors., It plays an extremely important part in the
electron theory of catalysis on semiconductors.

Zeeh electron 4n the orystal is cheracterized by a partl-
eularemmziam!tmmmberormﬂable states at this energzy by

yA At equilibrium cut of a tatal of N alectrons, ny will be situsted

1.
at this energy 21. The total energy of the assvably of &lectrons 1s L

Thus
N o= Z M (1)

E = =78 (2
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« T2, = L,4%,---4Z

Seonal 1 14 % R (3)

Sinee we have a totel enargy of E no levels greater than £ would be
cccupied.

Assundng that a given elsctron has no preference for any
gtate, the prodebility of it being in sny state, P would be

1
P = m (4)
At z given energy Ei' there would be zi levels, Acoording to the
Paull exclusion prineiple since no tws electrons would heve the sace
guertun meber, each energy state would be eccupied by only one electron
at most,.

A given alectron has & probability P of being in a pertie
eulap state, 7Thus the probability that n, levels are simultaneously
£illed with n, electrons for the particular complexion 1s P, There
sre, however, many ways in which these zi states rmay be occupled by

n, electrons besides the particular one chosen, then, the number of

complexion iz given as
z, |
¥ = ”e 1 ' (5)
ﬂ:'<diﬂ-ﬂ1)'

Since the elsctrons are indistinguishable and if the states are also




indistinguishable, the probablility p(ni) of finding n, electrons at
energy E‘i would be

2

e M i
® n. | (2;."“1).’

(&)

pln,) = piw,

Shumly,mradifferwtwﬁd

2
- « i
peg) = vy = o ST

Therefore, the probability of finding N electrons with n, electrons at

the level E,, ny electrons ab E, oto. is plny) « p(nJ)

Thus

P(ni)op(n‘;)*-“ = pni .an--.";&'i.w - - ﬂpnﬂwiupnw
n

Ny Ziopny 870 constants then v is flxed, thus pn is & constant,
At equilibrium, W in equation (7) should be a maximum and

W = " oy (8)

InW = Zlnw (9)

usiny Stirling's approximsticn for w, in equation (5) we have 1

In¥ = £{Z, 1n2Z, ~n Inn - (2e0,) 10 (Z-n)] (10)
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differentiating equation (10)

din¥ = S[e«ln ng + in (xf-ni)] a n w0 (11)

Equationa (1) and (2) can be written ass

dn = sdn, = o (12)

dE = SE;dn = 0 (13)

Since the meximum in In W i3 dependently upon meny verlsbles (n,, n, - --3,
¥ . is a constrained maximm, Using the Langrandrian multiplier

max

to equations (11), (12) and (13), we hawve

where i, and A, are
{(17) we have

A.’mwi
b
Nln w
-———-—-A--l - X E: s O (15)
n l 2]
3
AR y]
m-lo o -2 = o (16)
1 271
Ry

FARC ¢
1 e = Ay = A E
n 1 s
J
the Legrargian multipliers =olving equations {16) and

an

@
[*]

e



ni » 1 (18)
1 + exp(}) exp(A, E,)

Further consideration shows that

A = ..é; (19)
1
b e (20)

vhere k iz Boltemann constant T is absolute temperature and Et is
known as Permi level,
Thus r(zi), the probabllity or the fraction of sites cocupied
with a given energy E‘.1 is:
n
i 1
fED = - = TV (2

1 1
Tnis is iqown as the Fermi-Dirac distribution, If &, - E*.t >=> kT,
(usually when E, - L, > 4¢T then

B -5
“Ei) o ;1; ~ exp[--éf-f-] (22)

i3 known as the Maxwell-Boltzmann distrinvtion,
(11) OCompartson of Permi level with chemical potential. In oxder to
obtain the chemical potential of an electron of the crystal, consider
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the entropy change of a erystal resulting from the introduction of one
elactron of zero ensrgy Lito the crystalmxweitmganemrgyﬁi

%’S‘I = (-3-3;-’4 (23)
Since from equation (11), we have
éd1ln LA &g=Ng
—-E;—— = [=1n ni + 1n (21"111)] = 1n ( - ) (24)
i

Letting dzxi = ] electron and suatituting equation (28) in (23) we hawve

Z,

=y
d = k1n ﬁ-h—"-') (25)
substituting f(Ei) fros equation (21) for ;-1- into equation (25), we have
b §
i‘(Ei)-l *Er ﬂi
ds-kln[m L o (26)

Lt 8 be a function of the muber of electrons H, choosing E and V in
addition to N and specifying that V is a censtant, we have the relationship

a8 = (ZpPgy N+ (SPyy ® (2n
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Since

a = 1, @ = E.

28 a8,
B = (Spey * SN E

Equating squation (26) to equation (28) yields

-E
T

58
SPeyv = T
3

("a"g..')ﬂ,v - +q

The chemical potential per electron is
- (aG)
Ve SHe,T
snd from claseleal thermodvnamiss wa find that

36 58
vg = (SPpr = ~T 5Py

Therefore

(28)

(29)

It would thus be seen that the Fermi level in the semiconductor is just

the same as the chemical potential per a2lectron. Though the importance
of the chemical potential in the thermodynamics is well known yet the

important role the Fermi level can play in the fleld of heterogeneocus

catalysis is still very obscure,
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B THE MMEL OF SLECTRON TRANSFIR HETEROCRNOUS CRTALYSIZ

The sodel of & chemiesl reaction proceeding on aenicenductor
catalyst 1s postulsted as Yigure 2,

Fluid Phope Semiconductor

[O)

O
Boundary layer or double layer

2iecules, atoms or Jons

(chsmizorbed layer)
(Sipace charpe 1agion)

Bullk phmee of fluld
Piffusion Film

Interier bulk region of semiconductor catalyst

Pioure 2 Simplified ¥odel of Doncre at a FluldeCutalyst Interface

i
|
|
|
|




The sequence of resction mechanisms according to the classical

chemical point of view {s medified as followss

Step 1 Diffusion of reactants across the gas film towards the catalyst,

Step 2 Adsorption of neutrsl gas molecules ente the semiconductor
eatalyst surface,

Step 3 The formation of charged particles (adions) by electron transfer
between neutral paxticles and the catalyst.

Step 4 FRemction between adions and/or neutral particles on the surface
by radom migration to create new adions and/or neutral particles.

Step 5 TFormation of new neutral particles (products) by recombination of
new adiore ~._aed in step 4 with charped carrlers from the catalyst.
Step 6 Desorption of products formed in step 5.

*i Step 7 Diffusion of products across the gas film into the pas phase.
The diffusion of reactents and products across the gas film in
Steps 1 and 7 above is not important in this study (11).

IIT CHEMISORPTION M SEMICONDUCTORS: (3) (29)

T™e mechanism of a heterogerneous estaiytic process cannot be
completely understood until the mechanism of the intermediate stagee of
the process-adsorption and descrpticn has been elucldated, Therefore the

theory of heterogeneous catslysis inescspably starts from the theory of

adsorption,
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A. Physical adscrption and chemisorption

There are two kinds of adsorption, physiesl adsorption and
chemisorption. The difference between them is the origin of the force
vhich retain the adsorbed molecule on the surface of the solid. As
physical adsorption is concermed the forces are of electrostatic origin
(van der Wamls! forces) or forces due to electrostatic polarization,

For chesdsorption, the forces responsible for adsorption are of a chemical
nature {forces of the exchange type). In this case, the adsorption
constitutes 8 chemileal combination of the gas molecule with the solid
¥ith the forration of a chemical bond., The forees producing the bond may
be covalent or icnic and in many cases, both of tham,

In treating physical adsorption, 2 system of adsorbed particles
is often ocnsidered as a two-dimensional gas which covers the surface
of the adsorbent. However, in the case of chemisorption this apprcach
becomes unacceptable, It is convenient to treat the chemisorbed particles
as "Immoities" whicn have penetrated into the surfzce of the cyrstal (30)
in other words, az a kind of structure defects which destrov the strictly
periodic structure of the surface, The chemiacrbed particles and the
lattice of the adsorbent emerge as a single quantum mechanic system. The
chemiscrbed particles are therefore sutomatically included in the electronic
syatem of the lattice, which by no means denotes that the adsorbed particles
are rigidly locallized. They still retain some degree of ability to move

over the surface,
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Thus a chemisorbed particle regaided as a sort of structure
defect on the surface may be considered as a center of loocalization for
the free electrong of the lasttice, serving as a trap for them and thus
playing the part of an acceptor. If may 2lso serve as a center of loca-
lizstion for 2 positive hole, thus playing the part of a doner, This
role depen@s not anly on the adsorbent but also on the mature of the
adsorbate. In the general case, the same chemisorbed particle on the same
adsorbent may simultanccusly be both acceptor and doner, possessing a
definite affinity for both a free electron and a hole as mentioned in
the section of extrinsic semiconductor,

It is highly essentizl that the localizat’n of a free electron
or positive hole on a chemisorbed particle not only cavse a change in tha
character but also in the strength of its bond with the surface.

B. Types of chemisorpticn on semiconductors

Thare are in principle two types of chemisorption
(1) Veak chemisorption

In case of wesk chemisorption, the chemisorbed particles (con-
sidered together with its adsorption center) remain electrically neutral
and electrons or positive holes of the lattiece do not contribute to the
bond between the lattice and the particle,

(41) Strong chemisorption

In the case of strong cherdsorption, the chemisorbed particle



captures a free electron or & free hole of the lattice. Such a free
electran or free hivle may participate directly in the chemisorption bond.
Mue to the different charmacters of the particles and semiconductors, four
different situations may in fact srise as follows (31).

(a) Anionic chemisorption on an ne=type ssemiconductor

During the adosprtion process, electrons flow from the surface
to the adsorbed particles, which becomes anionic in character and a strong
n-bond or acceptor borkd 18 formed,

An example of this phenomena 1s the adsorption of oxygen on
In0, Here owing to the strong electronegative nature of the oxygen, electrons
will flow from the semiconductors. Since the supply of these electrons is
1imited, this type of chemisorption is penerally called “depletive type®.
(b) Cation edsorption on a p=type semiconductor

In this case, the electron flow is from the adsorbed particle
to the solid, or the positive holes of solid be localized, which thus the
adscrbed particle becomes cationic in character and a strong p-bond or
donor bond 1s formed. An example of this i1s the adsorption of hydrogen
on Cu0. Here owing to the electropesitive nature of the hydrogen, the
tendency is for the electrons to flow from the hydrogen to the surfece.
These electrons will pass into the acceptor level., Since the supply of
thase 1s also limited, so it is also 2 kind of depletive chemisocrpticn.
(¢) Anicnic adsorption on a p-type semiconductor

In this cese, electrons pess from solid to adsorbed particles.
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Thus 8 strong p-bond or donor borkd is formed. An example of this is

the adsorption of oxygen on 01120. Since the eleetrons in the acceptor
level are bounded, the electrons are drawn from the valence band to the
adsorped specles. As the supply of electrons in the valence band is very
great, the concentration of free holes in the valence band is Increased.
This kind of chemisorption is known as accumulative chemisorption.

(d) cCationic adsorption on a n~type semliconductor

In this case just like (b), the positive holes of so0lid are
localized and also & p-bond is formed. An example of this type is the
adsorption of hydrogen on ZrQ. VWhere electrons pass from the hydrogen
to the solid. But since in this case, the donor levels are fllled, the
electrons must pass into the conduction band., As the conduction band is
capable of holding a large number of electrons so just like (¢) it iz a
kdnd of accumilative chemisorption.

IV, THE ELECTRON THEORY OF CATALYSIS ON SEMICONDUCTORS

A, The concept of free valencies in a catalyst and its

relation to the reactivities of chemisorbed particles.

As mentloned in the section of extrinsic semiconductors, there 1is
a positive free hole Wandering through the Cu’ fons of the Cu,0 lattice.
From the view point of valence bond theory Cu+ ion possesses a closed electron
shell and its valence 1s zero. The Cu atom is characterized by one electron
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in excess of the closed shell, so the valence is 41, Since ca't don
lacks one electron In 1ts closed shell, its valence is -1, Hence, in
this cass, & free hole is equivalent to an unsaturated negative valence.
Pollowing an indentical argument it can be seen that s free electron

is equivalent to an unsaturated positive valence,

The free electrons or holes may be treated as {ree valencies
ecapeble of breaking the valence bond in the chemisorbed particles and
themselves becoming saturated by those bonds. The wesk bond is equivie
lent to the valence saturated from chemisorption, electric neutral on the
surface, The strong nebond and p~bond are equivalent to the positive opr
negative valence unsaturated (redical or ion radical) chemisorption
respectively and are positively or negatively charged on the surface,

The treatment of free electrons and holes as free valencies ia
very convenient in deseribing chemical precesses on the surface of a semicone
ductor. It has the following properties (30).

(1) Every free valance has a mean 1ifetime, that 1s, the valencies can
appear and dissppear, A crystal contimmlly produces and sbsorbs free
valencles,

(11) The free valencies are not localized in the lattice but migrate
through the erystal., In other werds, as long as we are dealing with an
ideal crystal, there i3 an equal probability of finding a free valence
at any point of the crystal,

(111) The equilibriwn concentration of free valencies in the bulk and
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surface of the orystal depends not only on the nature of the crystal

but alsc on external conditions; it increases with a rise In terperature
and mey be artificially increased cr decreased under the influence of
externel gypents such as 1llumination, impuritics ete.

(1v) There 1s a continuous interchange of valenclss betwsen the bulk
and the surface of the crystal. Valencles pass from the surface into the
bulk snd vice versa, so that the bulk of the crystel is just 1like a2 reser-
voir, absorbing the free valencies of the surface and supplying them back
to the surface.

(v) The free valencies of a crystal can form pairs, each such pair
wanderdng through the crystal as an entity until it breeks up,

The perticipation of a free valence of the surface in chemle
sorption leads tc the traneformation of a valence-saturated particle into
an ion~radical or radical and vice versa, to the transfomration of a
radical into a valence-satursted electrically charged formation, HNatu-

rally, in radical forms of chemisorption, the chemisorbed particles possess

enhanced reacti/ity, l.e., enhanced ability to form chemdcal compourds
with ether chemisorbed particles or with the particles arriving from the
pagseous phase. Thus the varfous forms of chemisorption differ not only
in the character snd streagth of the bond, but also in the reactivity of
the chemisorbed particles.

The free valencies do not nocessarily have to pre-exist on the

surface, They may be formed by an act of chemisorption,
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B. The role of Fermi level in the equilibrium between different

forms of chemisorption

Using the idea of free vélencies, it is easiiy realized that
one form of chemisorption may change into another. It may pass from a
state with one type of bondigg~to a state with another type of bonding.
Such transifions denote that a'fréé'eléctron or hole is localized or
delocalized on the adsorbed particle.

It is convenient to describe such transitions in terms of the

energy band scheme of a semiconductor depicted in Figure 3
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Figure 3 Electronic Equilibrium on the Semiconductor Surface
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when 2 foreign particle is weakly chemlsorbed on the surface 1t is
reflected by an energy c~¢ in the energy spectrum. A particle which

has an affinity for & free electron is represented by a local acceptor
level, A; a particle having an affinity for a free hole corresponds to

a local donor level D. Electronic transitions, on sevi_onductors are
possible between the valence and conduction bands (transition I) and slso
between the energy bards and the local levels shown in Fizure 3 (transitions
2, 3, 4 and 5), The transitions may be written down as follows:

el, + pL — L 1l
CpL, + el —=CL 2
L + pL — CpL 3
Cl, + el v—=CelL h
Cel. 4 pL —= CL 5

where elL, pL denotes the free electron and hole in the crystal respec-
tively, L represents the uncharged lattice, CL represents the weak bond,
CpL and Cel. represent the strong p-bond and streng n-bond respectively.

The occurrence of an electron on the local level A indlcates
the transition of the chemisorbed particle C from a state of "weak™ bonding
to a state of strong acceptor banding (n-bonding) with the surface. The
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renoval of an electron (or the occurrence of a free hole) from the level
D indicates the transitlon of the chemisorbed particle € from 2 state of
"weak™ to a state of "strong" donor bording,

When the electronic equilibrium is established on the surface,
then a certaln fraction of the fotal number of aceceptor levels A will be
occupled by electrons and a certain fraction of the total number of doner
levels D will be free from electrons, In other worde, cut of the total
number of chemiscrbed particles ¥, there will be ¥°, N™, N* particles in
the state of ™wmak™, "strong® scceptor and ¥strong donor® bonding with the
surface respectively, Using the notations shown in Figure 3 where B 1g the
energy of the system,

The X-axis is parallel to the adsorbing surface of the semi-
conductor which 1s consldered plansr,

- +
© - -
e - ¥ e at - - (30)
since

' - K 2
N = N &N 4% (31)
0 4 =, * )
®4n 493 = } (32)

From the Fermi-Dirac distribution equation (21),
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Thus,
N_ . - (33)
Noe e, =V
lwxp(-—w‘-)
4
N l
e = g (3%)
£ L] CS - )
14exp( )
i

Substituting equations (33) and (34) in (30) by using equation (31), the
following relations can be obtained,

1
-]
n - $ ¥

= -
léexp(=- f-s-mr-—-)-texp(- 5-81@‘1-)

1
=il

t
142 exp(~ §) cosh(= —pr—)



3
- o + <4
E!, -

€. =%
Lexp( —gr—)+exp(~ —pr—)

( Anfc3++u+)
e~ —r—
(36)
€ ."-»‘..1+

142 exp{- %) cosh(-—a-m——)

c8+-u

+ exp(~ —pm—)

= - - Eypry
&8 -y 8!5 )

l*expG--—}ﬁr-a4eXF(-'-1ar—4

Aude *-Ll"'

(- —gr—)

- (3N

¥
cs-—u

142 exp(~ pi) cosh (~Zpp—)

In case of e; -ut > e > equation (35)

can be simplified to

© A Nf"“_. - LI (38)
] 68 -y
1+exp(- “"W“)
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. e ke = 3 (33

€ s--v"
1491‘;7(%-—)

Incase of ' 5 ¥ore” -u” 3> KT stmlarly
equations {35) and (37) can bs slmplified to

yo 1
n° ~ o (hO)
—  posn’ ¢8+-ua+
l+exp(- -—m—'—)
and
+
+ N 1
N A = (41)
H°+N+ la*w*
Yéexp(—pr—)

The quantities n®, n~, n@ characterize the relative contents
of the varicus forms of chemiscrption at ecquilibrium, or the averapge

relative lifetime of the chemisorbed particle in the corresponding states.

Since these quantities also depend on the Permi level, c;, therefore, the

reactivities can be unambigucusly determined by the pesition of the Fermi

level,

In addition to the electronic equilibrium established on the
surface, an adscrption equilibrium between the surface and the gaseous
phase can be repregsented as shown in Pligure 4
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Figure 4, Adsorption Eaquilibrium Between Gases and the Surface

where E = the energy of the system
X = distance between the particle and surface
1 = adsorption curve on the clean surface
1' = adsorption curve on the adsorbed surface
n and p = adsorption curves for strongvacceptor ana strong donor

chemisorption respectively.

The adsorption equilibrium can be expressed by the equation

- +
ap(l-sN) = o°Noexp(~ q°/KT) + v Nexp(~ ) + v'Nlexp(- E@) (42)




vhere p = the gaseous pressure
o = (ww)m
8 = the effective area of the chemisorbed particle
vo, v, v’ are constants

Vaing the relationship

Equation (32) can be reduced to

- - + 4
ap(leall) = [1+ 35 J5 axp(~ o) ¢ P v ex0(- o'/xT]

0®
von® H exp (- "m-)]

in sccordance with eguations (35-37) we obtain
4

v ‘s- v ‘s 1o
ap(l-sil) @ 1+ = exp(= ) + op expl= ) von° ¥ exp(- o) (43)

The adasorption capacity of a surface in relation to a given type
of molecules, N, is dependent on the position of the Fersd lewvel at a
fized temperature and pressure,
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C. The interactions of the surface properties with the bulk

properties of the semiconductor

The catalytic action cecur on the swrface of the semiconductor,
It has alreedy been visualized in the forgoing peragraph that the funda~-
mental chemisorption and catalytic properties of a surface ia determined
by the pesition of the Fermi level at the surface. The relation between
surface properties, (free electrons concentration, Fermi level in the
surface, etc.) and the bulk properties (determinable from Halleeffect
measurement, 2tc.) is an extreme impcrtant topic in relating the catalytic
properties (surface) and the semiconductivitiss (bulk) of the meterisls,

The boundary layer of & chemisorption system is quite similar
to the boundary layer of crystal rectifiers in which an electron equili-
brium between a metal and a semiconductor exists,

AMpgrain and Dugas (32 ), Hauffe and Engell (33) and Welsz (34)
have done some theoratical explorations concerning the rate processes in
chemisorption and catalysis from the Sehotiy-iott (35) theory.

(1) EBoundary layer theory

It hag been shown that when a pertiele 1s chemisorbed by a free
electron or free hole frem the crystal lattice, a strong bend is formed
between them, Consequently as the surface get charged resulting in the
appearance of a space charge in the layer adjacent to the surface of the
serdconductor which is oppesite in sign to the surface charge and compen-
sates for it. This produces bending of the energy bands near the surface
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of the semiconductor and thus a boundery layer ia formed,

Aceording to Hauffe, there are two kinds of boundary lsyers,
one is Yexhaustion boundary layer® which is formed by the chemisorptien
of anions (cations) on neiype (p=-type) semicomuctors, This would
subsequently reduce the cone. of free electrons in the boundary layer,
The other boundary layer inmown as "inundation boundary layer™, is formed
by chemisorption of anions (cations) on petype (netype) semiconductors.
The concentration of firee holes in this boundary layer will be increased,

The bending of the bands Is shown in Flpure 5.

Fioure a correspords to an electrically neutral surface,
Mgure b to a positive one (isobutylene gas) and
Fimre ¢ to a hegative ane (oxygen gas).

When electronic equilibrium 15 established, the surface and
the bulk of the semiconductir have a common Fermi level,

In order to evaluate the variation of ¢ - ¢ or the diffusion
potential as functions of distance beneath the semiconductor surface,
Poisson's equation can be inteprated by assuming that the diffusion
potential tends to zero in the bulk, In cne-dimensional form, the equation
for positive charpe 1s:

= s S e -2 i) )
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Whare V(x) the potential barrier in the boundary layer statvoits

x = the distance into the bulk from the surface, om,

k = dielectric constant, dimensionless
;) = gpace charge density, 1/ 3.

e = absolute unit charge 3,80 x 10"10 ©,8,U,

eo(x, ¢

The total charge deneity inside the semiconductor (alzebraic sum
of a1l fixed charge and all mobile charge) srises {rom holes and slectrons,
The net concentration of poaitively charged spase then iss

o(x, cv*) = (Nt ) + p(x) - n(x)
whers N e~ = concentration of accepLors centers in the bulk acceptom/cm3
Ngt = concentration of donors centers in the bulk dmm/cm3
p{x) = hole concentration at x m:ban/au3

n{x) = electron concentration at x electrona/cm3

an the surface the net surface charge is

-

ec = e( 4D =  aa*) (45)

where € = the net positive surface charge emu/cm2

a+

D" = the lonized donors with valence d%

A%" = the lonized acceptors with walencs a-

By the principle of conservation of charge (2lectron neutrality)
the following condition rm:iii be obeyed
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L

ec-}J ep (x) dx = o

o
or
o +
6 = = ( o(x) dx = ( rap® - zat®)
“o
= a(p, T, e;)
now integrating Poisson's equation:
2+
de fwe <+
® = e——p (¢, x)
ax® K ’
¥ith the following boundary conditions
¢+ = c; at X = @
s:+ " c‘: at X w0
[ ] o
24
k de
g p(x) dx = ~mj -—-zdx
o) o dx

® +
X d d
- -r | H @
o

- k (d‘)
Hye “dx “x=0

(46)

(57)



and sv Ev -
4 + k d'e +>
S oc ) de = - I g - de
t /! &
8 s

= +
k d_,ds 2
"‘8:555‘3;"“‘
o

+
o =
combination of equation (7 } and (48) ylelds:
™ c\p’
j o(x) dx = %S o (e, ac*1V?

o et
s

= f(T’ €45 cv) (49)

Substituting equation (41) into equation (l4), we obtain

olp, T, e;) = of (T, cs*, cv+) (50)

In order to investigate all posaible interrelstionships
between the charge on the surface and the electrical nature of the seml-
corductor, it is necessary to consider the different chemisorped particles
on different type of semiconductors. This inereuases the mathematical




conplexity of solving equation {50).
| Severnl specizl snd limliting cases have been discussed in
literature,
In this thesis, a treatment scmewhat similar to that of Hauffe
has been used to elucide some of the current thecries of heterogensous

catalysis,
(11) Tne relaticnship detween work function, electrical conductivity and

g_qaicmductivity

The appearance of chemisorbed particles on the surface of a

gsemlconductor leads to a change in the megndtude (and sometimes In the
sign) of the surface charge, If o and o be the surface charge in the
presence and absence of cherisorbed particles respectively, then

b0 = @ = o, {(31)

where Ac is the contribution made by the chemisorbad particles.

Due to the change in the surface charge, the bending of ths
bands are produced, which in tum produces two different effects, The
first effect 18 a change in the work function of the semiconductor. I
¢, and ¢ be the work function in the absence and presence of chemisorbed

particles respectively, then

a6 = ¢, = ¢ (52)




where 46 i3 the work function change due to chemisorption. From
Plgures b and ¢, it 1s obvious that if the chemisorbed pertleles mgke
a poeitive contribution to the surface charge, l.e, 1f 40 > 0, then
4% < 0, Af 40 < © then 84 > O,

The other effect due te the bending of the bands ls the
change $n the elsctrical conductivity of the semiconductor.

Since the electrieal conductivity is determined by the concen=
tration of free electrons and free holes in the conduction and valence
band respectively, which is in turn determined by the positicn of Ferml
level in the forbidden gap, the bridge between somiconductivity and
cherdsorptivity is built Ly the Fermi level.

Ir Io and I be the conduetivity of the specimen in the absence
and presence of chemisorbed particles respcctively, then

oL = I -1 (53)

while a positive charpe on the surface (a0 > o) will produce enrictment
of the layer adjacent to the surface by slectrons and depletion of 1ts
holes, a negative chargs on the surface (as « 0) acts ir he opposite
WaY e

It can be concluded therefore that in the case of an n=type

semiconductor



AL » o, d¢ < 0 ir 2o > ©
(54)
81 < o, 4 >0 i 40 < ©

AT » 0, 56 > © ir Ag € 0
(55)

Al < o, 4 < © ir -

in the case of & p=type semiconductor.

V. ¥ODIFICATIONS OF CATALYSTS

Prom the above disaussions, it would be seen that the position
of the Perml level at the surface is the key which regulates the concen-
tration of free electrons and free holes on the surface. This concen-
tration in turn regulates the chemismorptivity and activity of a catalyat,

Therefore, any change in the Fermd level at the surface would
change the reactivity of a simple reaction and consequently the selectivity
of a complex reactlion.

The method of preparation, illumination (photocatalysis), heat
treatment, application of an external electric fleld and also the intro-
duction of an impurity could change the Fermi level., In this study, we
1linit ourselves to the investigation of medification of catalyst by intro-
ducing a certain kind of lmpurity.

The concspt of impurity has a Lroader meaning, Any local 1B
turbance in the strictly pericdic structure of the lattice such as vacant
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sites, foreign atoms replaeing the proper lattice atams, or nature atoms
ejected into the interstics or anto the surface of the crystal umy be
included, The chemisorbed particles whether they participate in the
reaction or not can be considered as an impuridty In the catalyst.

Using this broad concept of impurities, the two types of impu-
rities ¢z be classified as: acceptor and donor impurities. These
impuritiea play the part of trars, l.e., localization centers for the
free electrons or free holes of the lattice respectively,

Impurities play the role of acceptors or donors depending not
only on their nature but also on the manner of thelr inclusion in the
lattice; 1.e., vhether tuey form en interstitial solution or a substi-
tutional one with the sericonductor, lven in the case of substitutional
soluticn the same impurity may behave as an acceptor or donor lmpurdty ds-
pending on the type of the lattice they are dissolved in., VWhile a certain
impurity may act as an acceptor at one stage of a reaction with a certain
amount of catalyst it may act as a donor at ancther stage of the reaction
with another amount, This concept of Iimpurities is illustrated in more
detail in the section, "Diacussions of Hesults",

The introduction of an impurity, whether it is introduced into
the interior or its surface leads generally speaking to a displacement of
Fermi level at the surface e ;. Surface impurities act directly on ‘v+
unchanged, bulk impurities change ‘v# and thereby nroduce changes in c;,

lenrth
provided the particle are not smaller than the screen/(approxirate the

length of the boundary layer 10"“ CMe)e
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Introduction of aceeptor impurities salways incresse the
hole éoncentmtim in the valence bhand, dlsplacing the Ferrd level
dowrwards. Irpwrities incrense the free electron concentration
in the cenduction Land displacing the Ferml level upwards, Yor a

given surface coverage, we have

virere Z is the cancentration of surface or bulk impurity centers,

In the case of an acceptor impurity we have

ot Set
2 < o, E. >0 (56)
Jz 3
and
+ +
J¢ e
B s L, (57)
22 3T

for the case of a donor irmpurity.

Extending the meaning of the reaction to the adsorntion and
desorntion process one can classify the reactions into two types:
1) Acceptor or n-type resction. 'This 1s accelerated by tne presence
of free electrons or by raising the Permi level,
2) Donor or p-type reaction. Tnis is sccelerated by the presence of

free noles or by lowerine the Fermi level on the surface.



The rate of a given reaction occurring on the surface, g,

depends on P, T and S+ as shown previously

g = &, &) (58)

Hence, from the definition of types of reactions and equation (48)

for acceptor or n-type reaction:

=& 5 o (59)
aes

for donor or p-type reaction:

E_L; < o (60)
e,

cambining equations (56) and (57) with equations (59) and (60)

we can define the impurity as a promotor or poison if

+

3 . €5 3 g
52 24 ° ~_+
cﬂ:‘.s

is > or < than o. Consequently a conclusion can be drawn that acceptor
reaction are accelerated by a donor impurity and are slowed down by an
acceptor impurity. Similarly it would be concluded that the donor

reactions would be accelerated by a donor impurity.
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Iv, SOME SUNGESTIONS

A final quantitative treatment of chemisorption on semdicone
ductor similar with Hauffe's approach {3¢) for the oxidation of 1sobu~
tylene 1s gzlven below, the detalled derivation 1s glven in the appendix.

Since Cuzo 18 a kKidnd of p~type semliconductor snd oxygen is
an acceptor type mas, iscbutylene and methacrolein are donor type gasss.

Thus
’ - ® % s
Cuha {(g) + o \:}_r__j ChHB (ads.)
d

k ?
50, (@ 2= 207 (aas) + @
At equilibrium

- (R)
Coyt T Ry oyl (o)

K
Cy

Hg Posio \ explee VAT o)

yig o expl-e Vp/kT) - i
2
(Cn ;¥

2 Cou

) Ble }“ 8 ¥ (H.) [

Ko B,tg 1% |- TR ——my ] e
yig “CyHlg - |

(61)



= the concentration of adsorbed isobutylene,

C.~= the concentration of adsorbed oxygen,
« K = the adsorption constants of iscbutylene and oxygen,

respectively.

(H) . concentration of free holes in the bulk.

R . concentration of firee holes in the boundary layer.

T4

VD = PFermi level difference between the surface and the bulk,

Equations (51) and (52) show that cchﬁe«t . Co"' gre not directly propor—
ard PO 2 respectively,

ity 2
The heterogeneous catalytic reaction

tional to P

A+B — C*+D

18 viewed traditionally to occur through the following steps:

(1) Diffusion (external and internal) of reactants and products.
(11) Adsorption and desorption of reactants and products,

(111) Surface reaction,

Ye modify these steps from the view of theary of electron transfer.
Besides diffusion, other steps concered are as follows:

(1) Adsorption and desorption of resctants and products. (Physical
adsorption and weak chemisorption).
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(11) Surface reaction includes

a) FElectron transfer to or from the reactants (Strong chemical

bond formetion),

b) Homogeneous reaction (Formation of activated complex and
rearrangement of the charged particles on the surface),

'c) Klectron transfer to or from the products.,
We propose the following two hypothesis: {irstly, to treat the free
electrons or holes as one of the reactants and the electron transfer
step ir .lso considered ss a chemical reaction., Therefore, the active
center on the surface is not limited to one kind and the total nunber is
not necessarily constant, In reality, there asre two kinds of active
centers, free electrons and free holes respectively. The concentration

of free electrens and free holes would affect the reactivity and selectivity

of a reacvion and the concentration of these carriers do not only depend
on the presence of different amount of impurities but also on the opsrae~
ting coditlions such as temperature, feed composition, space velocity
or contact time ete,

Secondly, it 13 proposed that the surface reaction can only
occwr between the charped particles and that Rideal mechanism is only
a gpecial and limiting case of Langumuiretiinshelwood mechanism. In such
reactions one of the reactants (i.e. A) is very rapidly charged, or KA
(the adsorption constant of A in Hougen-Watson type approaches) is

e et e -




negligibly srall as coampared with the other terms in the overall rate
expressicn. The oxygen adsorption in many oxidation reactions and
hydrogen adsorption in various hydrozenation processes are but few
examples of the surfeee reactions,

The electron transfer atep could be accelerated or deaccele-
rated by medifying the catalyst surface through the introduction of a
certain amount of impurity and change of the operating conditions,

With these two hypothesis the following conflicts could be
solved.

Pirstly different reaction orders and activation energles
cbserved by different researchers is due to the fact that usually

the power law

viom gt PA"" PB“' (63)

is used instead of the real one
ma.n
v = k CA"' CB (6‘3)

From equaticns (61) and (62) we have known CA‘* is linearly
proportional to P}.‘, ees Only under the special and limiting case in
general C, = C v, 2, K, and other operating conditions).

Therefore tte existing conflicts is cbviously appesred,

reaction
Secandly the different reaction mechardsms of the same/but at

different operating conditions are reported in the literature. This is



due to the fact that in the traditional aprroach, the imortances of
the properties of the catelyst surface (i.e, free electron and hole
concentration) Yo the individual steps of the reaction have been
completely lgnored, Some experimental evidence to support this point

of view will be gdven in the sectice: "Liscussions of Results”,
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¥  EXPERDMENTAL

I, APPARATUS

The partial oxidaticn of iscbutylene to methacrolein in the
censtant and continuous supply of selenium dioxide wae investipsted in
a flow system. The apparatus used is shown in Plgure 6.

The reactants dry air and c.p. grade lscbhutylene with minimum
purity of 99% were obtained from high pressure cylinders, through & series
of high pressure diaphram type regulators, whereby the pressure of air
and iscbutylene were reduced to 20 psizg. The compressed gases were passed
through tubes containing indicating drierite to remowve any possible trace
amourtt of molsture, The gas lnes, made out of § in. 0.D. 316 stainless
asteol tubing, were irmersed in & constant temperature bath prior to their
passing through the rotameters. The various pressure fittings used in
the equipment were made of 316 stainless atesl and were capable to withstand
preasures of 5000 pslz. The flow rates were measured by Matheson rota-
metors,

Each rotameter was commected with a sereury manometer so that
the pressure and tamerature effect on the gas flow rates could be corrected,
Two streams of air were used; one stream was passing through the selenium
dioxide vaporizer to carry the selenium dioxide vapor and the other
stream was bypassed., These three zas astreams were mixed before they
entered the prehenting seotion,



-620=

snjosoddy Jo woiboiq 914DWAYSG

;@ mh.:m_m

49Z120dDA  wWNIU|DS :
yub} 8ud)hinqost :
¥uo} 41D :

aA|DA Buijdwps :
sabnob ainssaud :
S49}9WD0J :
i04oD38. :

- S43j2WOUDW LvS_ m_)_ NE _s_

1i;

A
1
1
S
€44 19
€ycy ly
o

a B

‘nnnrnnnn‘ 0.0

Jdjpw sob jam : po
ssuoyand sob: g9

J949woyd0sy InodDA : 4 A

sadpuiny : S5 1y

saqn} buikip : Sg g

S19)j04u0d BunyDIddwdy : S9 ln
dpiy usbosyu pinbyy - Zg

dA

Y

K-
o

Y

doi} 821 : _m

-2g-



The selendun dioxide vaporizer was made of § in, long, 1 in,
O.D. 308 stainleas steel tubing with a Susgelok connection on the top.
A 1l in, long glass tube was put in tho vaparizer, About 10 grams of
selenium dloxioe was placed inside the tube, Details of the vaporizer
are shown in Flgure 7. The vaporizer was heated by an electric furnace,
The terperature of the furnace was cortrolled to within = 1°C by a
Honeywell Pyr-o-vane temperature controller. Two Chromel constantan
thermceocuples touched the bottam of the vaporizer for control amnd measure-
ment of temperature, DBetwsen the vaporizer and the preheating section,
the line was heated by a heating tape. The temperature of the preheated
section was medntained a 1little higher than the vapcrizer in order to
prevent the poseibility of selenium dioxlde vapor condensing in the lines,
The preheating section, which was impersed in a constant temperature
l4quid metal bath, consisted of & 6 fv. long, § in. O.D. 316 stainless
steel tubing wound arcund the reactor which was made of 2 6 in, long,
¥ n. 0.D. 304 steinless steel tubing. Detalls of the preheater and
reactor are shown in Pigure 8. The gases entered the reasctor at the bottom
through a2 porous stainless steel plate which served as a support for the
catalyst, The catalyst granules of 20-40 mesh size were kept in space
by plugging loosely sore glass wool at the top. The liquid metal bath
consisted of a mizture of 50% bismuth and 50% lead by weight. The mstal
mixture was heated by an electrical furnace, The temperature of the
furnace was controlled to within ¥ 19¢ by another Honeywell temperature
controller,
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| §Bushing 5 |/8” S.S. tubing

& 5/ S.S. tubing

i} 1" Swagelok
] connection

L 1"S.S. tubing

Figure 7. Selenium Dioxide Vaporizer
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The design of the reactor was such that the regetion teck
place more or less under isothermal canditions. Blank mmns were made
with an iron-constanten thermoccuple inserted inside the reactor, At
nigh flow rates of gases; ro temperature difference was observed bebween
the metal bath and the inside of the reactor which indicated that the
preneating section was long encugh to heat the gases entering the resstor
to the desired reaction temperature, Comparisons were also made with the
reactor filled with the catalyst and under a high conversion. The highest
temperature diffarence obtained in this case was about ho¢, Although the
oxidation of isovutylene to methacrolein is 2 highly exotharmic reaction,
the rate of heat transfer through the metal wall of the reactor was high
enough to maintain the reaction near isothermal conditiona.

The exlt gases from the reactor were first led to an air con-
denser vhere salenium dioxide was rewoved and then through an ice cooled
trap where acids, water and a small portion of the aldehydes condensed,
The nonecondensed gases were passad thraugh a gas sawpling valve leading
to a Fisher gas partitionsr which could amalyze carbon dloxide, oxygen,
nitrogen, methane, iscbutylene and carton monoxide. The off gases from
the sampling valve were passed through a liquid nitrogen trap, where the
remainder of the aldehydes, which did not condense at ice femperature
were ccndensad,




II, FREAQENIS

A, Isobutylene

A Mathescn c.p. grade isobutylene gas with a2 minimm purlty
of 99% was used, The g8s was received in cylinders containing &0 lbs,
of ligquid ischutylene at & pressure of 23 psig (70°F). It was found
from the analysis of isobutylene on the zas chromatograph that the main

impurities in the isobutylene were lacbutene, n~butane and e c¢is and trang-

-Dutylenes, These Impurities were in such minor quantities, that they
4id not Lterfere with the experimental accuracy.

B, Alr

—

™e alr used was suppliad by the Linde Company in compressed
cylinders at a pressure of 2500 paig. The gas chromatoprams of alr
showed that it contained 20.395% oxygen, 79.00% nitrcgen and trace
amount of carbon dioxlde.

¢, Selenium dioxide

The reagent grade selenium dioxide was obtained from Matheson
Coleman and Bell Company.

D. Diethyl ether

A spectrograde dlethyl ether was obtained from Eastman and
Rodalt Company.
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2, Cuptie nitrate m(&‘OB)zSHZO

A reagent grade cupric nitrate meeting the A.C.3. spscification
was obtained from Baker Chemleal Company,

TII, CAPALYST

The pumice supported copper oxdde catalyst with 163 by welght
of copper was prepared by imregnating 20-40 mesh crushed pundce stone,
supplied by Pisher Scientific Company with copper nitrate solution, the
punice stones ware clesned by boilinz with concentrated hydrochloric aeld
for half an hour and washad with warm distilled water until the sddition
of a silver nitrate solution did not zive any precipitate, The pumice
gramules were dried in an oven et 105°C far about 10 hours. Copper nitrate
soluticn containing 15.21 s, of Cu(?€03)2.§{20 or equivalert to 4§ pms. of
copper was mixed with 21 gms. of pumice granules in a crucible, The miXw
ture was vigorously stirred for one hour and slowly evaporated Yo dryness
in an oven at 105°C for at least 10 hours at 550°=600°C in a2 muffle
furnece, A weizhed amount of the catalyst was charged inte the reactor
and activated by passing alr over it for 12 hours at 450°C,

The activity of the catalyst was verified periodically by paseing
a spacificd mixture of lsobutylens and air over the catalyst and determining
the percentage conversion of iscbhutylene, In each case, the conversion
of isobutylene never varied by more than 5%.




IV. OPSRATING PROCEDUFES |

A. Lsakage test

The system was tested for any leaks in the following way:
(1) Thare was no indication of pressure drop in the system within a
few hours when the inlet and outlet valves were closed,
(44) Ho $ndication of gme flow through the rotameter as theé downstream
valve wes closed, |
(111) Every commection part was tested by scap solution,

B, Calibrations

(1) Rotameters

Rotameters were calibrated against an American Gas Compeny's
Wet test motar and re-checksd with the water displacement method to
obtain a relationship between the flcats position and the wolumetric
fiow rate of the gases, The pressure and temperature effects on the flow
rate were measured by the attached manometers and the temperature of the
bath respectively. These measurements were consequently corrected to
standard temperature snd pressure corditions., The calftration curves
are shown in eppendix D .

(11) Rate of selenium dloxide
e flow rate of the incoming air was fixed. Different amounta

of seleniun dioxide were carried in the alr stream by changing the tempee




rature of the vaporigzer, After steady-state was reached, the salenium
dloxide vapor was condermed in 8 weighing bottle £4llsd with glass wool
wWhich was immersed in a dry ice trap, After csrtain time, ths welghing
bottle was removed and dried in the desicater and the welzht of condensed
selendum dioxide was cbtained by the chemical belance, A calibration
curve is shown in apperdix D, At low concentrations of selsnium dioxide,
direct msm'emnt became difficult and then the extrapolated values were
used,

C. Exporimental rms

Before starting runs with a catalyst a series of blank runs
without catalyst were performed, It was found that in the temperature
rang 350°-450°C and in the absence of catalyst, no methacrovlein was
formed and no isobutylene reacted. For the start of a run, air was
slowly passed through the reasctor while the catelyst and the selenium
dioxide vaporizer was brought to the require? temperature, When the
required termperature was attained, iscbutylene was sdded to the fwed and
the flow rates of isobutylene and air were adjusted sc as to give the
desired total flow rate and molar ratios of oxysen/iscbutylene in the
feed. The gases were mintained at their specified flow ratez during the
runs, After the steady state conditions had been reached, the first
trap was imersed in a freezing mixture of 1ce and water and the second

in liquid nitrogen,

SR ————



The steady states mm was continued for one howr during wixich
time the iscbutylene amd air flow rates were canstantly kept at their
specified values, During the course of reaction, the exit gases from
the reactor were periodically injected into the Fishsr gas partitioner,
In this way the composition of the gaseous products were determined from
time to time. As averags value of the carpositions were used for calCue
lation of rates, At the end of one howr, the isobutylene feed was shut
off., The sample from the two trape were oollscted, weighed ard analyzed.
The air was kept flowing tinougn the catalyst bed for one hour to puTge
the catalyst before the start of the sscond run,.

V. ANALYSIS OF THE PROLUCTS

A, fcids

The total acld content was obtained by titration of the
condensate from the 1c3 cooled trap with £.07 . KOH solution, phenole
phthalein was used as indiecator. The total acid content was very low
and too insignificant to affect the material balance, Therefore, it is
not included in the amalysis of the products from the gas chrombtogram,.
The condsnsate was found to contain minor quantities of aldehydes and
eclds,

B. Cases

The inlet feed gas and the gaseous products were amalyzed for
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carbon dioxide, oxygen, nitrogen, lscbutylene and carbon sonoxide

by parlodlc injection of aprroxisately 3 ml. sample into the Plgher

¢as partitioner contadning a 6 ft, hexemsthyl phosphorandde colum and

& 13 ft, 13 X molecular sieve colum coannected in series,. A typical
gnalysie of the products from the gas partiticner is glven in gsppendix

Do The composltion of veriouz gases from the reactar was determined

by comparing the peak helights with those calibrated gas ehromatogran
which was made by blending s knowm composition pases mixtures, The
varicus calibration curves for the percent conpositions of carbon dioxids,
carbon monoxide, ozygen and iscbutylene is shown in appendix D, MNitrogen
was obtained by difference since it was an inert pas in this reastion.
Pealt heights wers used for determining the quantity of the gases instead
of the peak ares, This procazm was adoptel as the peaks for all gases
were very sharp and narrow. The error mlvedwammzdizx.

C. Aldshydes

Singe the sample from the liquid air trap was volatile, volume
of the ligquid sample eould not be measured accurately. In order (o
overcore this difficulty, the sarple fyem the ligquid alr trap was diluted
with gpproximately 12ml, disthyl ether and placed in & constant temperature
vesoel which was laapt at spproxizately 5°C, After 3 hours termperature
equilibrium wae reached, Arowd 3 pl, of the sixture was injeoted into
a 158 D Pericineflmar gas {ractometer containing two 4 mster coluns of
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carvorsax 1500 on Teflon., The column used could separate several sabue
rated and unsaturated aldehwdes and water, However, methacrolein was the
only product coserved in the liquid sample except forr traces of acrolein,
A typieal analysis of methacrolein from the Ferkin-Elmer gas chromatograph
is shown in appendix . The molal ratic of ether to methacrolein was
cbtained by comparding with the calibration curve in which the molar ratic
has been plotted azainst peak height ratlo, By following this procedure,
the inscowracy due to ssnple wvolume was avoided. A calibration curve is
shown In the eppendix D. The error was within T 32,

VI. SAMPLE CALCULRTION

Feed rates were calculated on the basis of the ron-i-s readings
arl the effects of pressure and temperature were corrected, The effiuvent
ratez were computed on the basis of the nitrogen fed and on the percentage
composition of the reaction products. Since the moles of nitrogen in the »
feed and in the effluent stream were the same, the pareent composition of
nitrogen in the product gas was used as a constant denominator in
caloulating the molal effluent rate of the gases, All the experiments
wore carried out at atmospheric ressures,

A sample calculation is given in appendix T,
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V] FESULTS AND DISCUSSIONS

The effect of different welght percentage of selenium dioxide
in the supported copuer coxide catalyst, oxyeen (in the air/iscbutylene
ratioc in the feed, crpemting terperatures on the conversion of isobuty-
lene and the rates of formation of various product i.e., carbon dioxide,
water and methacrolein was investipated between 350°C to 425°C,

¥hile conversion is referred as the ratio of moles of iscbue
tylene reacted per hour to the moles of isobutylene fed per hour, the
rate of formation is referred as the moles of various products formed
per hour per gram weight of catalyst,

The weight of the catalyst and the isobutylene charped into
the feed were maintained constant during the runs, A different feed
corposition ratio was cobtained by adjusting the air flow rate,

The effecte of weleght percentage of selenlwm dloxide in the
catalyst on the conversion and rates of formation for a W/FP = 1,6800 at
425°c, B00°C, 375°C and 350°C are shown in Figures 0-12, 13-16, 17-20
and 21-23 respectively. The data for this is given in appendizx ", The
fead ratio was varied between 0.7168 and 1,6644,

The conversion of isobutylene increased rapldly with the
increase of selenium dioxide up to 0,15% by weight of catalyst and then
slightly decreased with increase of selenium dioxide,

The rate of carbon dioxide formation decreased slowly in the
begirming and then deereased rapldly with the inerease smount of selenium
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d4oxide up to 0.85% by weizht of catalyst,

The rate of water formation increased slowly with the inereased
congcentrations of selenium dioxide up to the ranpe 0-0,15% by weight
of ocatalyst and then decreased.

0n the other hand the rate of methacrolein farmation increased
steadily until a 0.45% selenlum dioxide content was resched, after that
it slightly decreased,

The selectivity for methacrolein which is defined as the
percentage of moles of methacrolein produced per hour to the total moles
of products formsd per hour is caleulated and tabulated in appendix r~,
In Pigures { 9 ) = (23 ) are shown the effect of different amounts of
selenium dioxide on the selectivity of the catalyst for methaercolein fore

mation,
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The formation of methacrolein from the partial oxidation of
isobutylene over copper oxide catalyst are proposed by the following

main mechanisms:

Reaction I (partial oxidation)

(A) C4H8 (g) + pL = CyHg'( ads. ) ( p-type )

(g)
CH
G2

2
C-CHy . C—CHy

H~—
{

\

(B) 0, (g8) + éL —= 2 0 ( ads ) ( n-type )
or 0, (g) = 20 ( ads.)+pL ( n=type )

(@) |

aom——
0, | =

7
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(c) C4H8+ ( ads. ) + 2 0 ( ads.)—= Actived Complex

pr— C4H50+ ( ads,) + H20+ ( ads. )

(|3|H2 CH CH

C-CH iy I 2
| 3 et (;’_CH3 p—— C|-CH3
H—C'l-H (o H-C|I~O'O’H (|3=0 (l)-H

B W e

" (D) C4H60+ (ads.) + el —= CyHgO (g) ( n-type )

(g)
9”2 %Hz
¢=0 - CHO

(E) H20+ (ads.) + eI — Ho0 (g) ( n-type )

(g)

0O-H ~ HZO
|

H-

I

Overall CyHg + Op T C4HgO + H50




-93 -

Using the same argument
Reaction II {further oxidation)
() ClsH60+ (ads,) + 10 0~ (ads.,) —— activated complex ——
+ +
002 (ads,) + HZO (ads.)

(B) coz"' (ads.) + oL = 00, (&)  (n=type)
(©) H,0' (ada.) 4 6L ==HO (g) (n-type)
overall cgnﬁo + 502 p— hmz + 3H20

Feaction III (cocoplete oxidation)
(A) Cg' (ads.) + 12 07 (ads.) == activated complex ===
4oo," (ads.) + 4HLO" (ads.)

(8) 00" (ads.) + el == 00, ()  (n=type)

(o)) HZO* (ads.) + el —> HP (2) (n=type)

overall CIJHB + boa f—— l#ma + 11320
5 each step in tne sbove reactions may contribute a certsin resistance.
The overall rate is always determined by the so-calied rate controlling

step.
The sign of electrical charge in each adsorbed particles is

| determined from the work function change measurement (37), (38), (39).
The steps involving the electron trancfer can be accelerzted or deecce-

lerated in the presence of impurities. These steps depend on the nsture
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of impurities and the type of the reactions as mentloned previcusly.
Using the definiticns, step 1-A is p-type and the others are n-type.
Selenium dioxide may be ccnsidered as an acceptor Impurity
to cuporous oxide (112), a p-type semlconductor. The evaluation of
surface concentration of charged isobutylene and oxygen particles are
important for investigating the effect of selenium dloxide amounts of
the stim of isobutylene (reaction I, II), yleld of carbon dioxide
(reaction II, III) and yleld of water and methacrolein (reaction I, IX).
From equation (01) and (62)

C ¥

. (1) 2 e 1318
c + = K, N exp(-

and

- exp[2 stnh™} ¢ 2.¢° )1/"’0""3;31/2 (623
%o, “‘"(FT Xp = Y] 0, z
S(+) kT N( +)
it would be seen that chﬁe,, and CO- are not only a function of PCHHB
arcd PO but aoso depend on the free hole concentration in the catalyst

2

bulk, N< () respectively.

’
Wnile C. . 4 is increased by increastns N, . and P 3
CO- is decreased by lnereasing N ( +§ﬂ) and by decreasing P,) /2 are
V2

obviously.
Since the presence of selenium dioxide on cuporous oxide increases

the hole concentration or decreases the free electron concentration in the




valence or conduction band of the eatalyst, the surface concentration
of oxygen ion co- therefore wouldé be decreased and the others increased,
Reaction I, IT and IIX can be expressed in terms of power
rate law as follows:
?
.M ! !

ra = k c 4+ Come ~ = t C + +
1 1 St % Ky Oy CH20

I n, m.e' i !
r, = C $ " Lo T e LI oW +
2 k? C 2‘350 0 h‘2 002 1{20

| 1]
i P T "3 c. 43
ry = Ky Cpyt > Oy - 5" Con,* G0
Although the quantitative treatmerts of these rate equations are diffi-
cult, yet some satisfactory explanations still could be cbtained in a
qualitative level,
The oxidation of iscbutylene to methncrolein over copper oNlliw

catalyst in the absence of selenium dloxide was studied by Mann and

Rouleau (i0).. “nis is corparable to the one in which the amount of
seleniun dloxids i1s very low in the feed. They found that oxidation of
isobutylene is a surface reaction controlling between strongly adsorbed
1sobutvlens and weakly adsotbed oxypen. Now, considerins that the
adsorption of iscbutylene is the next slow sten to surface reaction. This

ig easily realized from the fact that when isobutylene (a donor type sas)

15 adsorbed on cuporovus oxide (a r=tyre semiconductor) a depletive or




exhausion boundary laver is formed, Tids immlies that chemisorption
should cease at very low coverages. Since adsorption of oxygen and
descrption of products are both comparatively fast, therefore any
increage in the adsorption rate of isobutylene will definitely increase
the overall reactionl., At this moment, the decresse in the free electron
concentration on the surface (or increase in the free holes concentratlon
in the boundery layer) is still comparatively negligible to the increase
in the concentration of free holes, In other words, the decreasg of
oxygen adsorption rate and the decresse of methacrolein desorption rate
are gtill insignificent. Therefore while isobutylene conversion (reaction
I) increassd: rapidly at the begirming of the introduction of selenium
dioxide (< 0.15%), carbon dioxide is only slightly influenced, Tﬁ!.s is
in agreerent with Vogue, Wagner and Stevenson (41) adi Margolis (42)
who found trat at temperatures in excess of 350°C, carbon dicrxide is
mainly produced from resction II but not from resaction III,

wWhen more selenium dioxide is added (0.45% < selenium dioxide
< 0,15%) a certa’n amount of selenium will compete with oxygen for the
free electrons on the surface. Selenium has a higher tendency to combine
with free electrons., This results in the rate of adsorption of oxypen
slowing down. In such & case, adsorption of oxygen becomes the rate
determining step for reaction TI (from the power rate law it is also
easy to find out that C,- has a predomineting influence on reaction II).
Therefore, reaction II is slowed down rapldly and reaction I 1s only
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slightly influenced after a compensation effect of CO' and CC4H8+ and
Ceyng0*

For selenium dloxide concentration exceeding 0.45% by weight
of catalyst, the surface concentration of adsorbed oxyzen ions becowe
lesger and lesser, but in the mean time, the increase of surface concen
tration of adsorbed methacrolein ions becomes significant, alsc it may
be due to the fact that when selenium dioxide concentration exceeding
0.45% by weight of cetalyst, the modifier enters the catalyst lattice
substitutionelly instend of interstitially, Hence, either the conversion
or carbon dioxide formaticn would be aliritlv decreased, This 43 in
agreenent with Parravano and Boudsrt ( 15) who found the sare result
when 1itiun ions are introduced intc the nickel oxide catalyst,

Viber 18 the procduct from reaction I and II, The formation
of water wil" therefcre 4incresse with increased conversions of isobue
tylene and with increased amounts of carben dioxide., Therefore, due to
the compensation effect, the yleld of water increpses first und then de-
creases as selenlum dloxide amount reaches 0,27 b welpht of catalyst.

Methacrolein, on the other hand is the product from reaction
I and 1s a reasctant 4in reaction II. The yield of methacrolein will there-
fore depend on the extent of reasction I axd IT,

Jelectivity of methacrolein 1s calculated from the percentage
of methacrelein yield to the total yleld, An optium amount of selonium

dloxide which zives best selactivity for methacrolein under different

e R O . — — e e ey
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operating conditions iz about 0.7% by weight of the catalyst,

| If we assume that tim adsorption of ane of the echarped
ractants, say oxypen, is rot necessary astep (we have in wind that
at least one of the reactants which is adsorbed on the suxface is charyed),
then 1% would bs difficult to explain the inereased conversion of isobu-
tylene with lesser amounts of selenium dicxide and a decresse in con~
version for more than 0,15% selenium dioxide by welght of catalyst, If
we apply the rate law (either power or exponential)

my! '

111
- k]' Cn i 4 "'H 0%- (66
Cﬁhﬁo 2 )

m1
r, = C. .. P

the conversion should always increase due to there belne ne interaction
of oxygen gas with the semiconductor. On the other hand, the formation
of carben dioxide should not decrease if rate law

n m
2 e C

)
rp =k "c:,‘aso"m2 To, +2 (67)
18 applied.

However, if it is assumed that in case of a heterogensous
reaction, it is essentlial to have a surface reaction between the adsorbed
charged reactants, it can be easily aseen that the isobutylene conversion
and carbon dioxide yield will depend on the amounts of selenium dioxide.
These dependencies are due to the fuct that the carriers concentration

are involved, Hence it 1s proposed that for heterogeneous reactions, a
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surface reaction between the charged reactant particles 1s a necessary
step,

This pronoszl is also in agreement with a paper written by
Mam angd Rouleau (47 j in which they pointed cut that at low feed compo-
sition ratio, the conversion of isobutylene rapidly increased with increased
feed eqnposition ratios, graduslly decreased when the feed composition
ratio was larger than 2. This can be explained on the basis of the
hypothesis that oxygen adsorption will promote the isobutylene adsorption
(due to the increase of free holes on the surface) but in the meantime
adsorption of oxygen itself beccmes difficult in high cowerage of oxygen,
Since conversion of iscbutylene resulted in these two opposite effects,
there is an inversion point on the conversion curve.

Hougen~¥Watson type approach 18 based on the Langumuir isotherm
which is considered to be an ideal case in the gense that the surface

effect is ignored.
For the sake of explanation, take an example

A+B —C

in which both of reactints and products are adsorbed. Then

e c

A A ar

K, = = (6)
A Py 008,87 B

Ca Ea'Py .

(69)

' ' '
E; 1+XAPA+KBPB+KCPC
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Sy 1

m
Kt '
E'; 1+1(A PJ\+KBPB+KC'PC

(703

vhere KA' is the adsorption constant of reactant A, Cp, G, Gp are the

molar concentration of active sites occupied by A, vacant and in total

respectively.
Now if the surface effect is considered, for example

Ao A+ (AT

N, By -
K, = —-—-5--—-(*) A (7D
A A
where H( 4)(R) 18 the molar soncentration of positive holes in the
boundary layer NA"’ 1s the molar concentration of charged A on the surface.

Then, from equations (68) and (71), K,' = X, only under the condition

R,
2 N

and since NA" d (:A = gy CA (m is a constant).
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¢
aoif‘KA °KA

mist be satisfied,
Therefore, the Hougen-Watson type appreoach 1s only limited
to a cartain case in which the fyee charge concentration on the ..urfece

H)

is to be considered asz constant. Now, if one incresses N(ﬂ( s then

N(’)m) is increased and from equation (74) cv mist be decreased but

Gy .
T ® : l' - (7)
i 1+KAPA+KBPB¢KCPC

c,r is to be considered as a congtant in Hougen-Watson type aprroach.

Therefore 1f onz increases N( +) (H), then KA' term in the Hougen-Watson

type rate equation must be inecreased, In other words, KA' is Mrectly
geperdtent on N,y ™ and wil) tnorease with tnereased vaue of N, (0.
Therefors, we can concluds that }{A' in the Hougen~Yabtson type
rate equation i1s not onl, & terparature-~dependent constant but also
depernds on the surface charge concentrations, which in turmn 1s determined
by the operating vardables and the presence of impurities,
In the absence of selenium dioxide or at low feed composition

ratlos, since N )H 15 small, K. * will therefore be negligibly swall
2

(+
compared with K'C HB. But, when selenium dloxide, a p-type impurity is

(u?

introduced N( +) increases, Hence X', also increases and #? c u”’ decraasgss

O, e
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It would be thus meen that the importance of oxygen adsorption cannot

be neglected for the oxidatiorn »f ischutylene in the presence of seleniun
dioxide or at very high feed composition ratic, Thus the reaction mechze
niam or the rate-determining step cculd be changed by different operating
conditions and in the presence of different kind and different ammumts

of impurities., It 1s for this reason that different reacticn mechanism
have been reported in the literature for the same system but under different
operating conditicns,
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w1 CONCLUSION AND RECOMMENDATION

The modification of supported copper oxide catalyst with
geleniun dioxide was studied by impregnation of selenium dioxide
gsolution and by continuous introduction of its vapor into the reactent
gtream, The former method was discarded becsuse the activity of the
catalyst could not be maintained constant due to the volatility of
sslenium doxide at the reaction temperature.

From the experimental results, the following conclusions
can be drawn,

(1) There are two kinds of active sites on the surface of the catalyst.
Both oxygen and iscbutylene molecules are chargedly chemisorbed, but the
concentration of these cherged particles on the swrface is different at
different operating conditions and in the presence of different amount
of impurities,

The adsorption conastant of the reactants are influsnced quite
differently by the concentration of the charged adsorbents on the surface,
“ne adsorption constants vary with not only temperature, but with many
other factors, which can affect the properties of the surface, such as
11lumination, introduction of impurities and the presence of other reactants.
(2) Selenium dioxide i3 a promoter for reaction I, the partlal oxidatlion
of iscbutylene (isobutylene conversion) for Se0, concentration 4s less than
0.15% by weight of catalyst and the reaction I is p-type. But Seog is also
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a poison for the same resction vhen its concentretion exceeds 0,15%

by weight of catalyst and the same reaction I turns to n-type.

(3) Selenium dloxide is a poison %o reaction IX, the further oxlidation
of the reaction at all concentrations and reaction II is an n-type reaction,
(4) An optiue smount of selenium dioxide giving the highest selectivity
of methacrolein was found to be about 0.7% Ly weight of catalyst.

(5) Surface effects of free charges are important in heterogeneous
catalytic reaction, and the free cherges must be considered es reactants,
It is proposed that the cherged adsorption of both reactents on the
surface of the catalyst is an essential step in heterogenecus catalytic
reactiong, It is also believ.d that dwring a complex heterogeneous

5 catalytic reaction the rate-determiming step (slowest step) 1s not always
fixed, but on the contrary, it could change with the change in the elec~

tronic properties of the catalyst curface, It 43 due to this reason that
the diverse reports concerning reaction order, activation energy and
rate sguation originate,

SR S A S R TAN S CE

tne difficulty in maintaining the catalytic activity constant
is the* ¢ 1s not possible to keep the rate of trace amounts of selenium
dloxide vapor in the reactants constant. Since the amount of selendum
dioxide introduced in the feed is very sensitive to temperature, the

experimental range is therefore limited by the temperature control on the
selenium dioxide vaporizer,
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e this sifflculty is by using &

£ proposed method Co oves
neate PRusion method %o prepare the wolstilo doped oatelyast,. This ¢an
be done by First evacusting the wessel contedningy the estaiysts and the
required anmet of modifier end then ssaling the vesael. The vassel is
suostantially heated and arnealed. The sodifier 18 then placed inte the
erystal buli, In this way ths gotivity of the catalyet could be Waine
tainad, -

It iz pscommended that She type of modifiers used to investizate
the influence of impurities on ths selectivity of 3 catalyst be extended,
If the proposed mechaniens are correct, then the adlition of any scceptor
grs which has 3 higher elesgtronseabtivity than copper oalds should glve
she seme resulss, It is slee recormanded that for fundawental research
somr simple resction should e studied instead of the corplex one, MonSue
resant of the work funetion ehenge gives direet information on the position
of ths Yermi level at the surface of the crystal, From chanzes in activity
one ean uwanbiguously judgs the acceptor or donor mechanisw of the resetion,
therefore it would be of interest teo investizete the relationship between
the work fAunctlon of & senlconductor and its catalytic aetivity and adsorps
tivity, Ho such experimental data exist in the literature so far up to
the present no cosprebwimive ptudy has bteen wade on the Influence of othar
factors btesides lmpurity, on the selsctivity of the catalytie rescticns,

A widening of the sxperimmmtel basie is essential for the
eormtruction of a thoory of selectivity widch would be of & great practicel
stynificarce,
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A.  NOMEMCLATURE

ionized acceptors with valence &,

molar concentration of adsorded species on the surface,

wesic bond

strong p=bond

atrong n~bond

ionized donors with valence d%

total energy

a particular energy for an electron in the crystal.
Fermi level

abgolute unit charge

free electrons

space charge denality

surface charge density

reaction rate

conductivity

equilibriun constant

equilibrium constant In Hougen-Waston type approach
Boltzmann constant

rate constant of chemigsorption

rate constant of desorption



i
Il
t
|
|
I
1

c:+c-3m

C:'

- 108 -

erystal lattice

molecular welsht

total nusher of electrons

mmber of particles in the state of "wesk™, Pstrong p"
ardd Pstrong n® bonding with the swrface
concentration of aceeptors centers in the bulk
congentration of doneors centers in tha bulk

mber of electrons at anerwy Ei

molar concentratiom of free holes 1n the bulk

mlar canreniration of free holes in the bounary layer
electron concentration at x in the conduetivity boad
proessure

probabllity of a given electron in any state

free holes

hole concentration in the wvalsnce band at x

feed ratio (moles of oxygern/moles of isobutylene)
reaction rate in terms of surface concentraticn
recction rate in terms of partial pressure

entropy

absolute temperature

enerzy ap of a semiconductor

distance between valence band and level ¢c-¢

distance beusween conduction band and level c-¢
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volume

potential barrier in the boundary layer

Permi level difference between the surface and the bulk
distance between valence band and acceptor level

distance between conduction band and acceptor level

the number of camplexion

distance into the bulk fram the surfree

member of svellable states at energy }-:1

concentrition of impurity

{22MkT)

distance between conduction band and Fermi level in the bulk
distance between valence band and Perwd level in the bulk
distance between conduction band and Ferwi level on the surface :
distance beotween velence hnd and Fermi level on the surface
dielsotric constant

defined by eq. (30)

distance between donor level and level c-¢ or distance
between acceptor level and level c-¢

echemical potential per slectron

constants

work function

distance between valence band and donor level

distance betwean conduction band and donor level
Iazrangian multipliers
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C. Evaluation of Surface Concentrations of Chargedly Adsorbed
Iscbutylene and Oxygen Cases

Re C +
Colin(s) + . C,i.’ (ads.) (1)
g Y W .
ad
) (R)
r, k, PCI:HB ny) (2)
ry T ¥ CCRHB# (3)
At equilibrium,
' (R)
k_ P P ¢ w k C 4+
a CNHB (+) d CI;HB
or
4
c + = Bop n (R)

K P n

Apply the Boltzmam: eguaticn to obtain the distribution of holes

n(,)(m = n(,,)(ﬂ) exp [+eVy/KT] (5)
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substitute (5) into equation (4)

(H)
chﬂa-k - K, g PCI%HS ey  €xP [4eV,/KT] (6)

Assume every iscbutylene molecule captures one positive hole, the number
of surfice charges equal the total number of lonized defects in the
boundary layer having a density equal to n( +)(H) » the surface concentration
of chemisorbed 1sobutylene molecules

. (H)

Ccnﬂa"‘ n(+) o 1 (7)

and since o (H) 8
P o= e, for 0 < g <1 (3)

o = 0 for t>1 {9)

vhere p 1s the space charge density and 1 is the screen length.
Introducing equations (7) and (8) into the integrated Poisson

equation

2+
dzvgx) et | _hme (10)

= - ovmmegan

dx dx x

the diffusion potential VD after integration between x » 0 and £ = 1 13
obtained
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2
(C )
V. e 2ne CRH8+
D = n {HJ
(+)

Substitute eguation (11) into equation (6)

2
Co ¢
2 C
(H) 2ve 5'g
! = P [ ] bt [
- “oyitgt R C I e n(+)(H)1
B "
X
a'
3 0,(2) 0 (ats) + (P
kd'
1/2
rh' = k&' PO2
(R)
Ta' = Kg' Com o ey
At equilibrium
1/2 (R)
k' Fo, 7 Ka' Com v M4
or P 1/2
k. 0
C_ = a . 2 ™
()
kd' n(*)
1/2 1l

L H P P .
(o) o)
2 2 n(*)

{11)

(12)

(13)

(14)

(15)

(16)
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= K ,P 1/2.___;(“)_'9” (n-eVD'/kT) (17)

In the case of an inundation boundary layer, VD' can be evaluatad as
follows. let

eVD'/kT = U

Por a p=type semiconductor it can be assumed that the donor concentration
in the bulk region is negligible in comparlson with the acceptor concen-

tration
o) = M= =gy ™ 4n (B (18)
ny™ = 0y ® en (19)
n(_)m) = n(“)(m exp (<U) (20)
now define e (®) .
(u,) = (—‘—lm-) < (21)
T (=)
and since

(n(é)(ﬁ) . n(_)(ﬂ))l/z = Pi (22)
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where Pi is the intrinsic concentration of holes., Substibtute equations
(19), (20), (21) and (22) into equation (18)
o(x) = Na~ - Plexp (Uy) exp (U) + PL exp (=Ui;) exp (=U)
= Na~ - 2P1 sinh (Uy + ©) (23)

In the bulk regien of the semiconductor where o(x) = 0 then it follows
that

sirh U, = %-f (24)

Poisson®s equation oan be written in an alternate expreassion

2
=Rl
X «
= 2 o(x) (25)

In the bulk of semicorxiuctor the following baunddary conditions
can be established

UmDat xue (26)
g-gnom;xa- 27

ihe bourdary condition at x = O can he defined as

Us=U,at x=0 (28)



F o PTG T U R D SR UE I L DAL S N SRS SIS VR EFDISSI S SRR RS L NS SN SN E N VA

%

R
Fm@r o

- 118 -

Integrating equation (25) with the boundary conditions

at x'“{ o
ax i"'ELmJ p(x) dx

=0 Te)

when this result is combined with

i -l'f p{x) dx = O

<o

it follows directly that

"(%iq)x-vo = ZI‘m(xD) = 2y - G

vhere I is the surface charge concentration and since

AT O W
ax dx  ax dx aU ax
= 5 ¢ (D

equating equations (25) and (32)

5 UG = 2 o)

for an intrinsic semiconductor

& (%)
o) = n )™ =g,

(29)

(30)

(31)

(32)

(33)

(34)
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Substitute equations (19) ard (20) into equation (34) and

then in turn into equation (33)
1 41D - myrremy (35)

now equation (23) is substituted into equation (35) the resulting equation
can be integrated using the boundary conditions defined in equations (26)

and (27) et x = =, The result 1is

(%2-)2 - hLm 22?1 cosh (UB-RJ) - 2P1 cosh U, - (Ha")ug (36)

- "‘mi“m exp () [strh (W2)F
+ 271 [lrexp (<0)] sirh Uy ~ (Na")Uj 31
at x =0, U=Ug

When Ug 18 gmall, ther [l=exp (-—US)] ~ Ug and the second term
48 R.H.S. concels from equation (24) when Ug is large then the exponen-
tials In the [sam]z factor dominate the expression, Therafore by neglec-

ting the second term, the result is

U
@~ " g st G | (38)

By eombining equation (31) with equation (38) the result is

R
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D. Instrument Calibration and

Analysis of Products
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E. Sample Calculation

Weight of Catalyst 0.6547 g
Reaction Temperature 4o0°C
Weight Percentage of Selenium Dioxide 0.45
Moles Ing
Moles Cuﬁs/hr
- 1H5.8 c.co/min, x 60 min./Mr 4 3808 moles/nr
22, k14
Moles 02/hr
. 498 c.c./min, x 60 min./hr x 20,955 . o 704 moles/tr
22,414
Moles Nzlnr
. 498 e.co/min, x 60 min./hr X 79,08 . 3 0617 moles/hr
22,414
Analyais
A. Cas co, b,5%
0, 0.5%

. 69.7%



Cyly 17.7%
co 1,6%

B, Liquid }120
Peak Hedght Retio (Methacrolein/Ether)
Moles Ratio (Methacrolein/Ether)

Ether

Moles Qut:
Moles CyHy = %:—}x 1.0617 = 0,269 moles/hr

Moles O,/hr = gé%r x 1,0617 = 0,0930 moles/hr
foles W/hr = Fatpx 1.0617 = 1.0617 moles/hr

¥oles C0,/hr = g-é?? X 1,0617 = 0,0685 moles/hr
Moles CO/hr = %é%- x 1,0617 = 0,024l moles/hr

¥oles HQO/hr = %%%0' = 0,1283 moles/hr

Voles chnsc)/m- = ;ﬁ%vgix 0,604 = 00,0621 moles/hr

2.3120 gm
0,u76
0,604
7.6203 gm



~1%0-

Percent Conversion of Isobutylene

x = 0s3898 - 0.2606  0.1202 _ 34 gug

0.3898 0.3398
Rate of Fbrmaticn
- 0.,0685 - -
wcoa m O, 1086 mole/hr -

0,0244
wCO - 0,687 = 00,0373 mole/hr=mn

0.1283
Hgo Lol m 0.1960 mola/h‘-gm

0.0621
W = et s 00,0921 mole/hr-gm
Cyig0 ~ TEEHT

Selectivity for Fethacroleln Formation

W
Cyfic0
¥ + W, + + %
00, * *oo * Y0 * o0

0.0921
- SIS ¥ OIR0 T U00
. 0921, g oy

S =
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Experimental Data
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