subject felt calm. Within 2 minutes the
hallucinations were gone, as was the
nystagmus, and the pupils were normal
in size. Eleven minutes later he said,
“Even at- the height of this, my mind
felt better and more pleasant than
usual.” There was no significant change
in blood pressure or pulse during the
cxperiment.

The fifth observation was made on the
second subject who had received 2 mg
of bufotenine 90 minutes previously. On
this occasion he received 16 mg of bu-
fotenine I. V. Almost immediately he
reported a burning sensation in the roof
of his mouth. His face turned a livid
purple, and he experienced generalized
tingling of the body. During the second
minute of injection his pupils were in
wide dilation, and the ceiling of the
room appeared “fuzzy” to him. During
the third minute of injection he retched
and vomited and stated, “My chest feels
crushed.” As the needle was withdrawn,
marked mydriasis and nystagmus were
noted. At that time, he saw red spots
passing before his eyes and red-purple
spots on the floor, and the floor seemed
very close to his face. Within 2 minutes
these visual phenomena were gone, but
they were replaced by a yellow haze, as
if he were looking-through.a yellow lens
filter. Attempt to subtract serial 7’s
from 100 was abandoned because of
many errors, His face remained deeply
purple and sweating was profuse.

Nine minutes after the beginning of
the experiment he stated, “Words can’t
come. I can’t express the way I feel. My
mind feels crowded.” The pupils as-
sumed normal size, but the nystagmus
persisted for 30 minutes longer. At the
12th minute there was a fleeting return
of the red spots before his eyes. At the
16th minute he said, “When I start on
a thought, another one comes along and
clashes with it, and T can’t express my-
self clearly,” and at the 25th minute, “I
feel dopey but not sleepy. I feel physi-
cally tense and mentally clouded. I am
here and not here.” Time and space per-
ception were grossly impaired, the yellow
haze persisted, and his face remained
purple. After 40 minutes he was able to
report, “I feel better, but I still feel
like I want to walk it off—like a hang-
over.” His face assumed its normal color
at the end of an hour. No significant
change in pulse or blood pressure oc-
curred throughout the experiment.

These observations indicate that slow
(3-min) I. V. injection of bufotenine
is feasible in healthy young males in
quantities as high as 16 mg without
jeopardizing life, that the drug is hal-
lucinogenic, that there is a linear pro-
gression in symptoms as dose increases,
and that its effects are reminiscent of
LSD,, and mescaline but develop and
disappear more quickly, indicating rapid
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central action and rapid degradation of
the drug. The presence of nystagmus and
mydriasis provokes the thought that at
least a portion of its effect is localized
in the brainstem tegmentum. There is
surprisingly little cardiovascular effect;
neither systolic nor diastolic blood-
pressure changes exceeded 14 mm-Hg
throughout these observations, and pulse
rates never varied more than 12 beats per
minute. If the color of an eggplant were
diluted, it would approximate the unique
purple hue of the faces of these subjects,
which may be due to a serotoninlike
bronchiolar constriction and consequent
anoxemia. Serotonin does not produce
transient model psychoses of this type,
but the possible role of anoxemia in the
production of the hallucinogenic effects
of bufotenine requires clarification.
These studies will be expanded.
Howarp D. Fasine
J. RoBerT HAWKINS
2314 Auburn Avenue, Cincinnati, Ohio

References and Notes

1. E. Evarts et al., Am. J. Physiol. 182, 594 (1955).

2. E. Evarts, Medicinal Chem. 4, 145 (1954);
Arch. Neurol. Psychiat. 75, 49 (1956).

3. V. L. Stromberg, J. Am. Chem. Soc. 76, 1707
(1954).

4. J. G. Bourke, Scatalogic Rites of all Nations
(Lowdermilk, Washington, D.C., 1891).

5. F. C..Schiibeler, Viridarium Norvegicum (Fab-
ritius, Christiania, 1885), vol. I, p. 224.

6. Th. Wieland and W. Motzel, Ann. Chem.
Justus Liebigs 581, 10 (1953).

7. F. H. Bumpus and I. H. Page, J. Biol. Chem.
212, 111 (1955).

8. J. D. Porterfield, Division of Mental Hygiene
and Correction, State of Ohio; R. H. Alvis and
R. H. Brooks, staff of Ohio Penitentiary, kindly
permitted these observations to be made.

9. The drug was kindly supplied by the Research
Laboratories of the Upjohn Co., Kalamazoo,
Mich. (1 part bufotenine base in 1.8 parts cre-
atinine sulph.). See M. E. Speeter and W. C.
Anthony, J. Am. Chem. Soc. 76, 2608 (1954).

7 November 1955

Stepwise Reaction via Intermediates
on Separate Catalytic Centers

In heterogeneous catalysis.- an . ob-
served chemical reaction may take place
via consecutive steps involving one or
more real reaction intermediates. The
term- real shall distinguish them as ex-
isting as desorbed species in finite con-
centration; they may or may not be ob-
servable with given analytic methods. In
porous, solid catalyst particles, the fate
of such intermediates is determined by
chemical kinetics as well as by the laws
of diffusive transport (7). If individual
reaction steps require different kinds of
catalytic sites, the over-all reaction rate
will be influenced by the diffusive trans-
port velocity of the respective intermedi-
ates between such different sites. We will
be interested in the ability of such a cata-
lyst system to catalyze the over-all reac-
tion, especially when the partial pressure
of intermediates is very small.

It is possible to formulate quantita-
tively the requirements for geometric in-
timacy of the different catalyst materials
to obtain an over-all reaction rate unim-
peded by transport difficulties of the in-
termediates.

For an ordinary single step reaction,
A —> B, following arbitrary reaction ki-
netics, a general condition can be derived
for having the reaction rate uninhibited
by diffusion effects. We shall consider a
given catalyst-particle (pellet, granule, or
the like), with essentially all reaction
sites located within the pore structure,
and approximated by a sphere of radius
R,,. The rate of reaction from the entire
particle per (external geometric) par-
ticle surface, dN,/d¢, must equal the ner
diffusive flux across its boundary

dévt—s=Den[grad Cle-r, (1)

where C is the reactant concentration and
D,y is the effective internal diffusivity.
For negligible inhibition of the reaction
rate by diffusion, we require a negligible
internal loss of reactant concentration;
that is,

lgrad Clz=x, %

(2)

where C, is the external reactant con-
centration. This condition, together with
Eq. 1, results in the criterion

1dNy 1 Ro*
3 dt GCo Dess

in which we have introduced the ob-
served reaction rate per unit particle vol-
ume, dN,/dt =3 dN,/R dt.

For a reaction of nth order—that is,
dN,/dt = aC"—a given internal concen-
tration decrease will result in a smaller
effect-on the rate, the smaller = is, since

«1 (3)

(dN v) dNy _ dC
d{—— =n—
d¢ dit c
However, Wheeler (2) has pointed out
how even for the zero-order reaction in-
hibition by diffusion effects will result:
The reaction rate must begin to vanish at
some finite or, at least, at zero concen-
tration; inhibition becomes noticeable
when the reactant concentration at the
particle center reaches such minimum or
zero value. Following Wheeler’s rigor-
ous solution of the zero-order case, we
can show that this condition obtains
when

—o C
lgrad Clr=r,=2 ITZ

Thus, even for the extreme case of zero-
order kinetics, the condition 2 and, there-
fore, the theorem 3 are not altered by
more than a factor of 2. We may accept
this condition as sufficiently independent
of detailed reaction kinetics.
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A reaction 4 — C shall now proceed
via intermediate products B and B,

O e O
A—>B—>B—>C

The reaction steps 4 —> B and B'—> C
proceed on catalyst type O, and the re-
action B —> B’, on catalyst type @. The
catalyst consists of a mixture of porous
particles of each catalyst type, having a
size approximated by a spherical radius
R,

The reaction will now be uninhibited
by diffusion transport if each reaction
step fulfills the condition 3. For the
steady state the reaction rate of each re-
action step must equal the observed over-
all reaction rate of the catalyst com-
posite dN,/dt. Therefore,

1dNy 1 Ro®
3 dt Ci Dess

«1;i=A,B,B (4)

It is obvious that it suffices to satisfy this
condition for the intermediate existing at
the lowest concentration. The criterion
(3) demonstrates the increasing “in-
timacy” requirements, in terms of par-
ticle size of the catalytic components and
their internal diffusivity, since intermedi-
ate species at decreasing partial pressure
are relied upon for propagation of the
reaction. The following will indicate
some consequences of this finding.

In typical hydrocarbon reactions over
oxide catalysts, the order of magnitude
for the over-all reaction rate is about
dN,/dt = 10-% (moles per second per
cubic centimeter of catalyst). (This cor-
responds to 50-percent conversion at a
space velocity of about 1 weight of re-
actant per weight of catalyst per hour).
The gas phase concentration C; of any
reacting species is about 10-% P (moles
per cubic centimeter), when expressed in
terms of its partial pressure P,,. Con-
dition 3 therefore becomes

Ry

Deff « 30 Pntm
The diffusivity of catalyst materials can
be estimated from other physical con-
stants (2) or can be measured directly
(3, 4). On a typical gel-derived oxide
catalyst of about 150 m2/g surface area,
we find the diffusivity at 450°C for hy-
drocarbon of 100 molecular weight to
be about 2 x 10-3 cm?/sec. For this type
of catalytic material and the afore-men-
tioned reaction conditions, we obtain for
the critical particle size

R¢=0.24V Patm (5)

An upper limit to the partial pressure
of a proposed true intermediate is set by
thermodynamics. A test for the feasibility
of the reaction system can therefore be
made with Py, calculated from thermo-
dynamic constants alone.
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For example, at a partial pressure of
the intermediate specie of 10-3 atm—as
might apply to the thermodynamics ot
olefin production accompanying a hy-
drocarbon reaction—a maximum par-
ticle size of about 50w would be indi-
cated.

It is interesting to note that an inter-
mediate specie existing at a partial pres-
sure as low as 10-1% atm could propagate
a heterogeneous stepwise reaction if the
adjoining regions of activity are of near
100-A dimensions.

In liquid media—for example, biologi-
cal systems—the afore-mentioned criteria
should be applicable to reaction systems
where different catalyzed processes take
place in distinct but adjoining regions of
volume via diffusing intermediates. With
typical magnitudes for diffusivity in
liquids (Dgge ~ 10-6 cm?2/sec), we have,
for example, for 100-u sized regions, an
uninhibited reaction rate (in moles per
second per cubic centimeter of space) of
10-2 C;, where C; is the concentration of
the intermediate in moles per cubic cen-
timeter.

P. B. WErsz
Research and Development Department,
Socony Mobil Laboratories,
Paulsboro, New Jersey
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Convenient Method for Recognizing
Nonopaque Cerium Earth Minerals

The property of discontinuous absorp-
tion of visible light by neodymium and
praseodymium in nonopaque cerium
earth minerals has been used by Wherry
(1), Mertie (2), Adams (3), and others
as a means of identifying these minerals.
The very sharp absorption of yellow
light (570 to 590 mu) by neodymium
is especially useful and can be- readily
observed by illuminating the mineral
with white light and looking at either
the reflected or transmitted light through
a visual spectroscope. Such spectroscopic
observations, as well as the usual deter-
minations of refractive indices under oils,
become very tedious, however, when a
large number of monazite concentrates
have to be checked for contamination by
similar appearing minerals, such as epi-
dote or xenotime, or when concentrates
of other minerals must be checked for
freedom from monazite or other cerium
earth minerals. Doubtful grains must
then be carefully isolated and tested
individually.
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Fig. 1. The four vertical lines represent the
main spectral-line emissions of a medium-
pressure mercury-vapor arc in the visible
region. The curve indicates the transmit-
tance of a thin section of a monazite
crystal.

The method developed (4) uses the
same strong absorption of yellow light
by neodymium as does the method of
spectroscopic observation but in quite a
different way. The sample is illuminated
with the unfiltered light of a medium-
pressure mercury-vapor lamp rather
than with white light, and under this
special light cerium earth minerals as-
sume a characteristic emerald color,
whereas other minerals undergo little
change in color. A low-pressure quartz
mercury-vapor lamp may also be used,
provided that the purple filter, which is
usually attached to such a lamp to elim-
inate visible radiation, is removed and
a piece of ordinary glass is attached to
eliminate the harmful 253 mu ultraviolet
radiation,

Figure 1 gives the optical data neces-
sary to explain the principle of the
method. The four main spectral-line
radiations emitted by a medium-pressure
mercury-vapor lamp (5) have been
drawn at their respective wavelengths
along the abscissa, and the height of the
lines is proportional to their intensity of
emission. The irregular curve shows the
relationship between transmittance and
wavelength for a thin section of a mona-
zite crystal from Hittero, Norway, cut
normal to the c-axis. This curve is typical
of cerium earth minerals in general and
shows a general absorption of all wave-
lengths shorter than about 440 mp and
the characteristic absorption of yellow
light (570 to 590 mu) ascribable pri-
marily to neodymium.

The violet radiation (405 mu) and the
blue radiation (436 mu) of the lamp lie
in the region of general absorption and
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