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The dehgdrogenation of set-butyl alcohol was studied by using a device of rec- 
tangular duct type reactor containing liquid indium catalyst. The experimental con- 
ditions were as follows: temperature 45&55O”C, total pressure 1 atm, partial 
pressure of alcohol 0.1-0.4 atm, feed rate of alcohol 0.0937-0.6 mole/hr. 

The experimental results were found to obey a Langmuir-type rate equation, 
W = kl"pn/(l + &Pa), which indicates that the surface unimolecular decomposition 
will be the rate controlling step. The respective values of K.% and k,” were 1 X 1O-3 
exp (13,0OO/RT) atm-’ and 3 X 108 exp (-28,0OO/RT) cm/set. 

The comparison of the experimental value of KA wit.h the value estimated by 
st,atistical thermodynamics suggested that the adsorbed alcohol may be mobile on 
the surface of liquid indium. Further, the assumption of a mobile activated complex 
gave a theoretical k,” value which agrees fairly well with the experimentally deter- 
mined value of k,“. 

INTRoDUOTI~N 
tion about the catalyses of the liquid 
metals. Considering this situation, the 

In the previous works (I-4) of this series present authors have undertaken a kinetic 
which treated the catalyses of liquid study to clarify the mechanism of the de- 
metals, the authors found that some liquid hydrogenation of see-butyl alcohol over the 
metals such as zinc, indium, gallium, thal- liquid indium catalyst. The purpose of this 
lium, and aluminum catalyze the dehydro- paper is to describe not only the experi- 
genations of alcohols and amines with mental results but also the details of the 
considerably high selectivities. It was also theoretical analyses of the experimental 
revealed that the activities of liquid metals data. 
persist for a long period. In view of a 
primary importance to obtain a general EXPERIMENTAL 

survey on the catalyses of the liquid metals, Catalyst. Indium of 99.999% purity was 
attention of the authors in the previous used as a catalyst,. The reasons for the use 
works were given to the qualitative aspects of this metal are as follows: (i) Among 
of the activities of the liquid metal cat- the catalytically active metals in their 
alysts. Therefore, theoretical considerations liquid states, indium is a metal which is 
to the experimental results were not given obtainable most easily and it has a satis- 
in the previous papers, though the papers factorily high purity. (ii) Oxide of indium 
demonstrated that the liquid metals have which will be present inevitably in and 
undoubtedly their own catalytic activities. over the raw metal can be reduced easily 

Now, more precise experimental data to indium metal by exposing the raw metal 
which afford theoretical treatments seem to the reaction atmosphere (or by stream- 
to be required to obtain further informa- ing purified hydrogen over the metal which 
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is kept at high temperatures). Thus, the 
measurement of the catalytic activity of 
the pure metal was thought to be possible. 

Reactant. A. G. R. grade of set-butyl 
alcohol (set-BuOH) was used as a reac- 
tant. According to t,he previous work (.2), 
this alcohol can be dehydrogenated with 
high conversions and high selectivities. 
Therefore, it was thought that the use of 
this alcohol as a reactant is adequate to 
measure precise kinetic data with little 
interference from side reactions. 

Apparatus and procedures. A schematic 
diagram of the experimental apparatus is 
given in Fig. 1. As can be seen in this 
figure, the reaction system belongs to a 
flow type. The reactant alcohol was fed by 
a calibrated microfeeder @ into a pre- 
heater 0, where the reactant was vaporized 
and mixed with purified helium. Then, the 
vapor was led to a rectangular duct-type 
reactor @ containing liquid indium cata- 
lyst 0. By handling a preheated syringe 
(2 ml), a small amount of sample contain- 
ing reaction products was taken through a 

FIG. 1. The schematic diagram of the experi- 
mental apparatus; @ microfeeder, @ preheater, 
@ reactor, @ catalyst (liquid indium), @ sampling 
port for vapor mixture, @ condenser, @ separator, 
@ separator, @ sampling port for gaseous mixture, 
@ film flowmeter, @ valve for helium reservoir, 
@ deoxo catalyst, and @ molecular sieve drierite. 

rubber cap mounted on a small port 0. 
The sample was analyzed by gas chroma- 
tography (analysis I). The main stream of 
the effluents from the reactor was cooled 
by a condenser 0. The condensates col- 
lected in both separators @ and @ as 
well as the gas sample taken from a port 
@ were analyzed by the gas chromatog- 
raphy (analysis II). The result of the 
analysis I was compared with that of the 
analysis II to check the sampling error.* 

The rectangular duct-type reactor em- 
ployed in this work was made from Pyrex 
glass. The details of the geometry of the 
reactor are given in Fig. 2. The electric 
furnace which served to heat the reactor 
was made from two concentric Pyrex t,ubes. 
The inner tube served to support the 
nichrome heater and the outer tube served 
as an insulator. By the use of this furnace, 
a visual observation of the catalyst in the 
reactor became possible. 

RESULTS 

Life of catalyst. The observed catalytic 
activity declined little throughout the 
whole duration (about 1 year) of the 
present work. Therefore, it can be said that 
little catalyst fouling occurred during the 
present work. 
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FIG. 2. Details of t’he rectangular duct-type 
reactor (dimensions are expressed in mm). 

*When the reactant was diluted with helium, 
the analysis II gave inaccurate results but the 
results of the analysis I were reliable. On the 
other hand, when the reactant was not diluted, 
the results of both analysis I and analysis II were 
identical. 
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Selectivity. Results of gas chromato- 
graphic analyses showed that little side re- 
actions occurred in the temperature range 
of 400-500°C. Namely, methane contents 
in the gaseous products were less than 5% 
and the respective contents of carbon mon- 
oxide and carbon dioxide were less than 
O.l%, and the main component in the 
gaseous products was found to be hydrogen. 
Further, the liquid products were found to 
contain more than 95% of methyl ethyl 
ketone (MEK) . 

Degree of conversion. The relation be- 
tween the conversion of see-BuOH and the 
reaction temperature is given in Fig. 3, 
wherein the relation obtained under a con- 
stant feed rate of set-BuOH (0.0937 mole/ 
hr) is illustrated, and the effects of varying 
feed rate on the conversion are seen in 
Fig. 4. An example of relation between 
the conversion and the mean partial pres- 
sure of alcohol (P,) is given in Fig. 5 (the 
mean partial pressure was defined by an 
arithmetic mean of the partial pressure of 
alcohol in the feed vapor and that in the 
exit vapor). This figure expresses implicitly 

- Feed rate = - Feed rate = 
- - 0.0937 0.0937 mole-sec.BuOH/hr mole-sec.BuOH/hr 

0.15- 0.15- 

0I'.'- 
400 450 500 

Temperature , ‘C 

FIG. 3. The relation between the degree of con- 
version of WC-BuOH to methyl ethyl ketone (MEK) 
and the reaction temperature at a feed rate of 0.0937 
mole/hr (the alcohol vapor was not diluted with 
helium). 
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FIG. 4. The effect of feed rate of set-BuOH 
(undiluted with helium) on the degree of conversion 
at 500°C. 

the effect of dilution of alcohol vapor with 
helium. 

DISCUSSION 

Mathematical Analysis of the Rectangular 
Duct-Type Reactor. 

A method of mathematical analysis of 
the rectangular duct type reactor had been 
given by Solbrig and Gidaspow (6; see ap- 
pendix). Their method was found to be 
applicable satisfactorily to the reactor 
analyses in the present work (see Ap- 
pendix) . Extensions and simplifications of 
their treatment were examined and the re- 
sults will be given below. 

0.04’ ’ a ’ ’ 
0.1 0.2 0.3 0.4 

Mean Partial Pressure of sec.BuOH (PA ), atm 

FIG. 5. The effect of the mean partial pressure 
(PA) of seoBuOH on the degree of conversion at 
507°C. 
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The application of the method of Solbrig 
and Gidaspow to the present reactor with 
n = 1 (first order reaction) gave results 
as shown in Fig. 6 (numerical computa- 
tions were carried out with an NEAC 
2200 - Model 700 digital computer: Com- 
puter Center, Tohoku University). This 
figure indicates that the reaction const,ant 
Ic, can be evaluat,ed by assigning the mix- 
ing cup dimensionless concentration Cb at 
a given dimensionless distance x from 
the inlet. Since the dimensionless distance 
X is given by x = r/1.5 X (Ua2/DA,) 
and bhe degree of conversion X is de- 
fined by X = 1 - Cb, the relations given 
in the figure may be abbreviated as follows, 

0.20 

I - 

k, = 0.02 cm/set 

U =lcm/sec 

; 0.15 - 

s 
3 
t 
z 

s O.lO- - 

k, ~0.01 cm/set 

U =I cm/set 

k, = F,,(DAe, V, X), (1) 

where F, is a function of I>,,,, L: and X. 
It must be pointed out that the reaction 

const,ant k, is independent. of the diffusion 
coefficient under the present experimental 
conditions and with the dimensions of the 
present reactor. Namely, as illustrated in 
Fig. 7, the degree of conversion X was 
found t,o be fairly constant irrespective of 
the values of D,, if values of U and Ic, 
were fixed. Therefore, the following ex- 
pression may be a good approximation of 
Eq. (1): 

0,05--_I----L----L- i I A 
0 0.1 0.2 0.3 0.4 0.5 0.6 

Diffusion coefficient of sec.BuOH CD,,), 

cm2/sec 

FIG. 7. Effects of diffusion coefficient (DA,) of 
WC-BuOH vapor on the estimated degree of con- 
version. 

explicitly. The straight line relationship 
given in Fig. 8, wherein values of i&/U 
are plotted against log,,jl/(l - X)}, in- 
dicates t’hat the explicit form of Eq. (2) is 

/il = 0.2115 . 7’ . lOg,,{ l/(1 - X) 1. (a 

k, = Fl(F, X), (2, The simple form of this equation will 

where F, is a funct.ion to be determined 

FIG. 6. Theoretical curves expressing the relation 
between the dimensionless mixing-cup concentra- 
tion (Cb) for the apparent first order reaction (n = 
1) and the dimensionless distance (J) from the 
inlet of the reactor. 
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,/ 
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FIG. 8. The universal linear “log,,(l/l - X)- 
k,/lJ” relationship exemplified by the calculated 
points fer k, = 0.01 cm/see and k, = 0.63 cm/set. 
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greatly simplify the treatment of the ex- 
perimental data, and it should be com- 
pared with the complicated original treat- 
ment (see Appendix). 

The possibility of a further extension of 
the present treatment seems to be sug- 
gested by comparing Eq. (3) with the fol- 
lowing simple kinetic treatment. Namely, 
if a simple first order reaction with respect 
to the reactant is assumed, the reaction 
rate V will be given by 

v = ,,A,, - dX/d(A/SU) 
= kl ’ PA& - x) = h * PA, (4) 

where A is the geometrical surface area of 
the catalyst and S is the cross-sectional 
area of the duct. The integration of Eq. (4) 
yields 

kl = (SU/A) . In{ l/(1 - X)). (5) 
The geometry of the reactor gives S/A = 
0.0911. Therefore, Eq. (5) can be converted 
to 

kr = 0.2092 * u . log,,{ l/(1 - X) 1. 0% 
The right-hand side of this equation is al- 
most equivalent to that of Eq. (3). This 
result indicates that the kinetics for the 
first-order reaction in the reactor with the 
geometry and the experimental conditions 
employed in the present work can be 
treated by assuming simply Eq. (4) with- 
out any complicated treatments as used 
by Solbrig and Gidaspow. This result 
prompted the authors to examine a more 
realistic rate equation as a boundary con- 
dition of the rectangular duct-type reactor. 

Extensions and Approximations of the 
Mathema$ical Analysis 

A more realistic rate equation for the 
surface catalysis is a Langmuir-type equa- 
tion. Thus, the following Langmuir-type 
rat’e equation was considered in this work: 

v = ho * PA/(1 + KA . PA)? (7) 
where kIo is a rat,e constant, KA is an ad- 
sorption coefficient for the reactant, and 
PA is a partial pressure of the reactant. 
The discussions in the preceding section 
will give the expectation that the solution 
of the following differential equat,ion may 

be a good approximation of the exact solu- 
tion based on the treatment of Solbrig and 
Gidaspow : 

v = P.&o . dX/d(A/SU) 
= ,,A0 ’ kp. (1 - x)/( 1 

+ KA . h”(l - x)1. (8) 

Putting the relation 

into the integrated formula of Eq. (8) 
yields the following equation, 

ln(l/(l -X)) + KA.PAO.X 
= 0.75 . x . (k,o . a/D‘&). (9) 

On the other hand, the exact numerical 
solution of the partial differential equation 
given by Solbrig and Gidaspow with the 
boundary condition 

1 
~Cl%h, -1,~) = K,l . C 
Kw, = klo . a/DA,. (1 + K, . PA), (10) 

in place of an original boundary condition 
(6a) (see Appendix) gave results as ex- 
emplified in Fig. 9. This figure gives the 
following relation. 

ln( l/(1 - X)) + KA . PA”. X 
= 0.0075 . x. (11) 

Since the figure shows an X - x re- 
lation for the case of kl”a/DAe = 0.01, the 
following relation 

ln{ l/(1 - X)) + KA * PA0 * X 
= 0.75 ’ x ’ (kp . a/DA& 

results from Eq. (11). Thus, the validity 
of the use of Eq. (9) for the analysis of 
the experimental result was established. 

A modification of Eq. (9) gives a con- 
venient formula for the application of the 
theory to the experimental data. When the 
conversion has a small value, the following 
approximations may be permitted, 

ln(l/(l - X)) = X + X2/2 (12) 

and 

x ‘v x - x3/4 = (X 
+ X2/2)1, (1 - (X)/2). (13) 

These two equations give 
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FIG. 9. The linear “ln(l/l - X) + KAPAOX-x” relationship exemplified by the calculated point 
(0) for ,&x/DA, = 0.01, PAO = 0.2 atm and KA = 10 ah-‘. 

X11 [In{ l/(1 - X))] . (1 - X/2). 
(14) 

This equation with Eq. (9) yields 

[In{ l/(1 - X) )] . { 1 + KA * PAO. (1 
- X/2)1 = kt’ . (A/W) (15) 

The mean partial pressure PA o f the re- 
actant. is defined by 

PA = 0.5 . f P*O + PA0 . (1 - X) ) 
= PAo. (1 - X/2). (16) 

Therefore, Eq. (15) can be rewritten as 

(l/k’) . (1 + f(a . PA) 

of kinetic parameters (k,O and KA) were 
obtainable. Plots of P, against (A/SU)/ 
{In (l/l - X)} gave straight lines, as 
shown in Fig. 10. This means that the ki- 
netics of the dehydrogenation of set-BuOH 
obeys the Langmuir-type rate equation, 
i.e., Eq. (7). 

The values of kLO and KA were evaluated 
from the slope and the intercept with the 
ordinate of the straight line shown in Fig. 
10. The temperature dependences of k,” 

._ 
= (A/SU)/ln~l/(l - X)). (17) 

The right-hand side of this equation can be 
evaluated from the experimental data and 
experimental conditions. Thus, when a re- 
action obeys the assumed Langmuir- 
t.ype kinetics, plots of (A/SU)/ln(l/(l - 
X)} against P, should give a st.raight 
line. The reaction rate constant k,O and 
the adsorption coefficient K, can be eval- 
uated from the intercept with the ordinate 
and the slope of the straight. line. 

Kinetic Parameters for the Dehydrogena- 
tion of set-&OH. 0 0.1 02 0.3 0.4 05 

The kinetic relation given by Eq. (17) PA ,atm 

was able to apply satisfactorily to the 
analyses of the experimental data for the 

FIG. 10. Linear relationships between (A/SU) 
(ln(l/l - X)1 and PA at various reaction tem- 

dehydrogenation of set-BuOH, and values perature. 
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1/Tx103, OK-' 

FIG. 11. The temperature dependences of the rate constant klo (0) and the adsorption Coefficient kiA (0). 

and KA are shown in Fig. 11. Both log k,O 
and log KA showed good straight-line re- 
lationships with the reciprocal of absolute 
temperature l/T, and the following ex- 
pressions for k,O and KA were obtained, 

lclo = 3 X lo6 exp( - 28,OOO/RT) ; 
molecules/(cm%ec) (molecules/cm3) ; (18) 

KA = 1 X KF3 exp(13,OOO/RT); atm-I. 
09) 

ADSORBED STATE, POSSIBLE 
REACTION SCHEMES 

The successful application of Eq. (7) 
[or Eq. (17) ] to the experimental data in- 
dicates that a unimolecular surface dehy- 
drogenation of the adsorbed see-BuOH is 
the rate-controlling step of the overall re- 
action. Further, the adsorption of hydrogen 
as well as adsorption of MEK on the liquid 
metal seem to be weak because the de- 
nominator in Eq. (7) does not include ad- 
sorption terms for hydrogen and MEK, i.e., 
KH2PH2 and KMEgPMEK. Therefore, the fol- 
lowing reaction scheme is probable: 

see-BuOH (g) + S = see-BuOH*; (Adsorption) 

xc-BuOH*d Hz (g) + MEK (g) + S, 
(Unimolecular surface dehydrogenation) 

where * denotes an adsorbed state and S 
denotes an elementary section on which the 
adsorption is taking place (tentatively the 
section is called “active center” in the 
present paper). 

It is interesting to discuss whether the 
adsorbed molecule of set-BuOH is im- 

mobile or mobile. Statistical thermody- 
namics is a useful tool for this purpose. If 
we define the immobile adsorption as an 
adsorption in which the adsorbate molecule 
is bound by a translating surface atom of 
the liquid metal, the adsorption coefficient 
KA is given by 

KA = (1,&T) + (h,‘(2mkT)“2j3 
X (Falb, - FJ - ewh/W, (20) 

where F, = fat’-b,, F, = fstr, and fat’, fstr, 
b,, and b, are a translational partition 
function of adsorbed alcohol, a transla- 
tional partition function of active center, 
an internal partition function of gaseous 
alcohol, and an internal partition function 
of adsorbed alcohol, respectively. The other 
quantities were expressed with the usual 
notations. 

The approximation fatr N fstr seems to 
be adequate because the adsorbed molecule 
has been assumed to be bound by the trans- 
lating (two-dimensional) active center. 
Further, the rotational freedom of the ad- 
sorbed molecule will be smaller than that 
of the gaseous molecule. Therefore, b, < b,. 
On combining these approximations with 
Eq. (20), the following inequality results: 

KA < (l/kT) . (h/(2makT)1’2}3. exp(q/kT). 
(21) 

The calculat,ed values of KAo = (l/kT) * 
h3/(2e&T) 3/Z are compared with the ex- 
perimental value in Table 1. As can be 
seen in this table, KAo (talc.) 5 5 X 1O-s 
(atm-I) , while KA” (expt.) = 1 X 10.’ 
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TABLE 1 TABLE 2 
THE Cau~.wrsorv BETWEEN KAo (talc.) .WD 
KAQ (expl.) FOR THE IMMOBILE ADSOKPTIOP 

THE COMPARISON HI~:TWKEX KAo (talc.) AND 
KAO (expt.) FOR THE MOHILE ADSONPTION~ 

Temperature, 
“C 

KAO (talc.), 
atm-’ 

ho (expt.) 
atn+ 

Temperat.rne, 
“C 

K,,o (talc.), 
atmP 

400 6 .2 x 10-9 
500 5.7 x 10-S 
600 2.7 x 10-g 

= KAo = (l/k?‘) h3/(2wnk7’)“‘“. 

1 x lo-” 
400 5.1 x lo-” 
500 4.2 x lo-~ 1 x lo-” 
600 3 .5 x 10-3 

LL K.io = 10-‘6. C. (l,,‘k7’) h. ,j”,,,;t,:C2?rmk7’)1’2, o = 

(atm-I). Namely, K, (talc.) <K, (expt.) 
provided that 4 (talc.) = Q (expt.). This 
result means that the immobile adsorption 
would not be taking place on the surface 
of liquid indium. 

The adsorbed molecule may be regarded 
as mobile if the molecule is not constrained 
by an active center on the surface of 
liquid metal. The adsorbed molecule may 
have two-dimensional translational free- 
doms as well as a freedom of a vibrational 
motion perpendicular to the surface of 
liquid metal. The statistical thermody- 
namical expression of the adsorption co- 
efficient for such mobile adsorpt,ion as de- 
scribed above is as follows (in atm’), 

600 iiz, 1; ,t, = 10 (C = 70 cm-l). 

the wave number 3 of the vibrational mo- 
tion of acetone adsorbed on mercury is 70 
cm-‘. If the wave number of vibrational 
mot.ion of set-BuOH adsorbed on liquid 
indium is approximated by this value, i.e., 
70 cm-l, the vibrational partition funct,ion 
frib can be evaluated. 

Ka = lo-'". g. (l,'kT) . {h,'('nmk?')"2) 
X .fvib . exp(plkV, (22) 

where B is the co-area of the adsorbed 
molecule and fvih is a vibrational partition 
function corresponding to the vibrational 
motion of alcohol molecule perpendicular 
to the surface of liquid metal. 

On the basis of t.he approximations de- 
scribed above, calculations of adsorption 
coefficient for the mobile adsorption were 
carried out. The calculated values of K,” 
are compared with the experimental value 
in Table 2. It can be seen that the calcu- 
lated values agree well with the experi- 
mental value. Therefore, the mobile adsorp- 
tion is likely taking place in the primary 
stage of the dehydrogenation of set-BuOH 
on the liquid indium catalyst. 

The above-mentioned discussions give 
the following reaction scheme: 

Kemball (6) obtained u = 30A for 
n-butyl alcohol at 25°C from the adsorp- 
tion data of this alcohol onto mercury. The 
co-area at 450°C is evaluated to be - 6 X 
lo2 A”, provided t,hat the thermal expansion 
(@LdR) of t.he adsorbed alcohol is approxi- 
mated by mildi = (@,ii,)‘/“, where @Ii, is 
the thermal expansion of liquid alcohol 
and the value is ~1 X lo-” “C-l. The co- 
area of see-BuOH would not be different 
much from the value of n-butyl alcohol. 

SW-BIIOH (g) + S ti WC-BuOH* (mobile) 
SW-BrtOH* (mobile) ti Activated state 

HJg) +hK(g + S. 

The vibrational partition function fvib is 
given by 

The energy diagram corresponding to this 
reaction scheme is given in Fig. 12. As can 
be seen in this figure, the true energy of 
activation is 41 kcal/mole. Theoretical 
analyses of this activation energy must pro- 
vide realistic mechanism of activation of 
alcohol molecule adsorbed on the liquid 
indium. However, the analyses require 
quantum chemical treatments which have 
somewhat different character from t,he 
present work and were not included in this 
paper. 

fvib = (1 - exp(--hv/kT) )-I, (231 

where v is a frequency of the correspond- 
ing vibration. Kemball (6) estimated that 

Applications of the absolute reaction-rate 
theory (7) to the present case throw some 
light on the problem of the activated state. 
If a localized immobile activated complex 

KAO (expt. 1, 
at,m-* 
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Actwated State 
*. .’ \\\ ,,,. 

SK-BuOHX 

FIG. 12. The energy diagram for the dehydro- 
genation of set-BuOH over the liquid indium 
catalyst (f represents an estimated value). 

which is constrained by a two-dimension- 
ally translating active center is considered, 
the theoretical rate constant is given by 

kf’ = (kT/h) . h3 F,* I L 
X exp(-c/M’)/{ (2~rnkT)~‘~~ b, F,}, (24) 

where L is the number of active center per 
unit. of surface area, F,” and F, are the 
respective partition functions of the acti- 
vated complex and the active center. Since 
L N 1015/cmZ and F,*/bgF, < 1, the fol- 
lowing inequality may result from Eq. (24)) 

kp < 10’5 
X (kT/h) . h3. exp( -t/kT)/(2mnkT)“‘2. 

(25) 

According to the numerical calculations of 
this equation,* ICI0 (talc.) < 6.7 exp( -c/ 
kT) for set-BuOH at 400°C. On the other 
hand, the experimental rate constant* was 
k,” (expt.) = 3 X 10fi exp (-&l’). Thus, 
it is clear that the assumption of the 
localized immobile activated complex is not 
adequate in the present case. 

On the contrary, if a mobile activated 
complex is considered, the theoretical rate 
constant is given by 

X exp(-~/kT)/{(‘2mnkT)1/2~ b,}: (26) 

where b,” is an internal partition function 
of t,he activated complex (a vibrational 
freedom along t’he reaction coordinate is 

*Both k,” (talc.) and k,O (expt.) were ex- 
pressed with the unit of [molecules/(cm’ set) 
(mo1ecules,‘cm3) 1, i.e., [cm/secl . 

not included) and f+vib is a partition func- 
tion for the perpendicular vibrational free- 
dom of the activated complex against the 
surface of the liquid metal. The two- 
dimensional motion of the activated com- 
plex on the surface was thought to be free 
from its localization due to a binding force 
of surface atom or atomic group of the 
liquid metal. Further, the activated com- 
plex for a unimolecular decomposition will 
have a loose molecular structure compared 
with that of the original molecule. There- 
fore, b,” > b, may be valid. In addition, 
inequality f*yib > 10 may be derived from 
the aforementioned discussions about fvib, 
a partition function for the perpendicular 
vibrational freedom of adsorbed see-BuOH 
against the surface of liquid indium. Thus, 
the following inequality results: 

10-l x lzl” > (kT/h) . h 
X exp(-c/kT)/(2amkT)1/2. (27) 

A numerical calculation showed that k,” 
(talc.) > 1.1 X 105*exp(-t/W) (cm/set) 
for set-BuOH at 400°C. This result is com- 
pared with the experimental rate constant 
k,“(expt.) = 3 X 106*exp (-E/W) (cm/ 
set). The comparison seems to show that 
the assumption of the mobile activated 
complex is adequate. 

Possibilities in which other mechanisms 
have to be considered seem to be small. 
The diffusion rate-controlling mechanism 
was excluded by the fact that the reaction 
constant k, was independent of the diffusion 
coefficient D,,,. Both the adsorption rate- 
controlling mechanism and the desorption 
rate-controlling mechanism were excluded 
because these mechanisms yield rate equa- 
tions different from Eq. (7). Further, cal- 
culations based on a simple theory of gas- 
liquid solution equilibria proved that no 
significant amounts of alcohol vapor can 
dissolve into the liquid metal owing to the 
high surface tension of the liquid metal. 

However, much yet remains to be clari- 
fied as to the details of the activation proc- 
ess. The proposed reaction scheme involves 
a somewhat mysterious state (activated 
state). Thus, the following steps seem to 
be worthy to be considered as the activa- 
tion and the following reaction: 
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see-BuOH* + M - set-BnO- M+ + l/2 H,T, 
-H- 

set-BuO- M+ - MEKT + l/2 H2T + M; 
(-4 

or alternatively, 

OH 
I 

WC-BuOH* + 2M G Et-C+ AII- + H- M+. 
I 

Me 
OH 

Et-&+ M- + H- AX+ --t MEKT + Hz? + 2M 
I 

Me (B) 

where M indicates a metal atom. 
The latter steps (B) are less likely, but 

not impossible at the reaction temperatures. 
The former steps (A) are reasonable con- 
sidering from the ionization potential of 
indium. 

APPENDIX 

Outline of Solbrig-Giduspow’s Mathe- 
matical Treatment of the Rec- 
tangular Duct-Type Reactor. 

The coordinating system for the analysis 
of the rectangular duct-type reactor is given 

: 

\ 
Catalyst Surface 

FIG. 13. The coordinate system for the rectangu- 
ar duct with one catalytic wall. 

in Fig. 13, and the nomenclature is given 
below: 

y = a/b, z = l/b, y = E/a. 
D = 4a/(l + y) : Equivalent diameter of 

the duct. 
DAe: Effect,ive diffusion coefficient of re- 

actant. 
U: Mean linear flow-velocity of the 

fluid in the duct’. 
pA: Mass concentration of the reactant. 
PAo: Mass concentration of the reactant 

at the inlet of the reactor. 

C = PA/PA0 
MA: Molecular weight of the reactant. 
NE: Reynolds number defined by UDp/p 

where P is the viscosity of the fluid 
in the duct. 

Ns,: Schmidt number defined by p/ 
PDA~. 

n: Number of the reaction order. 

From the material balance for the re- 
actant with Fick’s law of diffusion, the 
following steady mass balance equation for 
a small rectangular space dvd[db in the re- 
actor is derived. 

where V, expressing a laminar flow fluid 
velocity distribution is a complicated func- 
tion (see original paper) of U, y, z, and the 
aspect ratio a/b. 

When the diffusional term along the 
direction of the fluid flow can be neglected, 
Eq. (la) becomes: 

where f (y,z) is a function defined by 

f(Y?) = VJ(1.5 U). (3a) 

The boundary conditions for the rec- 
tangular duct-type reactor with one cata- 
lytic wall are as follows; 

C( 0, y, x ) = 1: at the inlet. (44 
aC/ay( 2, 1, x ) = 0: at the upper (5a) 
wall. 
tC/ay( 2, -1, z ) = K,,P: at the (lia) 
lower wall (catalyst surface). 
dC/&( 2, y, fl ) = 0: at the side (74 
wall. 

K,, is defined by 

K wn = (Icna/DAe)(PAo/ll~A)ra--L. (8a) 

in which k, is the rate constant of nth 
order reaction. 

In order to solve the differential equation, 
Eq. (2a), with the boundary conditions 
of Eqs. (4a)-(aa), Solbrig and Gidaspow 
converted the differential equation into dif- 
ference equation by employing such a finite- 
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-Ax AX AXC I &I- 

FIQ. 14. Finite-difference grids employed for the 
mathematical analysis of the reaction in the rec- 
tangular duct type reactor. 

difference grid model as shown in Fig. 14. 
The numerical solution of the difference 
equation gives a value for the reduced non- 
dimensional concentration of the reactant 
C (z,y,z). Then, the mixing-cup concentra- 
tion Cb of the reactant at a given di- 
mensionless reduced distance x from the 
inlet. is given by: 

cb = (3/s) ~[m;l.\-;lc(w,d f(Y,z) d&z. 

@a> 
This integration can be evaluated by using 
a two-dimensional analog of Simpson’s rule. 

Criteria for the Application of the 
Solbrig-Gidaspow’s Treatment 
to the Present Reactor. 

Laminar flow condition. The viscosity p 
of the fluid in the reactor (mixed gas) was 
evaluated by the method of Hirschfelder 

(8) and the effective diffusion coefficient 
DAe of the reactant was evaluated by the 
method of Wilke (9). With these values of 
p and DAe, Reynolds number NR was eval- 
uated to be less than 7.92 under the whole 
experimental conditions in the present 
work. Thus, the laminar flow condition 
N, < 2300 was found to be satisfied. 

Effect of foreflow region. The length of 
the foreflow region of the present reactor 
was estimated to be 0.08 cm by extending 
the treatment of Maeda et al. (IO). The 
foreflow region is, therefore, less than lo/O 
of the total length of the reactor (8.59 cm). 
No serious error due to the foreflow region 
can be considered in the calculated results. 

Size of the finite-difference grid. The size 
of the finite-difference grid employed in this 
work is as follows: 

y = 0.1, Az/(Ay)” = +Az/(Az)~ = 0.5. 

Preliminary calculations showed that a 
smaller size grid than that described above 
gives little difference in the calculated re- 
sults. 
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