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Measurements of the rate of 2-butanol dehydrogenation over the In-Sn liquid alloy catalyst 
have been carried out. In addition, the surface tension of the liquid alloy has been measured at 
high temperatures and under the atmosphere of 2-butanol vapor. It has been found that the 
catalytic activity vs catalyst composition curve has a maximum at In/Sri k 1. Furthermore, 
interesting information about the adsorption of 2-butanol has been obtained from the surface 
tension data. By assuming a surface unimolecular reaction mechanism, the Hinshelwood- 
Lindemann’s theory has been applied to analyze the experimental data. Thus, it has been 
shown that the curious relation between the catalytic activity and the catalyst composition 
is ascribed to the following reasons. (i) The admolecules at In/Sri k 1 have the largest effective 
internal freedom. (ii) The admolecules with the largest internal freedom must have the smallest 
chance to be activated. (iii) If activated, however, such admolecules are brought to the most 
strongly energized state. (iv) Hence the admolecules at In/Sri k 1 are able to have the shortest 
lifetime and decompose with the highest rate. 

INTRODUCTION have been added t’o discuss the role of 
. . 

Much scientific information concerning adsorption In catalysis. 
the catalysis by the liquid metal has been 
accumulated by the present authors (l-10), EXPERIMENTAL METHODS 

and a practical application of the liquid 
metal catalyst has been shown to be 
promising (11). On the contrary, except 
for the review of Schwab (IQ, little in- 
formation about the catalysis of liquid 
alloy is available. Considering this situ- 
ation, the present authors have attempted 
to clarify the mechanism of the catalysis 
of the binary liquid alloy. 

The purpose of this paper is to report 
the result of a kinetic study on the cata- 
lytic dehydrogenation of 2-butanol over 
In-Sn liquid alloy. Surface tension data 

Catalysts 

Indium (In, 99.999%) and tin (Sn, 
99.999%) were commercially obtained and 
used as raw materials to make In-Sn alloys 
of various compositions. Nearly the same 
techniques as those reported in a previous 
paper (6) were used in alloy making. 
Briefly speaking, they are as follows. 
Namely, the crude alloy was made by 
means of a vacuum melting followed by 
a reduction with purified hydrogen, and 
then only the purified part of the liquid 
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Precision Inert gas or alcohol vapor 
manometer / 

\T. C. 

-Heater 

A schematic drawing for the surface 
tension cell designed on the h&s of the maximum 
bubble pressrlre method. 

alloy was transferred through a vacuum 
line int’o the reactor. 

ilctivity Measurements 

The activity of the liquid alloy catalyst 
was measured by a flow type apparatus 
rqtiipped with a rectangular duct reactor 
(5). The dchydrogcnation of a-butanol was 
chosen as a test reaction, and the ap- 
parent first order rate constant k,,,,, was 
evaluated by the method report’ed pre- 
viously (5). The experimental conditions 
were as follows: temperature = 465, 483, 
and 500°C ; prc’ssurc = 1 atm ; molar feed 
rate of ‘L-butanol vapor = 0.09.54 molr,!hr. 
The reaction products w(Lre analyzcad by 
means of a gas chromatography under the 
following conditions : column = activated 
charcoal, 2.3 m (for gaseous products) or 
polyc+hylenc glycol-6000, P.:i m (for liquid 
products) ; carrier gas = HP; t<lmperaturc 
= lOO”C. 

Surface Tension 

In order to obtain information about 
the adsorption of 2-butanol vapor on the 
surface of the liquid alloy, the surface 
tension of the catalyst at high temperature 
(EO-380°C) was measured by applying 
the maximum bubble pressure method 
(13). The surface tension cell used for 
this measurement is schemat’ically shown 
in Fig. 1. The reliability of this cell was 
ascertained by measuring the surface ten- 
sion of pure In or Sn under the atmo- 
sphere of an inert gas (He or HZ) and by 
comparing the result wit.h the literature 
value (14). In the present paper, the sur- 
face tension data obtained in the atmo- 
sphere of an inert gas are expressed by (T”, 
and those obt’ained in the atmosphere of 
2-butanol vapor are expressed by (T. As 
shown below, the difference between (~0 
and (T is available for the discussion of the 
adsorption of ‘,2-butanol vapor on the liquid 
alloy catalyst. 

RESULTS AND I)ISCUSSION 

Catalytic L4ctivity 

The observed relation bct’ween the cata- 
lytic activity k;,BP and the alloy composi- 
tion Clb (atomic fraction of In) is shown 
in Fig. 2. As shown in Fig. 2, each activity 
vs composition curve has a maximum and 
a minimum. In other words, t’he curve 
deviates greatly from the straight line 
rcprcsenting the addit’ivity of the catalytic 
activities of t’ho alloy components (In 
and Sn). This result cannot be attributed 
to c,xperimental errors. The applicat’ion of 
the first order kinetics to the dehydro- 
gclnat’ion of a secondary aliphatic alcohol 
had been justified in previous works (5, 6). 
Furt’hermorc, the reproducibility of the 
experimental result was good (within a few 
percent deviation), and the srlcctivity of 
t,hc reaction was c~xcc~llrnt (over 95%). 
Th(lrcforc>, the complex activit)y vs com- 
posit’ion curve obscrvcd in the prcscnt 
work has to bc regarded as a manifesta- 
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tion of the intrinsic activity of the In-Sn 
liquid alloy syst’em. 

Surface Tension and Adsorption of .%Butanol 
Vapor 

It is reasonable to expect that adsorp- 
tion data would provide useful informa- 
tion for the interpretation of the observed 
catalytic activity, i.e., k,,, vs Clb relation. 
It is apparent from the surface tension 
data given in Fig. 3 that the adsorption 
of 2-butanol vapor on the liquid alloy 
catalyst is appreciable. On contacting the 
2-butanol vapor with the liquid alloy, the 
surface tension (u) decreased appreciably 
from the reference value (uO) which was 
determined in He atmosphere. This indi- 
cates that the adsorption of 2-butanol 
vapor took place. On the other hand, 
Fig. 3 shows that the surface tension 
measured in HZ atmosphere was essentially 
the same as that measured in He atmo- 
sphere. This means that the adsorption 
of H, did not take place. 

According to the theory of surface ten- 
sion (IS), the change in the surface tension 
(du) of a binary liquid mixture which is 

FIQ. 2. Relations between the catalytic activity 
and the composition of the In-Sn liquid alloy. 

Sn-7OatPl.In 
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FIG. 3. A typical change of surface tension at 
350°C; (A) in HZ(O) and He(@); (B) in 2-bu- 
tan01 vapor. 

in equilibrium with a gas of pressure p is 
given by 

1 + d ln 71/d In xib 
-da = I’lliT ___ dxl” 

x16(1 - Xl”) 1 

+ rkTd In p, (1) 

where k is the Boltzmann’s constant, T is 
the absolute temperature, y1 is the activity 
coefficient of the component specified as 1, 
xlb is the mole fraction of the component 1, 
rl is the surface excess of 1, and r is the 
adsorption of the gas (or vapor). 

When the composition (~1~) of the liquid 
mixture is held constant (dxlb = 0) and 
the pressure (p) is taken as a variable, 
Eq. (1) gives 

-da = kTrd In p (2) 
or 

J 

P 
F=ao-u=kT rd In p. (3) 

0 

In this equation, the adsorption r .must 
have a form capable of representing the 
experimental F - p relation. 

In the present work, the Langmuir ad- 
sorption isotherm was assumed for r to 
integrate the right side of Eq. (3). The 
result is 

((TO - u)/N,kT = ln(l + &PI, (4) 

where N, is the number of adsorption sites 
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FIG. 1. Examples of the surface tension change 
arcompanied with the adsorption of 2-butanol 
vapor. 

per unit surface arca of the liquid alloy, 
and K, is the adsorption eocficicnt (ad- 
sorption equilibrium constant) for the 
Sbutanol vapor. 

Applications of Eq. (4) to the ctxpc>ri- 
mental data give Fig. 4 and Fig. 5. As 
illustrated in Fig. 4, the Langmuir ad- 
sorption isotherm agreed fairly well wit’h 
the experimental data. The number of 

adsorption sites -YS was evaluated to be 
3 to 7 X 1014/cm2. This value suggests 
that. almost, all of the surface atoms are 
available as the adsorpt,ion sites. Further 
it was found that the value of S, is in- 
sensitive t,o th(> variation of the catalyst 
composition. Namely, the value of dY, 
varkd little with the change in the com- 
posit,ion of the liquid alloy. On the con- 
trary, as shown in Fig. 5, t’hc value of K, 
was found to depend much upon the com- 
position of thrk liquid alloy. 

A st,riking parallelism betwcc>n the k,,,, 
vs Clb relation (Fig. 2) and the Ku vs 
Cl6 rc,lation (Fig. 5) suggests that the 
adsorption of 2-butanol vapor plays some 
important roks in the catalysis over the 
liquid alloy. In order to s(‘rvc further 
discussions on the rtklation between the 
adsorption and catalysis, the heat of ad- 
sorption (-AH& and the entropy of 
adsorption (As,,,) were evaluated from 
the tcmpcraturt: dcpcxndcnce of K, or 
v,, - U. The rcxsults arc shown in Fig. 
6a and b. It must bc pointed out, that 
both -AN,,,, and -ASRdB have their rc- 
spcctivc maximum and minimum at In/ 
Sn + 1 whcrc the catalytic activity knlJP 
was found to have thcl maximum value. 

-3o1 

-0 s9, In-atomic fraction, Cy in 

FIG. 5. The relation between the adsorption 
coefficient (K,) arid the bulk composition of the 
liquid alloy. 

27 
0.5 

In-atomic fraction, CF it 

FIG:. 6. Variations of i.he heat of adsorption and 
the entropy of adsorption on changing the com- 
position of the liquid alloy. 
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Reaction Mechanism and Kinetic Parameters 

In order to have a clear understanding 
of the relation between the catalytic ac- 
tivity (k,,,) and the adsorption charac- 
teristics ( - AHads and - ASads), it is neces- 
sary to have information about the reaction 
mechanism. For this purpose, the results 
of previous works (5, 6) are useful. These 
works had revealed that the molecules 
adsorbed on the catalyst are mobile and 
the dehydrogenation of alcohol over the 
liquid metal catalyst proceeds by a surface 
unimolecular react’ion mechanism, i.e., 

Aads + Ands 2 A*ads + Aada, 
k2 

(5) 

A*ads ’ products, 

where * indicates an activated molecule 
and ki, i&, and Jco are the rate constants. 

On the basis of the reaction mechanism 
given by Eq. (S), it had been shown (6) 
that, when the adsorption is almost satu- 
rated, the apparent first order rate con- 
stant is expressed by 

k aPP = X,Kaks(h,‘kz)/(l + KG). (6) 

The value of I&,,~, has already been ob- 
tained by the activity measurements, and 
the value of K, at the reaction tempera- 
ture is obtainable by extrapolating the 
temperature dependence of the surface 
tension (a0 - u). Thus, it is possible to 
evaluate the composite rate constant 
k3(kl/k2) from Eq. (6). 

According to the theory of Hinshelwood- 
Lindemann (15), the composite rate con- 
stant is given by 

1 
k:~(kl/lrz) = x:3 

(s - l)! 
(E()/X:T) s--l 

x cxp(--o/kT), (7) 

I I I 1 

In-atomic fraction, e 

FIG. 7. Variations of kinetic parameters s, E, 
and kl/kz on changing the composition of the 
liquid alloy. 

where s is the effective internal freedom 
of the reacting molecule, E0 is the critical 
energy per molecule required to bring 
about unimolecular reaction. 

Although the original purpose of the 
Hinshelwood-Lindemann’s theory is to 
treat the unimolecular reaction in a homo- 
geneous gaseous phase, there seems no 
reason to deny the extended application 
of Eq. (7) to the present case where a 
two-dimensional (surface) unimolecular re- 
action is considered to be taking place. 
Of course, s and E, have to be regarded 
as the kinetic parameters for the adsorbed 
molecules, and l/k3 = 7 has to be con- 
sidered as the lifetime of an adsorbed 
energized molecule. 



Z-JXJTANOL T>EHY UiW(;ICNATION OVER 111-h LIQUI 1) ALJ,OY 41 

o-0 
Sn In-atomic f;action, C? in 

FIG. 8. Variations of kirlelic paramet.ers k, and T 
on changing the compositioIls of the licluid alloy. 

Interpretation of the Catalytic ilctivity (kn,,,, 
vs Cl*) 

Intcxrc>sting rtlsults havr: b(lcn obtainc>d 
by applying the above-mentioned theory 
to our cxpcrimcntal data. Samclly, tho 
r&tions s vs Clb, SE:, vs Clb (;\‘, hvo- 
gadro’s number), Ink8 vs Clb which arc 
shown in Figs. 7 and 8 indicattl that t,hr: 
rcspect.ive maxima of s, E, and k3 appflar 
at In,& + 1. Furthcrmorc, Figs. 7 and S 
show that the rcspcctivc minima of kl !k2 
and Ilk3 (lifrtime T) also appear at In! 
Sn k 1. 11s already mcnt,ioncld, t,hc com- 
position In/Sri + 1 was the special point 
whcrc K, and -AHadS became maximum 
and -A&s became minimum. Thus it 
seems worthwhile to discuss why thtr kint$ic 
paramc+clrs (k,,l,,,, s, L1%‘F:o, kl,!kP, T) show 
anomalirls at In,%n & 1 whcrcl the adsorp- 
tion parametrrs also show anomalies. 

i’robably, the smallest entropy of ad- 
sorption (- ASzlds) at In ,‘Sn + 1 indicates 
that cvcry admolcculc is able to have a 
varict.y of adsorbed stat.cls during its stay 
on the liquid alloy of this composition. 
hccording to this view, tho majority of 
atoms in t)hn admoloculo would have a 
chance to intcsract with the catalyst sur- 
facr. Such a sit,uation in the :tdmol(tculc 
would rt,sult in th(l largest incrtbaso in th(b 
cffcctivo number of bonds in the ad- 
moloculc participnt,ing the reaction. In 

other words, the situation would cnablc 
the admolrcule to have the largest cf- 
foctivc intclrnal frckcdom s. Furthermore, 
when the enclrgy of interaction between 
the catalyst surface and any one atom 
constitut.ing the admol(hculc is not much 
diffrrc>nt’ from a certain avcragcx value, tho 
heat of adsorption -AHads would have 
the largest value at In,,Sn % 1 where the 
number of atoms interacting with the cata- 
lyst surface is probably the largest. 

The largest effective internal freedom of 
t,ho admolecult: on the catalyst of In,! 
Sn + 1 stems to bc rcbsponsiblc for the 
largest) activation c’nergy PO at this com- 
posit)ion (Fig. 7). When an admolccule has 
a Iargo s value, t.ho total internal cncrgy 
is distribut’cld among a number of internal 
frc>cdoms, and hen& only a part of the 

\ 
total energy is s;torcld in tht: CH-OH 

/ 
group which has to br: activatctd in the 
dehydrogenation reaction. Thcrc,forr, the 
largrst activation c’nc’rgy pclr mol(~culr 

\ 
(I!‘“) is rcquircd to act’ivatc th(> C H-O H 

/ 
group of th(x admolrcule with t,he Iargclst 
s value. On tho other hand, th(l chance 
for an admolcculc to gc+ such a high 
activation cncrgy by a surface collision 
would bc small. Thrrrforc, it is quite 
rcasonablo that kl,‘k, bccamf> minimum at 
In,‘Sn 6 1 where E, is maximum. On the 
contrary, t.hc highly energized admolccul(b 
is able to d(lcomposc rapidly, and hcnctr 
its lifct’imc 7 would br short&. Thus the 
smallrst 7 value> at In,:Sn e 1 is rc>asonable. 

Xs mcxntioned above, the kinetic asp&s 
of thr: activit’y versus composition anomaly 
observrd at In,‘Sn + 1 w(lrc cxplaincxd on 
thr basis of t)hc Hinsh(>lwood-I,indcmann’s 
t.hcory of unimol(>cular rcbaction and th(: 
surface: tclnsion data (adsorption data). 
It is tlxpc:ctc>d that, applications of more: 
advanced theoricbs of unimolccular r(\:tc- 
tion (15) would clarify furt.h(:r d(+ails of 
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the reaction mechanism. Furthermore, 
structures and physical properties of the 
liquid alloy surface which govern the ad- 
sorption and catalysis have not yet been 
clarified. Probably, the anomalous cata- 
lytic behavior of the In-Sn alloy is caused 
by some changes in the surface composi- 
tion. All these problems are open to 
future study. 
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