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The vapor-phase electrochemical oxidative dehydrogenation of ethylbenzene to styrene was 
studied at 575°C and atmospheric pressure on a polycrystalline platinum electrocatalyst in a stabi- 
lized zirconia electrochemical reactor. Electrochemical supply of oxygen to the electrocatalytic 
surface increases both the dehydrogenation rate and the deep oxidation rate. Carbon dioxide 
formation is oxygen-limited and its rate is linear in current density. The dehydrogenation rate is 
enhanced as much as 600% by moderate current densities; this electrocatalytic enhancement 
reaches an ethylbenzene-concentration-dependent asymptote at larger current densities. Addition 
of gas-phase hydrogen suppresses both the deep oxidation rate and the current-induced increase of 
the dehydrogenation rate. A two-site Langmuir-Hinshelwood type reaction mechanism is pro- 
posed which quantitatively describes these results. In this model, the electrocatalytic enhancement 
of the dehydrogenation rate results from a surface oxidative dehydrogenation step in which ad- 
sorbed ethylbenzene reacts with oxidized surface sites to form styrene and water. 

I. INTRODUCTION 

Styrene, ranked 22nd on the list of top 
volume chemicals produced in the United 
States (I), is produced by the catalytic va- 
por-phase dehydrogenation of ethylben- 
zene. This reaction is endothermic and 
equilibrium limited; at 6Oo”C, the equilib- 
rium constant is 0.19 (2), and the typical 
industrial per-pass conversion of ethylben- 
zene is 55-60% (3). Because the ethylben- 
zene-styrene separation is difficult and ex- 
pensive (4), alternative processes have 
been sought which increase the per-pass 
yield of styrene. Oxidative dehydrogena- 
tion, in which product hydrogen is selec- 
tively removed from the reaction mixture 
by reaction with a suitable oxidant such as 
oxygen or SO* has been widely studied (5- 
II). A second alternative is coproduction of 
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styrene and propylene oxide via the Ox- 
irane process, 

This work is part of an investigation of a 
third alternative, the electrochemical ox- 
idative dehydrogenation of ethylbenzene to 
styrene. In this process, ethylbenzene is 
fed as a “fuel” to a high-temperature, solid- 
electrolyte fuel cell, shown schematically in 
Fig. 1. The cell is constructed by depositing 
porous electrodes on two sides of an imper- 
meable, oxygen-ion conducting solid elec- 
trolyte. Oxygen adsorbs dissociatively and 
is reduced at the air-side electrode. When 
an electrical current is drawn in the exter- 
nal circuit, oxygen ions migrate through the 
electrolyte to the fuel-side electrode where 
(ideally) they react with ethylbenzene to 
form styrene and water. The overall reac- 
tion in this cell is the oxidative dehydro- 
genation of ethylbenzene with oxygen. 

This electrochemical process offers a 
number of advantages over the conven- 
tional catalytic methods. First, this system 
can be used to directly and efficiently co- 
generate electricity (13). Second, the elec- 
trochemical process allows one to increase 
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FIG. 1. Schematic of ethylbenzene solid-electrolyte 
fuel cell. See text for details. 

the per-pass styrene yield without adding 
oxygen to ethylbenzene in the gas phase, 
thereby diminishing flammability or explo- 
sion hazards and allowing operation at sig- 
nificantly higher ethylbenzene concentra- 
tions. Third, the control of an electro- 
chemical reactor is simplified, as the reac- 
tion rate and thermal energy generation 
rate are controlled primarily by the external 
electrical current. 

The inherent complexity and expense of 
solid-state electrochemical reactors places 
particularly stringent demands on their 

chemical selectivity and electrical effi- 
ciency in order to compete favorably with 
conventional reactors. Of primary impor- 
tance is the choice of an electrochemically 
active and selective fuel-side electrode. 
This report discusses the selectivity of 
polycrystalline platinum electrodes for 
styrene production and concentrates on the 
kinetics of ethylbenzene dehydrogenation 
and oxidation to C02. The electrical behav- 
ior of these electrodes is discussed else- 
where (24, 16). 

II. EXPERIMENTAL 

Kinetic studies were made with the elec- 
trochemical reactor shown in Fig. 2. This 
reactor was constructed from a 46-cm- 
long, 1.Pcm-o.d., 1.6-cm-i.d. 8 w/o yttria- 
stabilized zirconia tube (Zircoa Products). 
Platinum air-side and fuel-side electrodes 
were deposited on the center 10 cm of the 
outside and inside tube surfaces, respec- 
tively. These electrodes were made by 
painting the cleaned tube surfaces with 
Engelhard A-3788 fluxed platinum ink and 
calcining in air at 850°C. The superficial 
area of the fuel-side electrode was 49.9 cm2. 
The specific surface area of this electrode 
was estimated to be 300 cm2/cm2 of superti- 
cial area (15). The active volume of the re- 
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FIG. 2. Tubular zirconia-electrolyte electrochemical reactor with porous platinum electrodes 
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actor, the volume enclosed by the fuel-side 
electrode, was 19.3 cm3. Details of con- 
struction of this reactor are given elsewhere 
(16). 

The reactor was placed into a 3-cm- 
diameter tubular furnace and sealed into 
the flow system shown in Fig. 3 with 
CAJON ULTRATORR vacuum fittings. 
Helium was saturated with ethylbenzene by 
sparging through a thermostatted column of 
liquid ethylbenzene, and the reactor feed- 
stream composition was controlled by addi- 
tion of make-up helium, hydrogen, or oxy- 
gen. Reactor feed and effluent streams were 
sampled for on-line gas chromatographic 
analysis by proper adjustment of 6-port se- 
lector and gas-sampling valves. The feed 
stream could be diverted from the reactor 
or the reactor isolated by adjustment of 
three shutoff valves. The total nonconden- 
sible flowrates of the feed and product 
streams were measured with a bubble flow- 
meter. All connecting tubing was 0.32- or 
0.64-cm-o.d. Type 316 stainless steel. Gas 
lines and valves were heated to prevent ad- 
sorption or condensation of high-boiling 
compounds. 

Chemical analyses were performed with 
a Hewlett-Packard Model 5730A gas chro- 

matograph with a thermal conductivity de- 
tector. Two columns were required. A 183 
x 0.32-cm stainless-steel column packed 
with 60180 mesh 5% SP-1200/1.75% Ben- 
tone-34 on Supelcoport separated aromat- 
ics and aliphatics. A 91 x 0.32-cm 60/80 
mesh Carbosieve S column separated the 
fixed gases. Peaks were recorded and inte- 
grated with a Hewlett-Packard Model 
3380s digital integrator. 

The electrochemical cell was driven 
galvanostatically with an AMEL Model 549 
potentiostat/galvanostat. The reactor work- 
ing voltage and current were measured with 
Fluke Model 8600A digital multimeters. 

In a typical experiment, the feed stream 
flowrate and composition, reactor tempera- 
ture, and electrical current were adjusted, 
and the cell voltage was monitored until it 
stabilized at its steady-state value. The 
working voltage, current, and chemical 
composition of the feed and product 
streams were then measured. During the 
approach to steady state, the flowrate of 
noncondensibles in the feed was measured 
to determine the residence time of the reac- 
tor. All results discussed below are steady- 
state results. 

The reactor was operated as a differential 
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reactor (with respect to ethylbenzene con- 
version) in all measurements; ethylbenzene 
conversion did not exceed 15%. Reaction 
rates, therefore, were calculated from the 
flowrates of the products directly. Rates, 
rate constants, and current density are nor- 
malized by the area of active electrolyte. 

The only detectable products were HZ, 
CO, C02, water, methane, ethylene, ben- 
zene, toluene, and styrene. Carbon atom 
balance nonclosure did not exceed ?2% 
and showed no consistent loss of material. 
No significant formation of other oxygen- 
ated species or coking of the catalyst was 
detected. 

III. RESULTS 

The pure ionic conductivity of the solid 
electrolyte was verified by flowing helium- 
oxygen mixtures of known composition 
through the electrochemical reactor and 
measuring the open-circuit voltage. Mea- 
sured voltages were typically within ?2 mV 
of those predicted by the Nernst equation: 

E. = (RT/4F)ln(0.21/po,) (1) 

in which F is the Faraday constant, po2 is 
the oxygen pressure at the fuel-side elec- 
trode, and 0.21 atm is the prevailing partial 
pressure at the air-side electrode. 

It is convenient to lump the production of 
CO and CO2 and that of benzene and tolu- 
ene in the analysis of the chemical rate 
data. CO plus CO* formation is termed 
“deep oxidation,” and benzene plus tolu- 
ene formation is designated “dealkyla- 
tion.” 

Figure 4 shows the effect of electrochem- 
ically pumping oxygen to the fuel-side elec- 
trode on the steady-state dehydrogenation 
(rnn), deep oxidation @no), dealkylation 
(rnA), and overall (rT) rates with varying 
current density (i) between 0 and 60 A/m2 at 
575°C. When the cell is open-circuited (i = 
0 A/m2), the fuel-side electrode acts as a 
conventional dehydrogenation catalyst 
with a selectivity to styrene of 78%. The 
major byproducts are benzene and toluene 
with corresponding amounts of ethylene 
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FIG. 4. Current dependence of total rate and rates of 
product formation, platinum electrode, T = 57X, 
feed ethylbenzene mole fraction = 0.70%. Deep oxida- 
tion rate plotted as moles ethylbenzene converted to 
cop 

and methane. The predominant electro- 
chemical products are CO and COZ. Sur- 
prisingly, the dehydrogenation rate is 
strongly current dependent. The dealkyla- 
tion rate is essentially current independent 
and accounts for less than 5% of overall 
reaction rate at most current densities. 

A more detailed investigation of the cur- 
rent dependence of the dehydrogenation 
rate is shown in Fig. 5. At low feed ethyl- 
benzene concentrations, moderate current 
densities increase the styrene rate as much 
as 600%. The electrocatalytic effect satu- 
rates at large current densities and low 
ethylbenzene mole fractions. This effect 
cannot be ascribed to a shift in the 
dehydrogenation equilibrium, as the equi- 
librium conversion of ethylbenzene is 80% 
or larger under these conditions (2), and the 
measured conversion did not exceed 15%. 

As shown in Fig. 6, the dehydrogenation 
rate is first order in ethylbenzene mole frac- 
tion at zero current; the first-order rate con- 
stant is 9.65 x 10m5 mollm2 s. The rate be- 
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FIG. 5. Current dependence of dehydrogenation 
rate, platinum electrode, T = 575°C. Parameter: feed 
ethylbenzene mole fraction. 

comes less-than-first-order at finite current 
densities. 

The dealkylation rate, as mentioned 
above, is independent of current density. it 
is also first order in ethylbenzene with rate 
constant 3.03 x 10W5 mol/m2 s. 
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FIG. 6. Ethylbenzene concentration dependence of FIG. 7. Current dependence of deep oxidation rate, 
dehydrogenation rate, platinum electrode, T = 575°C. platinum electrode, T = 575°C. Parameter: feed ethyl- 
Parameter: current density. benzene mole fraction. 

The deep oxidation rate, shown in Fig. 7, 
is linear in current density with slope 1.84 
x 10d6 mol/C and zero order in ethylben- 
zene. The CO2 : CO ratio is large at all non- 
zero current densities and ethylbenzene 
concentrations. Carbon and oxygen atom 
balances indicate that the hydrocarbons are 
deeply oxidized completely to CO or CO2 
and water. 

The dehydrogenation and deep oxidation 
rates are strongly inhibited by gas-phase 
hydrogen as shown by Figs. 8 and 9. At 
large hydrogen mole fractions, the dehy- 
drogenation rate is depressed to its value at 
open circuit. CO and CO2 formation are 
more deeply inhibited by hydrogen; at a 
fixed current density, the deep oxidation 
rate decreases sharply with increasing hy- 
drogen concentration, approaching zero at 
very large mole fractions. 

Finally, Figs. 10 and 11 show the effect of 
adding oxygen to the reactor feed at open 
circuit. Both the dehydrogenation rate and 
the deep oxidation rate increase with in- 
creasing oxygen partial pressure. This ef- 
fect is qualitatively similar to the effect of 
increasing current density seen in Figs. 5 
and 7. 

Current Density (AN2) 
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FIG. 8. Effect of gas-phase hydrogen on the dehy- 
drogenation rate, platinum electrode, T = 57s”C, feed 
ethylbenzene mole fraction = 1.48%. Parameter: feed 
hydrogen mole fraction. 

IV. DISCUSSION 

The utility of platinum as an electrocata- 
lyst for electrooxidative dehydrogenation 
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FIG. 9. Effect of gas-phase hydrogen on the deep 
oxidation rate, platinum electrode, T = 575”C, feed 
ethylbenzene mole fraction = 1.48%. Parameter: feed 
hydrogen mole fraction. 

IO 

FIG. 10. Oxygen concentration dependence of dehy- 
drogenation rate at open circuit, platinum electrode, T 
= 57s”C, feed ethylbenzene mole fraction = 1.42%. 

of ethylbenzene is severely limited by its 
activity for deep oxidation. Despite this 
technical disappointment, these results do 
raise some interesting points about the ac- 
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FIG. 11. Oxygen concentration dependence of deep 
oxidation rate at open circuit, platinum electrode, T = 
575”C, feed ethylbenzene mole fraction = 1.42%. 



KINETICS OF DEHYDROGENATION OF ETHYLBENZENE 483 

tivity and selectivity of platinum for ethyl- 
benzene dehydrogenation and oxidation. 
This is discussed below, with particular em- 
phasis on the electrochemical enhancement 
of the dehydrogenation rate and the 
marked, selective inhibitory effect of gas- 
phase hydrogen. 

The platinum electrocatalyst showed no 
apparent loss of catalytic activity during ex- 
perimentation, and no evidence exists of 
coke formation or other type of catalyst 
poisoning. The consistent closure of the 
carbon-atom balance indicates that all ma- 
jor products were detected and properly 
quantified. 

The primary source of CO and CO2 is 
deep oxidation of ethylbenzene. The cur- 
rent independence of the dealkylation rate 
indicates that neither benzene nor toluene 
are oxidized, as deep oxidation would 
cause the dealkylation rate to decrease as 
current increases. For the same reason, the 
current dependence of the dehydrogenation 
rate suggests that styrene, too, is not at- 
tacked by oxygen to a significant extent. 
The absence of these sequential reactions 
most likely results from the difference be- 
tween product and reactant concentrations 
at the small total conversions in this study. 

On the basis of these observations, the 
system is well described by the reaction 
network: 

GH,o -+ W-Is + H2 (2) 

CsHlo + H2 * C,Hs + CH4 (3) 

CsHlo -+ CGH~ + CH2CH2 (4) 

CsHlo + ?$O2* 8 CO2 + 5 Hz0 (5) 

CaHio + YO2* 8 CO + 5 Hz0 (6) 

CO+~02~CO2 (7) 

Hz + t 02 * Hz0 (8) 

It would seem natural to express the deep 
oxidation and oxidative dehydrogenation of 
ethylbenzene as reactions between ethyl- 
benzene and oxygen ions on the platinum 
electrode surface. However, the electrical 
behavior of the electrode suggests that oxy- 

gen alone is involved in the dominant 
charge-transfer reaction (16). This suggests 
strongly that ethylbenzene, hydrogen, and 
CO react with neutral oxygen adatoms in 
purely catalytic reactions. Varying the cur- 
rent density does no more than increase the 
supply of oxygen to the catalyst and is ef- 
fectively equivalent to increasing the gas- 
phase partial pressure of oxygen. The quali- 
tative similarity between the enhancement 
of the dehydrogenation rate induced by 
electrochemically supplied and gas-phase 
oxygen, shown by Figs. 5 and 10, further 
supports this conclusion. 

The ethylbenzene-concentration inde- 
pendence of the deep oxidation rate indi- 
cates that formation of CO and CO* is oxy- 
gen limited. Measurement of the oxygen 
surface activity at open circuit by Solid 
Electrolyte Potentiometry (12) corrobera- 
tes this: in the presence of 1.42 mol% ethyl- 
benzene, the square of the surface activity, 
ao2, varied from 8.54 x lo-l2 to 2.84 x 

10-l’ as the partial pressure of oxygen in- 
creased from 0.36 to 1.32 atm. If oxygen 
were in adsorption equilibrium, ao2 would 
equal the prevailing oxygen partial pressure 
(in atmospheres). The extreme depression 
of the oxygen activity below its equilibrium 
value suggests that the oxygen surface cov- 
erage is small and indicates that surface re- 
actions with oxygen are strongly oxygen 
limited. Because the electrochemical oxy- 
gen flux to the catalyst surface is propor- 
tional to the current density, the linearity of 
the deep oxidation rate in current density is 
also a manifestation of this oxygen limita- 
tion. 

The enhancement of the ethylbenzene 
dehydrogenation rate by oxygen is reminis- 
cent of a similar enhancement of cyclohex- 
ane and cyclohexene dehydrogenation 
rates at low pressure on preoxidized plati- 
num single crystals (17, 18). Three models, 
originally developed to describe enhanced 
bonding of Hz and CO on preoxidized plati- 
num surfaces (20, 21), have been proposed 
to explain this enhancement of the low- 
pressure dehydrogenation rates (22). The 
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first model assumes that surface or subsur- 
face (19) oxide formation alters the elec- 
tronic structure of the surface platinum at- 
oms. This would effect the binding of 
hydrogen and the hydrocarbons, thereby al- 
tering catalytic activity and selectivity. The 
second model suggests that the strongly 
bound oxygen atoms are active in com- 
pound formation with other adsorbates; 
these oxygenated intermediates can pro- 
vide an alternate pathway for dehydrogena- 
tion. The third model proposes that plati- 
num surface oxidation results in 
reconstruction of the surface which would 
create new catalytically active sites. Of 
these models, the third is believed to be the 
least likely, as LEED showed little varia- 
tion in the surface structure as a function of 
surface coverage (20). 

The oxygen-induced enhancement of eth- 
ylbenzene dehydrogenation may also be 
caused by a similar mechanism. Of these 
three models, the second appears to de- 
scribe the kinetics in the most reasonable 
way. This can be justified for two reasons. 
First, the platinum electrode was calcined 
in air at 850°C for approximately 1 h and 
was not reduced prior to use. Due to the 
observed stability of the oxide to reducing 
atmospheres below 1000 K (20), it is likely 
that the platinum surface was fully oxidized 
during all measurements. Further addition 
of oxygen, therefore, should not have in- 
creased the amount nor electronic effect of 
the surface oxide. Second, because of the 
high hydrocarbon pressures and extremely 
small oxygen surface activities of this 
study, it is likely that the platinum surface 
was covered by a carbonaceous overlayer 
at steady state. These submonolayer car- 
bon layers have been observed to form on 
clean (24) and oxidized (23) platinum sin- 
gle-crystal surfaces during high-pressure 
hydrocarbon catalysis. This overlayer elim- 
inates the structure sensitivity of cyclohex- 
ene and cyclohexane dehydrogenation (24), 
and could attenuate the catalytic effects of 
platinum surface oxidation. This latter 
point is supported by the independence of 

the cyclohexane dehydrogenation rate to 
preoxidation of the platinum surface at at- 
mospheric pressure (23). 

The enhancement of the ethylbenzene 
rate, and all important experimental obser- 
vations in general, can be explained by pos- 
tulating that chemisorbed oxygen reacts 
with the carbonaceous overlayer on the 
surface to form oxidized sites. Adsorbed eth- 
ylbenzene subsequently reacts with these 
sites to form styrene and water directly. 
Because the coverage of oxidized sites var- 
ies with the supply of oxygen to the sur- 
face, the dehydrogenation rate is current- 
and oxygen-concentration dependent. Ad- 
sorbed oxygen also reacts with adsorbed 
hydrogen and ethylbenzene directly to form 
CO2 and water. 

The inhibitory effect of hydrogen is also 
explained naturally by this model. If its oxi- 
dation rate is suitably large, hydrogen ef- 
fectively scavenges oxygen from the sur- 
face, reducing the deep oxidation rate and 
the number of oxidized sites on the surface. 
The latter effect reduces the dehydrogena- 
tion rate to its open-circuit value. It is im- 
probable that hydrogen inhibition is due to 
simple blockage of catalytic sites by ad- 
sorbed hydrogen. The desorption tempera- 
ture of hydrogen on clean (18) and oxidized 
(20) platinum surfaces is 400 K or less, much 
lower than the reaction temperature of 848 
K in this study. Therefore, the hydrogen 
surface coverage should be quite small at 
all hydrogen partial pressures. Further- 
more, if the inhibition were adsorption re- 
lated, the open-circuit dehydrogenation 
rate would also be inhibited; this was not 
observed. 

These ideas can be quantified by the fol- 
lowing simple kinetic model. This model 
does not attempt to describe all of the reac- 
tion steps and intermediates involved in 
ethylbenzene dehydrogenation and deep 
oxidation. This would be a formidible task 
and is not justified by the extent of the data. 
Rather, emphasis is placed on developing 
the simplest model which captures the im- 
portant aspects of the qualitative mecha- 
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nism described above and adequately de- 
scribes the experimental observations. 
Details of the derivation are presented in 
(14). For simplicity, the dealkylation reac- 
tions are ignored due to their small contri- 
bution to the overall conversion of ethyl- 
benzene. Deep oxidation of styrene and CO 
production are neglected for similar rea- 
sons. The discussion which follows is valid 
when gas-phase oxygen is absent. The 
model is easily generalized to account for 
nonelectrochemical supply of oxygen (14). 

The catalytic surface is assumed to have 
two active sites, S1 and &. Ethylbenzene 
and styrene are assumed to be in adsorption 
equilibrium with type 1 sites at suitably low 
coverages such that their isotherms are lin- 
ear. This assumption appears to be justified 
by the low desorption temperature of ben- 
zene on clean and carbon-covered platinum 
surfaces (22). Hydrogen and oxygen adsorb 
dissociatively on the type 1 sites; hydrogen 
is assumed to be in adsorption equilibrium 
and at low coverage. As discussed above, 
oxygen is not in equilibrium. Adsorption of 
CO:! and water should be negligibly small. 

In the absence of gas-phase oxygen, oxy- 
gen atoms are supplied to type 1 sites at a 
rate equal to the oxygen ion flux to the elec- 
trode, jo = il2F: 

O(a,C) + S1 3 O(a) (9) 

O(a,C) is dissociatively adsorbed oxygen 
adsorbed on the air-side electrode (cath- 
ode). The adsorbed oxygen takes part in 
three reactions. The first two are oxidation 
of adsorbed ethylbenzene and hydrogen to 
produce CO* and H20. It is assumed that 
the rate-determining step in each reaction 
is first order in the adsorbed reactants with 
the rate constants shown in 

&H,,(a) + O(a) % 

8COz(g) + 5WXg> (10) 

H(a) + O(a) * H,O(g) (11) 

The third reaction is oxidation of type 2 
sites on the surface. It is assumed that sur- 
face oxidation is rapid at 575°C and that 

equilibrium between adsorbed oxygen and 
the oxidized surface is achieved at steady 
state. If the oxide has stoichiometry S20, 
this equilibrium is written 

O(a) + S2 2 S1 + &O (12) 

where K, is the oxidation equilibrium con- 
stant. 

Finally, ethylbenzene dehydrogenation is 
assumed to occur by two parallel reactions. 
The first is a nonoxidative surface reaction 
whose rate-determining step is first order in 
adsorbed ethylbenzene: 

C*H,,(a) 2 C8Hg(a) + 2H(a) (13) 

The second is an oxidative reaction with 
oxidized sites: 

C8H10(a) + &O 3 CsH8(a) 

+ &O(g) + S2 (14) 

kDH and k, are the rate constants of the non- 
oxidative and oxidative dehydrogenation 
rate-determining steps, respectively. 

This simple mechanism yields the follow- 
ing expressions for the dehydrogenation 
and deep oxidation rates which are valid in 
the absence of gas-phase oxygen: 

TDH = k&B + 
k2xdO 

XEB +- k3.h + h&H2 
(15) 

8Xmio 
rDo = 21 (XEB + k&&2) 

(16) 

where 

kl = km&m (17) 

k2 = k,K,/21kDo (18) 

k, = K,/21 kDoKEB (19) 

k4 = k&%&21 kDoKEB cw 

KH and KEB are the hydrogen and ethylben- 
zene adsorption equilibrium constants, re- 
spectively. The k, is the first-order dehy- 
drogenation rate constant measured at open 
circuit: 

kl = 9.65 x 10e5 mol/m2 s 

k2 through k4 were calculated from the 
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closed-circuit dehydrogenation rate data 
using the POWELL nonlinear, multivariate 
least-squares algorithm. The best values 
are 

k2 = 3.94 x lo-* mol/m* s 

k3 = 67.7 s/m01 

k4 = 1.33 

Reaction rates calculated with Eqs. (15) 
and (16) are shown by the solid lines in 
Figs. 5,6,8, and 9. The agreement between 
the calculated and measured rates is quanti- 
tative in most instances. This agreement 
obviously does not constitute proof of the 
proposed mechanism. However, it does 
show that the surface oxidation model is 
capable of correctly describing the varied 
and complex behavior of this catalytic sys- 
tem. 

V. CONCLUSIONS 

The dehydrogenation and deep oxidation 
rates of ethylbenzene on a platinum electro- 
catalyst in a zirconia-electrolyte electro- 
chemical reactor are both increased by 
electrochemical supply of oxygen to the 
catalytic surface. In the absence of signifi- 
cant amounts of hydrogen in the gas phase, 
the major product in such a reactor at mod- 
erate and large current densities is CO*, 
with lesser amounts of styrene, benzene, 
and toluene . 

Addition of hydrogen to the gas phase 
strongly inhibits deep oxidation and, to a 
lesser extent, dehydrogenation. The inhibi- 
tion appears to result primarily from com- 
petitive oxidation of hydrogen and ethyl- 
benzene on the platinum surface. An 
interesting practical result of this is that hy- 
drogen can be selectively oxidized from a 
mixture of ethylbenzene, styrene, and hy- 
drogen with little loss of the hydrocarbons 
to co*. 

The kinetics of this electrochemical sys- 
tem are well described by a Langmuir-Hin- 
shelwood type mechanism which assumes 
the existence of two types of sites on the 
platinum surface. The hydrocarbons, hy- 

drogen, and oxygen adsorb and react on 
one type of site to form styrene, benzene, 
toluene, CO, and CO*. Adsorbed oxygen 
also oxidizes the other type of site, and ad- 
sorbed ethylbenzene can react with these 
oxidized sites to form styrene and water. 
This oxidative dehydrogenation pathway is 
responsible for the observed electrocata- 
lytic enhancement of the dehydrogenation 
rate. 

Electrochemically supplied oxygen ap- 
pears to behave identically to gas-phase ox- 
ygen. In the absence of significant amounts 
of gas-phase hydrogen, the net result of in- 
creasing the current or oxygen partial pres- 
sure is to produce CO2 and reduce the se- 
lectivity to styrene. This loss in selectivity 
precludes the use of platinum electrodes for 
the production of styrene. However, the in- 
hibition of the deep oxidation rate by hy- 
drogen suggests a slightly different reactor 
configuration which should be more viable 
for styrene production. If the electrochemi- 
cal reactor is packed with a commercial de- 
hydrogenation catalyst, a hydrogen-rich 
ethylbenzene-styrene mixture will be pro- 
duced at the platinum electrode. Hydrogen 
should be selectively oxidized from this 
mixture, thereby allowing power genera- 
tion with little degradation in chemical se- 
lectivity. Furthermore, if the reaction mix- 
ture is near equilibrium, this selective 
hydrogen combustion would shift the equi- 
librium toward styrene. Such a hybrid reac- 
tor has been tested and the results will be 
published elsewhere. 

We note that the present results are the 
first known application of a solid electrolyte 
reactor to enhance the rate of a dehydro- 
genation reaction and simultaneously pro- 
duce electrical power. 

APPENDIX: NOMENCLATURE 

Eo open-circuit cell voltage 
F Faraday constant 
KEB ethylbenzene adsorption constant 
KH hydrogen adsorption constant 



km 

ho 

ho 

k, 

f-DA 

rDH 

rD0 

rT 

XEB 

xH2 

x02 
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surface oxidation 
stant 
gas constant 

equilibrium con- 3. 
4. 

Kaeding, W. W., Catal. Rev. 8(2), 307 (1973). 
“Kirk-0thmer Encyclopedia of Chemical Tech- 
nology,” Vol. 19, pp. 62-68. Wiley, New York, 
1969. 

type 1 catalytic site 
type 2 catalytic site 
absolute temperature 
adsorbed species 
oxygen atom surface activity 
gas-phase species 
current density 
oxygen atom flux to fuel-side elec- 
trode 
dehydrogenation surface rate con- 
stant 
deep oxidation surface rate constant 
hydrogen oxidation surface rate con- 
stant 
oxidative-dehydrogenation surface 
rate constant 
dealkylation rate 
dehydrogenation rate 
deep oxidation rate 
total rate 
ethylbenzene gas-phase mole fraction 
hydrogen gas-phase mole fraction 
oxygen gas-phase mole fraction 

6. 

7. 

8. 

9. 

10. 

II. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

Superscript 
0 feed-stream condition 
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