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The theoretical analysis has been made in order to clarify the pulse reaction
kinetics coupled with an irreversibly adsorbed reactant. Some of the results were
significantly different from those with the reversible adsorption. The conversion
is not in agreement with that in the continuous flow technique, even when the
contact time 1s reduced to infinitely small. In a special case, a finite conversion
is possible even at an infinitely small contact time. The effect of the pulse width
was quite remarkable. The conversion is equivalent to that in the continuous flow
technique at a sufficiently large pulse width and increases with a decrease in the
pulse width. And at a sufficiently small pulse width, the conversion is determined
only by the adsorption capacity of the whole catalyst in the reactor. Some of the
results were verified by the published data.

Applications to the kinetic study, i.e., the method to obtain the surface reaction
rate constant and the site density separately, and to the mechanistic study were

proposed and applied to the dehydration of alcohols.

It is well known that the results obtained
with the pulse technique, sometimes, are
significantly different from those obtained
with the continuous flow technique. The
authors made the theoretical analyses of
the pulse reaction kinetics in the case of
the Henry isotherm (I, 2), of the Lang-
muir isotherm with not too large adsorp-
tion equilibrium constant (3), and of the
Langmuir isotherm with much larger ad-
sorption equilibrium constant (4). It was
clarified that the difference between the
two techniques mainly arises from the
chromatographic separation between the
components in the catalyst bed and from
the lowering of the concentration due to
the broadening of the pulse. The effect of
these factors was found to depend on the
pulse width, that is, the time required for
the pulse to pass through an inlet of the
catalyst bed. The results in the pulse tech-
nique get closer to those in the contin-
uous flow technique with an increase in
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the pulse width. When the pulse width is
large enough, the pulse technique gives the
same results as those in the continuous
flow technique, because the continuous flow
technique corresponds to the pulse tech-
nique with an infinite pulse width. Blan-
ton, Merill, and Byers (5§) measured the
rate parameters of nonlinear reactions by
using significantly broadened pulse. An-
other way to reduce the difference between
the two techniques is to reduce the con-
tact time. Toyota and Echigoya (6) com-
pared the results from the two techniques
for the dehydrogenation of cyclohexane
and the hydrogenation of benzene and
found that the good agreement could be
obtained if the catalyst volume was small
enough.

These theoretical predictions, however,
cannot be applied to all the reactions. All
of the theoretical analyses up to date were
based on the assumption of the reversible
adsorption. The pulse reaction kinetics
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coupled with an irreversibly adsorbed re-
actant may be significantly different from
that with the reversible adsorption. Bett
and Hall (7) found in the dehydration of
2-butanol that the plot of the conversion
against the reciprocal flow rate did not
extrapolate to the origin at an infinite flow
rate. The authors also found the similar
results in the dehydration of aleohols
(8, 9). The rate of olefin formation was
independent of the flow rate of the carrier
gas, and the conversion was independent
of the temperature in the low temperature
region. The order of these reactions may
be zero in the reactant pressure. Some
workers theoretically analyzed the pulse
reaction kinetics of the zero-order reaction
(6, 12) on the basis of some assumptions,
such as negligible effects of the axial dis-
persion and of the mass transfer registances
from the gas phase to the catalyst surface,
and linear adsorption isotherm (Henry
isotherm) instead of more actual isotherm.
The effect of these factors may be large
in the pulse technique, It would be desir-
able to clarify the pulse reaction kinetics
including all of these terms. But it is diffi-
cult to take all of these terms into con-
sideration. The present authors have payed
attention to the pulse reaction kinetics
on the basis of more actual adsorption
isotherm.

In the present study, one more and im-
portant type of adsorption has been treated,
that is, the thecretical analysis has been
made in order to clarify the pulse reac-
tion kinetics coupled with an irreversibly
adsorbed reactant, and some applications
to the kinetic study and to the mechanistie
study have been demonstrated.

Nomenclature

C Concentration of reactant in gas phase
(mol/em? of bed)

Coy Maximum concentration of inlet pulse
(mol/em? of bed)

F  Flow rate of carrier gas (cm?/sec)

k  Surface reaction rate constant (1/sec)

¢ Concentration of adsorbed reactant
(mol/cm? of bed)

¢s Site density (mol/cm? of bed)
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Time since pulse is introduced (sec)
Width of disappeared part of pulse (sec)
Pulse width (see)

Linear velocity of carrier gas (em/sec)
Volume of catalyst bed (em?)
Conversion

Distance from the inlet (¢m)

Contact time (scc)

Amount of inlet pulse, FCoty (mol)

o> N<;:$“§*“

THEORETICAL ANALYSIS

Theoretical analysis was made on the
basis of the following reaction model:

Ay — (Aha — By, 1)

where A, and B, are the reactant and the
product in the gas phase, and (A),q is the
adsorbed reactant on the surface.

1. The first step is the adsorption of the
reactant, and its rate is sufficiently fast,
g0 that the surface is completely covered
by the reactant if only the reactant is
present in the gas phase. The rate of the
reverse direction, i.e., the desorption of the
reactant, can be neglected.

2. The second step is the surface reac-
tion of the adsorbed reactant to the gas
phase product. Strictly speaking, the sec-
ond step should be divided into two steps:
the surface reaction of the adsorbed reac-
tant to the adsorbed produet, and the
desorption of the product. But the latter
can be neglected, if its rate is fast enough.
The reverse reaction, i.e., the reaction of
the gas phase product to the adsorbed
reactant can be neglected.

Further, the following were assumed: the
substance in the gas phase moves as a plug
flow with a linear velocity of u, and the
influence of the mass transfer onto the
catalyst surface is negligible. The effect of
the latter can be estimated from the effect
of the partiele size of the catalyst and can
be neglected when the particle size is small
enough. The effect of the former can be
neglected when the pulse width is much
larger than that of the dispersed part due
to the axial dispersion. According to the
above-mentioned model and assumptions,
the basic equations expressing the mass
balance is given as follows:
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dg , oC _ aC 5
FYRRar T U 3z kq, (2)
q = ¢, when C > 0. (3)

The initial condition is evident, bhecause
no substances are present before the intro-
duction of the pulse.

C=q=0,whent = 0. 4)

The boundary condition at the inlet of the
catalyst bed depends on the shape of the
inlet, pulse.

C = C@(t) 6))

where ®(t} is the shape of inlet pulse and
is given as a function of time. For a rec-
tangular pulse,

&) =1, whenty >t > 0, (6)
and
&(t) = 0, when ¢ > . )
And for a triangular pulse,
&) = t/ty, whento >t 2> 0, (8)

q’(t) =2 — (t/to), when 2t0 Z 14 Z O, (9)
and

&(t) = 0, when ¢ > 2. (10)

Parameter t,, pulse width, is determined
so that Cot, corresponds to the amount of
the inlet pulse.

These equations indicate that the pulse
moves through the catalyst bed with the
moving velocity of u and that the shape
of the pulse does not change except the
concentration change due to the reaction
and except the disappearance of the pulse
at the front of the pulse. According to the
above-mentioned model, the molecules at
the front of the pulse are all adsorbed
and the front of the pulse disappears, be-
cause the molecules at the front always
come in contact with the fresh surface. By
defining dt; as an increment of the width
of the disappeared part necessary to cover
the catalyst surface in an increment of the
catalyst volume, dV, the following equa-
tion is obtained (4).

¢ dV = FC di,. (11)
After the front of the pulse passes through,
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the surface is completely covered, ie,
q = g;. It follows that Eq. (2) can be
reduced to the following one:

aC
(5@5) =~k

Equation (12) indicates that the concen-
tration decreases according to the same
rate expression as in the continuous flow
technique.

(12)

C = Codlt — 6) — k.. (13)

The width of the disappeared part can
be related to the contact time from Egs.
(11) and (13), and the concentration
change can be calculated from Eq. (13). It
follows that also the conversion can be
obtained from these equations.

Rectangular Pulse

The relation between the width of the
disappeared part and the contact time can
be obtained from Egs. (6), (7), (11), and

(13).
-1 _ ka6
ta Fin (1 Co )’

As the amount of the pulse can be ex-
pressed by the product of the flow rate
of the carrier gas, the concentration, and
the pulse width, the conversion is given
as follows:

ka8
=<

1 kq.0 1
T <1 - 'CT> I T Ga7Cy

For a small value of z, the following ap-
proximation is useful,

1
n 1—2
By substituting Eq. (16) into Eq. (15),
and by neglecting the term of the contact

time squared, the following equation for a
small value of the contact time is obtained.

kq.6
Co

(14)

X

(15)

1

2
=243 (16)

g8

X = Colo

_|_

(a7

The contact time can be varied not only
by the catalyst volume but also by the
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flow rate of the carrier gas. When the
contact time is varied by the catalyst vol-
ume at a constant flow rate, the width
and the concentration of the inlet pulse
are independent of the contact time. There-
fore, Eqgs. (15) and (17) can be applied
to such a case. On the other hand, when
the contact time is varied by the flow rate,
the width and the concentration may de-
pend on the flow rate. Therefore Eqs. (15)
and {17) must not be used in such a case.
When a six-port valve is used to intreduce
the reactant pulse into the carrier gas
stream, the relation between the cenver-
sion and the contact time can be obtained
in the following manner. The reactant in
the sampling part of the six-port valve,
as a first approximation, may be trans-
ported to the catalyst bed without mixing
with the carrier gas. It follows that the
initial concentration is independent of the
flow rate, but the pulse width is in in-
verse proportion to the flow rate of the
carrier gas. By substituting these relations
into Eq. (15), the equation expressing the
conversion for such a case is obtained as
follows:

_ kg0
X = A
¢V 1 — (kg6/Cy) 1
+ Q k.8/Co "1 — (kq.8/Co) (18)

The approximate equation for a small
value of the contact time is obtained by
substituting Eq. (16) into Eq. (18).

(1 _2Y\kab | ¢V
X = <1 29) Co + Q (19)

Triangular Pulse

In the case of the triangular pulse, both
the width of the disappeared part and the
conversion cannot be represented by such
simple equations as in the case of the
rectangular pulse. When t, > t; > 0,

ke 1
go = i € k= 1), (20)
and

Cokga (ke by ()
X=27 2<Co+to ) @Y
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And when 2t, > t, > ¢,

kqb 1
e L (D —
CO ]’Cto [1 + /( (_to f,[)
+ (1= 2ekupein], (22)
and
1 ]\qﬁ 21‘0 - lld>;2 .
X=1-: - ey, 23
! 2 ( Co to (23)

And the conversion for a small value of
the eontact time is given as follows:

. kg |, 0.8
X =204 A=
( 0 ('UtU

As mentioned above, these cquations can
be applied when the pulse width 1s inde-
pendent of the contact time. In the other
case, that is, when the pulse width is n
inverse proportion to the flow rate of the
carrier gas and the contaet time is varied
by the flow rate, the term ¢, in Eqgs. (201~
(23) should be replaced with Q8/V(,. And
the conversion for a small value of the
contact time is given hy the following
equatiion:

(24)

= l_@ —_ \/(}*T/) qu D1
X =2 (1 o)t o )

ResuLts

Figure 1 shows the relation between the
conversion and the contact time for the
rectangular pulse in the former case, that

1
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Fi1c. 1. Relation of the conversion to the con-
tact time for the rectangular pulse, when the
contact time is varied by the catalyst volume.
(—) from Eq. (15), (---) from Eq. (17),
(-++) continuous flow technique.
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is, when the contact time is varied by the
catalyst volume at a constant flow rate
of the carrier gas. The solid and broken
lines were calculated from Egs. (15) and
(17), respectively. The approximate solu-
tion, Eq. (17), can be used up to the con-
version of 409 within a reasonable error.
The exact solution, Eq. (15), also gives
essentially a straight line up to the con-
version of 70%. Figure 2 shows the rela-
tion for the triangular pulse. The solid
and broken lines were calculated from
Eqgs. (20)-(23) and from Eq. (24). The
approximate solution holds over the rather
smaller range of the conversion than that
for the rectangular pulse, but the exact
solution gives essentially a straight line
up to a considerably large conversion
similarly to the case of the rectangular
pulse. Thus the relation between the con-
version and the contact time in the pulse
technique seems to be consistent with the
zero-order kinetics in that the relation
gives essentially a straight line. However,
the reaction rate constant obtained from
the slope of the line remarkably depends
on the shape of the pulse and on the pulse
width, and further it is not identical to
that in the continuous flow technique. Ac-
cording to the above-mentioned model, as
long as the reactant exists in the gas phase,
the surface is completely covered by the
reactant, and the reaction rate is equiva-

1.0

0.8

0.6

CONVERSTON

0.4

0.2

Fic. 2. Relation of the conversion to the con-
tact time for the triangular pulse, when the
contact time is varied by the catalyst volume.
(—) from Egs. (20) to (23), (---) from Eq.
(24), (---) continuous flow technique.
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lent to that in the continuous flow tech-
nique. Just after the pulse has left the
catalyst bed, the surface is still completely
covered. The adsorbed reactant does not
desorb, but is converted into the product.
It follows that the produet can be divided
into two parts: one is that formed while
the reactant in the gas phase still remains
in the catalyst bed, and another is that
formed after the pulse has left the bed.
The former corresponds to the first term
in Eq. (17) which is identical to the con-
version in the continuous flow technique,
and the latter, to the second term which
represents the difference in the conversion
between the two techniques. Therefore, the
conversion in the pulse technique is always
larger than that in the continuous flow
technique. And the difference between the
two techniques increases with a decrease
in the pulse width, as can be seen from
Eq. (17).

Figure 3 shows the relation for the rec-
tangular pulse in the latter case, that is,
when the contact time is varied by the flow
rate of the carrier gas and the pulse width
is in inverse proportion to the flow rate.
The solid and broken lines were calculated
from Eqs. (18) and (19). The approxi-
mate solution is useful over a considerably
wide range of the conversion, and the exact
solution gives essentially a straight line
up to a considerably large conversion. The
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Fic. 3. Relation of the conversion to the con-
tact time for the rectangular pulse, when the
contact time is varied by the flow rate of the

carrier gas. (——) from Eq. (18), (---) from
Eq. (19), (-+*) continuous flow technique.
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Fic. 4. Relation of the conversion to the con-
tact time for the triangular pulse, when the con-
tact time is varied by the flow rate of the car-
rier gas. (—) from Eqs. (20) to (23) where &
is replaced with 98/VCs, (---) from Eq. (25),
(-++) continuous flow technique.

solid lines in Fig. 4 were calculated from
Eqgs. (20)-(23) where the term ¢, was re-
placed with Q8/VC,, and the broken lines
from Eq. (25) for the triangular pulse.
Up to a considerably large conversion, the
approximate solution may be useful, and
the exact solution gives essentially a
straight line, in the same manner as those
for the rectangular pulse. However, the
slope of the line remarkably depends on
the shape of the inlet pulse and is differ-
ent, from that in the continuous flow tech-
nique. The most remarkable difference be-
tween the two techniques is that the line
from the pulse technique does not pass
through the origin. The finite intercept is
due to the second term in Eq. (19), which
represents the conversion due to the reac-
tion after the pulse has left the catalyst
bed and is independent of the flow rate.
The first term, which corresponds to the
conversion due to the reaction while the
pulse still remains in the catalyst bed,
differs from the conversion in the con-
tinuous flow technique. As mentioned
above, the width of the pulse decreases
with the passage through the catalyst bed.
In the case of the rectangular pulse, the
width of the disappeared part for a small
contact time is given as follows:

ta = to(q:V/Q). (26)
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When the contact time is reduced by re-
ducing the ecatalyst volume, ¢ can be
neglected. On the other hand, when the
contact time is varied by the flow rate,
the ratio of t; to ¢, has a constant value
independently of the flow rate, or, in other
words, the decrease in the pulse width
cannot be neglected. Therefore, the slope
of the line in Fig. 3 is not identical to
that in the continuous flow technique.

Discussion

Effect of Pulse Width

In most of the reactions studied in the
present series, the effect of the pulse width
was quite remarkable. For example, in the
reaction with the Langmuir isotherm
(3, 4), the conversion in the pulse tech-
nique is identical to that in the contin-
uous flow technique at a sufficiently large
pulse width and increases with a decrease
in the pulse width. But a conversion can-
not exceed a certain limit, that is, the con-
version in the first-order reaction. The
similar results were obtained in the pres-
ent paper. In the case of the rectangular
pulse, the conversion is identical to that
in the flow technique at a sufficiently large
pulse width, and increases with a decrease
in the pulse width, as shown in Fig. 1.
However, as can be seen from Eq. (15),
the conversion can easily reach 100%, if
only the pulse width is small enough.
Though the limit of the conversion is not
obvious, the amount of the converted reac-
tant, QX, can not exceed a certain limit,
as can be seen from the following equa-
tion derived from Eq. (17).

QX = kqVito + ¢,V. 27

The first term is due to the reaction while
the pulse still remains in the catalyst bed,
and the second term, the reaction after
the pulse has left the bed. The limit is
determined by the second term, because
the first term can be neglected when the
pulse width is sufficiently small. In the case
of the triangular pulse, the conversion at
a sufficiently large pulse width and a small
contact time is twice as large as that in
the continuous flow technique, as can be
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seen from Eq. (24). However, it is equiva-
lent to the conversion in the continuous
flow technique calculated on the basis of
the averaged concentration of the triangu-
lar pulse, i.e., one half of the maximum
concentration. The amount of the con-
verted reactant cannot exceed the same
limit as in the rectangular pulse, as ecan
be seen from Eq. (24). It is worth noting
that the limit is determined only by the
adsorption capacity of the catalyst, but
not by the reaction rate. The limit in the
reaction with the reversible adsorption is
determined by the reaction rate of the
extreme case, such as the reaction without
the adsorption term in the Langmuir-
Hinshelwood mechanism (3, 4), and the
irreversible reaction in the sort of the reac-
tion, A==R + 8 (2).

Conversion versus Contact Time

In the reaction with the Langmuir iso-
therm (3, 4), the conversion is equivalent
to that in the continuous flow technique,
when the contact time is reduced to in-
finitely small by reducing the catalyst vol-
ume. In the present case, however, the
conversion even at an infinitely small con-
tact time is entirely different from that in
the continuous flow technique. The plot
of the conversion against the contact time
gives a straight line in the range of not
too large conversion. But the slope of the
line is entirely different from that in the
continuous flow technique, when the con-
tact time is varied by the catalyst volume,
as shown in Figs. 1 and 2. Furthermore,
even the finite conversion is possible at an
infinitely small contact time which is at-
tained by increasing the flow rate of the
carrier gas, as shown in Figs. 3 and 4.

The results obtained by Bett and Hall
(7) are available to verify the relation of
the conversion with the contact time. They
studied the dehydration of 2-butanol over
a series of hydroxyapatite catalysts by the
pulse and the continuous flow techniques.
The reaction is in good agreement with
the above-mentioned model: the reaction
order was zero in aleohol pressure, and
the surface adsorbed species seemed not
to be in equilibrium with the gas phase.
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When the contact time is varied by the
catalyst volume at a constant flow rate
of the carrier gas, a plot of the conversion
against the contact time is consistent with
the zero-order kinetics, that is, the plot
gave a straight line which pass through
the origin, similarly to Fig. 1. However,
the activation energy from the slope of the
plot was 14.5 kcal/mol which was much
less than that obtained with the contin-
uous flow technique, 39 keal/mol. As can
be seen from Eqgs. (17) and (24), the slope
of the plot is given as follows:

ax _ kqs
dé

+ 2.

Coto @8

where n = 1 for the rectangular pulse and
n =2 for the triangular pulse. The first
term has the same activation energy as
that of the continuous flow technique, but
the second term is independent of the tem-
perature. If the first term is so large that
the second term ecan be neglected, the acti-
vation energy is in agreement with that
in the continuous flow technique. With an
increase in the effect of the second term,
the activation energy becomes small. There-
fore, the activation energy in the pulse
technique is smaller than that in the flow
technique, unless the pulse width is large
enough.

Figure 5 was obtained by varying the
flow rate of the carrier gas at a constant
volume of the catalyst bed (7). Although
the conversion linearly decreased with a
decrease in the contact time, the line did
not extrapolate through the origin; rather,
it passed through the finite intercept. Such
a tendency is quite similar to that of the
theoretical results shown in Figs. 3 and 4.
Bett and Hall presumed that finite inter-
cept was a measure of the number of the
active site and that the value of the inter-
cept could reach maximum with the tem-
perature at the point where a “site mono-
layer” of the reactant was adsorbed. They
calculated the site densities of a series of
hydroxyapatite catalysts from the inter-
cept at the highest temperature. The site
densities thus obtained were in good
agreement with those calculated from the
steady state flow kineties using absolute
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F1c. 5. Relation of the conversica to the con-
tact time in the dehydration of 2-butanol over
hydroxyapatite (Ca/P = 1.57), when the contact
time is varied by the flow rate of the carrier
gas (7).

reaction rate theory and with theoretically
expected concentration of surface POH
group. Equations (19) and (25) support
their presumption: the intercept, or the
conversion at an infinite flow rate, is
equivalent to ¢;V/Q and therefore the site
density, gs, can be obtained from it. It
may be possible that the site density in-
creases with temperature, when the cata-
lyst surface is energetically heterogeneous
or when the degree of dehydration of the
catalyst surface increases with tempera-
ture. It should be emphasized that the
intercept of the plot is independent of the
shape of the inlet pulse, as can be seen
from Kqs. (19) and (25). In other words,
the site density can be obtained from the
intercept without the precise knowledge of
the pulse shape.

The reaction rate also can be calculated
from the intercept, X,, and the slope of
the plot of the conversion against the
contact time which is varied by the flow
rate of the carrier gas, if only the shape
of the inlet pulse is known. In the case
of the rectangular pulse, the following rela-
tions can be obtained from Eq. (19).

si_?{_<1_%V kg,
a9 — 20/ ¢y’

(29)
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and
Xo = (]3V/Q.
Therefore,
VPN ¢ _ Xo).
r = kg, = Cy %0 (1 2) (31)

And in the case of the triangular pulse,
from Eq. (25),

r=a® /e-vix). e

a

(30)

The empty circles in Fig. 6 represent the
reaction rate obtained by substituting the
slope and the intercept of Fig. 5 into Eqgs.
(31) and (32), and the solid circles repre-
sent the reaction rate obtained with the
continuous flow technique by Bett and
Hall. The activation energy from the pulse
technique agreed well with that from the
continuous flow technique, but the abso-
lute value of the reaction rate from the
pulse technique was slightly larger than
that from the latter. Although the reac-
tion rate from the pulse technique depends
on which of the shapes is assumed to cal-
culate the reaction rate, it seems difficult
to attribute the difference in the reaction
rate to the shape of the inlet pulse. The
actual shape of the inlet pulse may not
be a good rectangular pulse, because the

1.5 1.6 1.7 1.8
1/1x180 KD

Frc. 6. Arrhenius plot for the dehydration of
2-butanol over a hydroxyapatite catalyst (Ca/P =
158). (A) and (@) continuous flow technique,
from Figs. 6 and 7 in ref. 7; (O) and (A)
pulse technique, from Egs. (31) and (32).
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leading and the trailing edge may be dis-
persed in the sampling valve and the pipe
line to the catalyst bed. The actual shape
may be closer to trapezoid. Then the reac-
tion rate may be expected to lie between
the reaction rate based on the rectangular
pulse and that on the triangular pulse.
The difference in the reaction rate may be
due to the difference in the degree of
dehydration of the catalyst surface. Bett
and Hall reported that the reaction was
weakly inhibited by water added into the
reactant. In the continuous flow technique,
even if water is not involved in the reac-
tant, significant amount of water which is
the product of the reaction 1s adsorbed
on the surface. In the pulse technique,
however, the surface may be considerably
dehydrated, because only purified helium
flows through the catalyst bed before the
introduction of the small amount of the
reactant pulse. It is possible that the in-
hibition effect of the preadsorbed water is
more significant than that of the added
water into the reactant.

Application to Kinetic Study

One of the applications is to obtain the
same results as those in the continuous
flow technique. As can be seen from Fig.
1, it is necessary for such an application
that the pulse width is large enough, when
the contact time is varied by the catalyst
volume. And when the contact time is
varied by the flow rate of the carrier gas
and the six-port valve is used to introduce
the pulse into the carrier gas stream, the
ratio of the catalyst volume to the amount
of the inlet pulse must be sufficiently
small, as can be seen from Fig. 3.

Another and more important applica-
tion is to obtain the data which cannot be
obtained with the continuous flow tech-
nique. In the zero-order reaction, the over-
all reaction rate constant obtained with
the eontinuous flow technique is a product
of the site density and the surface reac-
tion rate constant, and it is impossible to
measure them separately. On the other
hand, the pulse technique may be avail-
able for such a purpose. One of the meth-
ods is to employ the relation expressed
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by Eq. (19), as mentioned above on the
results shown in Fig. 6. When the contact
time is varied by the flow rate and the
pulse is introduced by means of a six-port
valve, the plot of the conversion against
the contact time gives a straight line which
passes the finite intercept at zero contact
time. The site density can be obtained
from the intercept, as shown by Eq. (30),
and the surface reaction rate constant can
be calculated from the site density and
the overall reaction rate constant which
can be obtained from the intercept and the
slope of the plot, as shown by Eq. (31).
However, it requires a spceial apparatus
to vary the flow rate of the carrier gas
over a wide range. It is impossible with
the conventional apparatus of the pulse
technique to vary the flow rate over a wide
range, because an increase in the flow rate
is accompanied with an increase in the
pressure. Furthermore, the dispersion of
the pulse in the sampling valve and in
the pipe line to the catalyst bed may be
more significant than that in the experi-
ment using a microfeeder mentioned below.

In the case of the rectangular pulse,
the pulse width can be varied more easily
than the catalyst volume and the flow rate
of the carrier gas (10). The relation be-
tween the conversion and the pulse width
is given by Eq. (17). The site density can
be obtained from the slope of the plot of
the conversion against the reeiprocal pulse
width, and the surface reaction rate con-
stant can be obtained from the ratio of
the intercept to the slope. Equation (27)
also may be useful: the site density can
be obtained from the intercept of the plot
of the amount of the converted reactant
against the pulse width, and the surface
reaction rate constant can be obtained
from the ratio of the slope to the intercept.
In order to obtain the intercept, the line
in the latter plot should be extrapolated
to a zero pulse width, while in the former
plot, to an infinite pulse width. If the
catalyst surface is susceptible to the
atmosphere, that is, to whether the cata-
lyst is in the reactant vapor or in the
carrier gas, the former plot may be supe-
rior to the latter. Furthermore, when the
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former plot is employed, one should take
care not to use so small a pulse width
that the width of the dispersed part due
to the axial dispersion cannot be neglected.

More simple method is to use Eq. (17)
with a constant pulse width. The conver-
sion decreases with a decrease in the tem-
perature, but it does not fall to zero even
at sufficiently low temperature; rather it
approaches X, given by Eq. (30) or by
the second term of Eq. (17), because X,
does not depend on the temperature. The
site density can be obtained from X,, and
the surface reaction rate constant can be
obtained by substituting X, X,, and &
into the following equation derived from

Eq. (17).
(X
k= %(X—o h 1)'

Therefore, the site density and the surface
reaction rate constant can be obtained, if
only the eonversion is measured at various
temperatures.

Figure 7 shows the results of such an
application to the dehydration of 2-pro-
panol on a zine sulfate catalyst. The cata-
lyst was prepared in the following manner.
Guaranteed reagent of zinc sulfate was
calcined at 200°C, sifted to 28 ~ 48 mesh
after powdering, and dried at 350°C for
2 hr in the stream of nitrogen just before

(33)
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Fie. 7. Effect of the temperature on the dehy-
dration of 2-propanol on a zinc sulfate catalyst.
Catalyst, 11 mg; pulse size, 1.24 upmol/sec X 20
sec; carrier gas, N: (60 ml/min) dried with silica
gel column; chromatographic column, PEG-1500
2m at 70°C; detector, F.1.D.
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the reaction. The other experimental appa-
ratus and procedures were essentially the
same as those in the previous paper (I10)
except that described in the legend of
Fig. 7. First of all, the shape of the inlet
pulse was measured. 2-Propanol was in-
troduced just before the detector by the
aid of a microfeeder. The partial pressure
of 2-propanol could be regarded as con-
stant during the time corresponding to the
pulse width, and the leading and the trail-
ing edges of the pulse were sufficiently
sharp. Secondly, the effect of the axial dis-
persion was evaluated in the following
manner. The reactor packed with inert
particles (fused almuina) was installed
just before the detector, and the pulse
was introduced just before the reactor.
The chromatogram thus obtained was es-
sentially the same as that of the inlet
pulse mentioned above, or, in other words,
the width of dispersed part was sufficiently
small compared to the pulse width which
was larger than 15 sec. It follows that the
pulse could be regarded as a rectangular
pulse and Eqs. (17) and (33) can be
applied to the present case. It should be
noted that the length of the catalyst bed
was only a few millimeters, and that the
sample inlet was directly connected to the
reactor, ie., the pipe line between the
sample inlet and the catalyst bed was
composed of a straight pipe with an uni-
form inside diameter of 4 mm and with
a length less than 20 cm.

Empty circles show the effect of the
temperature on the conversion, which was
in good agreement with that expected from
the theory: the conversion decreased with
a decrease in the temperature, but, below
215°C, it had a constant value of 1.24%.
The site density obtained from the con-
version below 215°C was 0.007 mmole/g,
which is in good agreement with the num-
ber of the acid site: 0.0048 mEq/g for
H, < 3.3 and 0.0073 mEq/g for H, < 4.8
(9). The solid circles represent the Arrhe-
nius plot of the surface reaction rate con-
stant obtained from Eq. (33). The activa-
tion energy was 26.8 keal/mol, which also
is in good agreement with that in the
previous paper, 26.1 keal/mole.



PULSE REACTION TECHNIQUE. V

Application to Mechanistic Study

The heterogeneous catalytic reaction
is, sometimes, interpreted by either the
Langmuir-Hinshelwood mechanism or the
Rideal-Eley mechanism. But it is not easy
to determine which of the mechanisms can
explain the experimental results better.
The pulse technique can give some infor-
mation on that subject.

Figure 8 shows the effect of the pulse
width on the amount of ethylene and ethyl
ether formed in the dehydration of ethanol
on an alumina catalyst. The relation be-
tween the amount of ethylene formed and
the pulse width was consistent with that
expected from Eq. (27). The amount of
ethylene formed decreased linearly with a
decrease in the pulse width and had a finite
intercept at zero pulse width. On the other
hand, the amount of ether formed passed
through the origin. As mentioned above,
the intercept, i.e., the second term of Eq.
(27), represents the amount of the product
formed after the pulse has left the cata-
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Fic. 8. Effect of the pulse width on the dehy-
dration of ethanol on an alumina catalyst. Cata-
lyst weight, 100 mg; temperature, 280°C; carrier
gas, H: (50 ml/min); ethanol feed rate, 488
pmol/min; chromatographic column, PEG-1500
2m + LP 2m at 70°C.
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lyst bed. It follows that ethyl ether is
scarcely formed after the pulse has left
the bed, although the significant amount
of ethylene is formed even when ethanol
does not exist in the gas phase. de Boer
and co-workers (11) concluded from the
kinetic study that the formation of ethyl
ether oceurred according to the Rideal-Eley
mechanism and to the Langmuir-Hinshel-
wood mechanism simultaneously. As men-
tioned above, Fig. 8 indicates that the most
of ethyl ether is formed only when ethanol
exists in the gas phase. In other words,
ethyl ether formed according to the Lang-
muir-Hinshelwood mechanism, i.e., the re-
action between the adsorbed alcohols, may
be a little.
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