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STUDIES ON PALLADIUM MEMBRANE REACTOR FOR 
DEHYDROGENATION REACTION 

Renni Zhao and Rakesh Govind* 
Department of Chemical Engineering 
University of Cincinnati for Industry 
Cincinnati, Ohio 45221 

Naotsugu Itoh 
National Chemical Laboratory 

Ibaraki, 305 Japan 

ABSTRACT 

In current industrial practice dehydrogenation reactions 
require high temperatures and large amounts of inert 
(usually steam). Membrane reactors can be used to shift 
the equilibrium for these reversible reactions by removing 
products from the reaction zone. In t h i s  paper ,  
experimental results will be presented for a palladium 
reactor s stem designed to investigate the feasibility of 
using patadium (Pd) alloy as the membrane material. 
Experiments have been conducted for isothermal and 
adiabatic conditions with air on the permeation side, 
wherein the oxygen reacts exothermically with the  
permeating hydrogen to decrease its partial pressure, 
thereby increasing its flux, and provide heat for the 
endothermic dehydrogenation reaction. Both theoretical 
and experimental results have been presented for 
dehydrogenation of 1-butene. 

INTRODUCTION 

In recent years, the use of membranes in reaction engineering has 
been recognized. By selectively separating the products from the reaction 
mixture, it is possible to achieve significant enhancement over equilibrium 
conversion. Shifting the thermodynamic equilibrium in this manner has 
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1474 ZHAO, GOVIND, AND ITOH 

obvious industrial interest. It allows for reduced reaction temperatures, 
thereby minimizing side reactions and heating costs. Also, both reaction 
and separation may be achieved simultaneously in a single uni t ,  making 
the membrane reactor a cost effective unit operation. 

In this paper a computer simulation and experimental study are  
presented for a palladium membrane reactor system with an oxidation 
reaction on the permeation side and 1-butene dehydrogenation reaction on 
the reaction side. Palladium and its alloy membrane can not Ilily withstand 
high temperature but also is permeable only to hydrogen and has catalytic 
activity for oxidation and dehydrogenation reactions. The oxidation 
reaction increases the reaction conversion a s  a result of hydrogen 
permeation through the membrane. Further, the coupling of an exothermic 
oxidation reaction with an endothermic dehydrogenation reaction allows 
effective heat transfer along the length of the reaction zone. 

BACKGROUND 

The phenomenon of hydro en permeating through palladium was 
discovered by Thomas Graham18 more than 100 years ago. Metallic 
palladium absorbs an unusually large amount of hydro en. Hydrogen 

atomic hydrogen which can react with other compounds absorbed on the 
catalyst surface. 

One of the earliest applications of membranes to shift equilibrium 
was developed by Wood'*] (1960). He showed that  by imposing a non- 
equilibrium condition on a hydrogen-porous palladium silver alloy 
membrane ,  a n  otherwise s table  cyclohexane vapor  i s  r ap id ly  
dehydrogenated to cyclohexene. 

permeates through Pd-based membranes in the form o P highly active 

' syiaco orldotlon 

'JryOM 

nitmgwn 

FeOd Product 
1-nurwne 

1 -ouieno nuiaaiene 
hydrogen 

aw water 

catalyst packed dehydrogenation 

Figure 1. Schematic of a membrane reactor 
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PALLADIUM MEMBRANE REACTOR 1475 

studied dehydrogenation of cyclohexane in a palladium membrane reactor 
and showed that the removal of hydrogen by the membrane from the 
reaction mixture increased the conversion to as high as 99.5%. 

In other works, Mohan and Govind 181191 analyzed the effect of design 
parameters, operating variables, physical properties and flow patterns on 
membrane reactor performance. They have shown that for the case of 
dehydrogenation reactions with a hydrogen selective membrane,  
conversion comparable to those achieved with lesser permselective 
membranes can be attained a t  a substantially lower feed temperature. Ilias 
and Govindl'Ol have reviewed the development of hi h temperature 

the technology in the area of inorganic membranes. 

The idea of coupling hydrogenation and dehydrogenation reactions 
in a catalytic membrane reactor was first proposed by Gryaznov et al. 
Recently, Itoh and Go~ind' '~1 have reported a theoretical study of coupling 
an endothermic hydro en oxidation reaction with dehydrogenation of 1- 

membranes for membrane reactor application. Hsiehl'll % as  summarized 

butene in an isotherma P palladium membrane reactor. 

MODEL DEVELOPMENT 

A schematic of a palladium membrane reactor is shown in Figure 1. 
The reversible reaction of 1-butene dehydrogenation occurs on the reaction 
side of the membrane in which the chrome-alumina catalyst is uniformly 
packed. The oxidation of h drogen with oxygen in air occurs on the  

alladium membrane acts as  a catalyst for the oxidation reaction. The 
gydrogen roduced by the dehydrogenation reaction permeates throu h 

permeation side. The dimensionless model equations governing the  
membrane reactor are  essentially differential material and energy 
balances for each side of the membrane and are summarized as follows. 

permeation or separation si B e of the palladium membrane surface. The 

the  palla dp ium membrane and then reacts with the oxygen on t E e 

1. Mass balance 

Reaction side (L> 0) 

U, = DIr (constant for inert gas) 

Separation side (L > 0) 
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1476 ZHAO, GOVIND, AND ITOH 

v = v;+ ( 1  + U H  + v,, - u,- u;, - v;, ) I 2  1 
0 

v W = 2 c v o ,  -V0) 

V ,  = D f s  ( constanf for inerf gas ) 

2. Energy balance 

Reaction side (LBO) 
4 

Separation side (L>O) 

3. Initial conditions (L=O) 

reaction side 
0 

U c = l ,  U ; = D I r =  - 0' D 
u =u;,=o. e r = l  

UI 

UC 

separation side 

u o  0 UIO 

u o  C u C  

$= - ,  $ = D I ~ = ~ ,  v W = ~ = o , e s = i  

4. Rate equations 

reaction side 

separation side 
2 

pH 
f s =  - 

PS3 
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PALLADIUM MEMBRANE REACTOR 1477 

In this model the follow simplifying assumption have been made: 
1. One-dimensional plug flow; 
2. Negligible axial diffusion flux of heat and mass; 
3. Negligible radial gradients of temperature and concentration; 
4. Negligible pressure drop on either side of the membrane; 
5. The heat and mass transfer resistances, aside from the permeation 

process itself, are negligible. 

Plug flow conditions exist a t  high Reynolds numbers typically found 
in flow through packing or small radius tubes. In a permeator, the 
convective flow dominates over the diffusive flow i.e. a high Peclet number 
can be expected in a membrane reactor. Moreover, the pressure drop in a 
packed bed is usually a small fraction of the total pressure and can be 
neglected without significant error. To facilitate parametric analysis, the 
var ious design, operating, and physical parameters  (membrane  
characteristics and dimensions, reactor dimensions, reaction side and 
separation side pressure, feed flow rate, inert gas flow rate, feed 
temperature, reaction rate constant, equilibrium constant, permeability) 
are  included in the form of dimensionless groups. The three main 
dimensionless groups were: 1) Damkohler number, Da, for the reaction 
and separation sides, which is measure of the maximum forward reaction 
rate and is proportional to the membrane reactor length; 2) dimensionless 
group expressing the heat transfer coefficient across the membrane, I'; and 
3) dimensionless group containing the hydrogen permeability, Tu. 

EXPERIMENTAL METHOD 

In the experimental study, the reactor, schematically shown in 
Figure 2, consists of two separate rectangular parts with a 90 mm length, 
25 mm width and 25 mm depth groove. The palladium membrane(100 
mmX 33 mm and 0.025 mm thickness) held in place by two pieces of gasket 
which have a 80 mm X 20 mm rectangular hole in the center, is sandwiched 

IhermOCOUplII 

air in 

feed in 

waIer out 

l e d  OUI  

thermocouple 

Figure 2. Schemtic of the experimental 
membrane reactor system 
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1478 ZHAO, GOVIND, AND ITOH 

between the two reactor parts. Six thermocouples were located along the 
length of reactor to determine the tem erature profile inside the reactor. 

reaction side of membrane where chrome-alumina catalyst was uniformly 
packed. The oxidation of hydrogen with air occurred on the palladium 
surface on the other side of the membrane, referred to as the permeation (or 
separation) side. The alladium membrane acts as the catalyst during the 

concentration on the separation side, thereby increasing the permeation of 
hydrogen through the membrane. Further, more heat liberated by the 
exothermic oxidation reaction on the separation side flows across the 
membrane and facilitates the endothermic dehydrogenation reaction, 
thereby increasing its reaction rate. 

A schematic of the experimental ap aratus is shown in Figure 3. The 
feeds of 1-butene, argon, 10% oxygen ant! nitro en mixture were supplied 

down stream flow rate on the permeation side chamber is open to the 
atmosphere, thereby maintaining the permeation side a t  atmospheric 
pressure. The products of dehydro enation and oxidation were analyzed 
using flame ionization detector (F!D) or thermal conductivity detector 
(TCD) respectively. The detector signal was monitored by an  on-line 
microcomputer. 

The reversible reaction of 1-butene s ehydrogenation occurred on the 

oxidation. This  sur  P ace oxidation reaction decreases the hydrogen 

from gas cylinders . Each flow rate is measured % y a mass flow meter. The 

U 

Figure 3. Schomatic of the overall experimental apparatus 

Measurement of reaction rate constant 

The disa earance rate of 1-butene can be expressed by the following 
rate expression PR,, 

r r =  kfO,[pCV2 - ( P , P , / K ) ~ I  
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PALLADIUM MEMBRANE REACTOR 1479 

where.k,, @,, and K are the reaction rate constant, adsorption term and the 
reaction equilibrium constant respectively. In this equation, pc pu and p,, 
are the partial pressures ( a m )  of the components involved. 
The adsorption team @,, can be written as follows;. 

1 

( 1  + 1.210pcvL + 1.263 puvL ) 2  
ad = 

The reaction equilibrium constant, K, can be expressed as follows; 

.. - 
) ( p c ~ s - 2 -  butene 4- ptran, - 2 -  burrne -t pl - butene 

The reaction equilibrium constant is calculated from thermodynamic 

- 15230 
T K =l.94XlO6erp[- I atm 

The rate constant was independently measured by using a differential 
reactor packed with chrome-alumina catalyst particles. Before reaction, the 
catalyst was treated with 10 % oxygen gas mixture for 1 hour and then with 
argon for about half-hour at the reaction temperatures. This pretreatment 
is to regenerate the activity of the catalyst which had been deactivated due 
to coke deposition in the previous run. Either pure 1-butene or mixture of 1- 
butene and ar on was fed into the reactor. The output stream was sampled 

990 gas chromatograph equipped with a FID detector and a VZ-10 60/80 
column(product of Alltech Associates, Inc.). The conversions were 
calculated based on the mole fraction of butadiene in the exit stream. This 
data was further analyzed to determine the rate constant. The experiment 
was carried out at several different input conditions and reaction 
temperatures. Figure 4 shows the h h e n i u s  plot of the obtained reaction 
rate constant for 1-butene dehydrogenation. The rate constant is given as  
follows : 

and analyzed B or the composition of the organic portion by a Perkin-Elmer 

-21600 
k =1.O05X1O3erp[- I f RT 

-9 ' .  ' '  I '  ' ' . I . . '  ' I  

0.001 1 0.0012 0.0013 0.0014 0.0011 

I f r  rlKl 
Figure 4. Arrhoniua plot of tho obsorvod ructlon n t o  

constant veraus Iho invorae of tho temponturn 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1480 ZHAO, GOVIND, AND ITOH 

For the case of determining the rate constant of hydrogen with 
oxygen on the palladium surface, direct reaction of oxygen and hydrogen 
takes place around 500 0C1171 and the reaction occurs mostly on the surface 
of the vessel. Leder and Butt [ I a 1  studied the reaction between hydrogen and 
oxygen a t  100 OC with a dilute platinum catalyst. For investigating the 
oxidation reaction rate, hydrogen was fed into the reaction side. When the 
reactor had attained the reaction temperature, the exit valve on the 
reaction side was shut off, thereby allowing the hydrogen to permeate 
through the membrane. 10% 0, and 90% N, mixture gas was introduced 
into the permeation side. The system pressure and flow rates  were 
controlled and determined by mass flow meters. The products were 
analyzed by gas chromatograph with molecule sieve 5A column. Because of 
the catalytic effect of palladium and high temperature, the oxidation 
reaction was extremely fast. Hydrogen absorbed on the palladium surface 
reacted immediately due to the presence of oxygen. The results show that 
the exit hydrogen flow rate on permeation side is almost zero since the 
oxidation reaction was immediately completed. Hence, i t  can be assumed 
that the concentration of hydrogen on the permeation side is zero ( V, = 0 ) 
at the reaction operating condition and proper mixture flow rate. 

Measurement of palladium membrane permeability 

The permeation rate  of hydrogen gas through the palladium 
membrane, Q,, was assumed to obey the half-power pressure The 
permeation' flux of hydrogen through the membrane is proportional to the 
difference between the square root of the hydrogen partial pressures on the 
high and low pressure sides of membrane. 

Q, =Ap[(Pi )VL-(Pi )V2 I IZ  

where q is the permeability of hydrogen through the membrane. 
0.10 

s 0'08 
f 
U 0.06 
L 

3 
0.04 

0.02 
P 

0.00 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

driving force= 6 [ atmy 

Figure 5. Permeatlon rate of hydrogen through the 
paiiadlum membrane at different temperatures 
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PALLADIUM MEMBRANE REACTOR 1481 

-8.0 

8.2 

.6.4 

4.6 

4.8 

-7.0 

-72 , 
0:0013 0.0014 0.0015 0.0016 0.0017 0.0016 0.1 

ln- [ I r n  
Figure 6. Permoabillh o l  hvdroaon throuak tho 

19 

pailadlum mem~rano as a tunci~on at tmm<omture 

The hydrogen flow rate through the palladium membrane at  various 
temperatures and differential pressures is shown in Figure 5.  At a constant 
temperature, the ermeation rate increases with increasing pressure 

through the palladium membrane increases with temperature. The 
permeability of hydrogen through a palladium membrane can be expressed 
as follows: 

differential across t i  e membrane. In Figure 6, the permeability of hydrogen 

2562.7 
T q = 2.578x10-5erp[ -- 1 

Membrane reactor operation 

The membrane reactor was operated in two modes: 1) isothermal 
mode, in which the reactor was placed in a constant temperature furnace; 
and 2) adiabatic mode, in which the reactor was heated to the reaction 
temperature and then the furnace was switched off. Result of isothermal 
mode studies have been presented earlier'*"'. 

In this paper, results have been presented for the adiabatic mode 
only. The operating conditions for the study were as follows: 

l-butene feed flow rate 
l-butene feed concentration 100% 
flow rate on permeation side 
oxygen feed concentration on 
permeation side 10% 

5 - 60 cm3 /min 

20 - 60 cm3 Imin 

Before starting the adiabatic run, both reaction and separation 
chambers were heated by hot gas containing 10% oxygen and 90% nitrogen. 
This allowed the catalyst to be re enerated due to the burning of coke 

temperature, the hot gas on reaction side was replaced by pure argon, 
deposited on the surface. When t i  e reactor had attained the reaction 
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1482 ZHAO, GOVIND, AND ITOH 

thereby allowing the oxygen to be purged from the reaction chamber. After 
ten minutes purging, the pure l-butene feed was introduced into the 
reaction side and the system was kept running under isothermal operatin 
condition for about ten minutes. After ten minutes, the furnace was turne 
off, and the exothermic heat from the permeation side was allowed to 
maintain the endothermic dehydrogenation reaction. 

8 

RESULTS AND DISCUSSION 

For the case of isothermal operating condition, Figure 7 shows the 
simulation results of effect of inert gas flow rate on the membrane area and 
l-butene conversion a t  fixed catalyst weight (lOOOg), reactant feed rate, 
U O = 1.7 X moYs ( = 25 cm3/min), and reaction temperature 450 OC. For 
a hxed conversion, i t  can been seen that increasing the purge gas flow rate 
results in dramatically decreasing the membrane area in the reactor. This 
is due to the decreasing permeate partial pressure. The minimum 
membrane area required for a given conversion can be attained in the case 
of the oxidation reaction taking place on the membrane surface. Thus, 
using a coupled system of hydrogenation and dehydro enation reactions 

maximum possibility of s h t i n g  dehydrogenation reaction conversion. 
occurring simultaneous1 on opposite surfaces of a mem % rane provides the 

0 2 4 6 8 1 0 1 2 1 4  
I-buua conwrion xa% 

Figure 7 Effect of I n M  g r  flow nto on tho b u m  
convanion 8nd tho mquirod mmbnno ruma ua 

For the adiabatic operating condition, Figure 8 shows the com uter 
simulation result of the temperature profile within the reactor for a 
dimensionless hea t  transfer coefficient, r = O . l ,  and r =  10. T h e  
tem erature difference between reaction side and ermeation side depends 
on &e heat transfer coefficient. For high value of I.lf the temperature on the 
reaction side initial1 decreases since the reaction is endothermic. 

dominates the endothermic heat effect. Hence, the temperature rises along 
the reactor length. The hydrogen concentration profile along the reactor 
length is shown in Figure 9. On the reaction side, there is a rapid increase 
in hydrogen concentration due to reaction. The exothermic reaction of 
hydrogen oxidation increases the temperature on the separation side and 

However, the heat re r eased from the exothermic oxidation reaction 
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PALLADIUM MEMBRANE REACTOR 1483 

accelerates the surface reaction of hydrogen with oxygen. The hydrogen on 
the separation side reacts immediately and the permeation rate increases 
sharply. Subsequently, the concentration of hydrogen on reaction side 
decreases. For high heat, *-ansfer rate through the membrane (I? = lo),  
since the heat released by oxidation flows cross the membrane, the 
temperature and dehydrogenation rate on the reaction side increases. This 
increases the rate of dehydrogenation causing the hydrogen concentration 
to increase a ain a t  an intermediate point in the reactor. For a low heat 

continues to decrease after an initial increase due to a decrease in the 
reaction temperature. 

transfer coe d ficient, the hydrogen concentration on the reaction side 

V." I . . 4 . '  I - . , .  . .  
0.0 0.2 0.4 0.8 0.8 1 .o 

rtBcux length L 

Figure 8 Tempomtun profllor In tho reactor 
for the ractlon and p.nnrUon rid. 

J 
r y o c  
Ddo 
Ild 
a d o  

0.0- ' .  . I . . , . . , . . , . . 
0:o 0.2 0.4 0.8 0.8 1 .o 

IrrpalgglbL 
Flgun 9. Concantntlon pmfllos of h y d r m  along tho 

rnctor length for various hoat tnn8f.r coomd.nt. 
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1484 ZHAO, GOVIND, AND ITOH 

The relation between conversion and the Damkohler number a t  
different heat transfer coefficients is shown in Figure 10. For a fixed 
Damkohler number,Dar, improving the heat transfer coefficient can 
produce hi her conversion. When Dar increases, the temperature on the 
reaction sife decreases with the reaction. Thus the temperature drop blocks 
the dehydrogenation reaction. Finally the conversion increases slowly. 

so '1 

i 
0 , ' .  , . , . , . , . I .  

0 10 20 30 40 50 I 

Dlu 
Flgum 10. RelmUon m o o n  convonlon and tho Dernkohler 
nurnbmr lor dlffemnt h u t  coofflclont dlmrulonlou nurnbor 

Figures 11 and 12 present the experimental results for an  adiabatic 
operating condition. In this case, after the reactor had attained the required 
reaction temperature, the furnace was switched off and the heat of reaction 
from the oxidation reaction was allowed to drive the endothermic 
dehydrogenation reaction. Figure 11 shows the reaction side temperature 
as a function of time. It can be seen that the reaction temperature decreases 
from 450 OC to 388 "C in about 2 hours, indicating that the exothermic 
oxidation reaction heat  was not sufficient for the  endothermic 
dehydrogenation reaction. This was mainly due to the heat loss from the 
permeation or separation side to the environment throu h the reactor 
walls. Since the reactor was made from a solid block of stainfess steel, there 
was sufficient heat capacity in the reactor walls to remove heat from the 
oxidation reaction side. 

In Figure 12, the 1-butene conversion has been shown versus the feed 
flow rate for a adiabatic operation. The experimental results lie below the 
simulation results mainly due to heat losses from the oxidation reaction 
side. As the feed flow rate decreases, the 1-butene conversion increases due 
to increased residence time and permeation of hydrogen through the 
membrane. 

It has been shown that while adiabatic operation is possible by 
coupling a n  exothermic oxidation reaction with an  endothermic 
dehydrogenation r e d i o n ,  the heat transfer between the reaction and 
permeation sides needs to be improved by possibly using a tube-and-shell 
arrangement, where the dehydrogenation reaction is conducted in the outer 
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550 i 

I 

z o o { .  , . , . , . , , 

0 30 60 90 120 150 

opartiog tims [mini 

Flguro 11. 
adiabatic oponting tlmo 

Reoctlon alde Iamponluro chongo with 

14 7 i 

1 
0 20 40 so 

l - B ~ f l o v l u ~ [ ~ ]  

Rgum 12. 1-butono convonlon venua tho l e d  tiowrota 
for tho adlobotlc m u  at inlU.l temponturn of 430 C 

shell side and the oxidation reaction on the tube side. Since a tube-and-shell 
reactor design would require a tubular palladium membrane, further 
research will concentrate on the development of technique for depositing a 
thin palladium film on porous tube surfaces. 

CONCLUSION 

, The feasibility of the palladium membrane system with an oxidation 
reaction on the permeation side and 1-butene dehydrogenation reaction on 
t h e  reaction side in  a membrane reactor has  been successfully 
demonstrated for application to catalytic dehydrogenation of 1-butene. 
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1486 ZHAO, GOVIND, AND ITOH 

Heat transfer across the membrane from the exothermic oxidation reaction 
to the endothermic dehydrogenation reaction allowed conversion shift to be 
attained in the adiabatic case. 

Nomenclature 
membrane area m2 
specific heat of reactant a t  temperature To, 
specific heat of gas i at temperature T, 

Damkohler number for reaction side a t  To, 
Damkohler number for separation side a t  To, 
dilution ratio, u,O/u:, v,O/u~ 
activation energy, cal / mol 
total weight of catalyst, g 
overall heat transfer coefficient, 
heat of reaction caYmo1 
rate constant ofdehydrogenation, mol/(g-cat .h .a tm' '2)  
rate constant of oxidation, 
equilibrium constant of dehydrogenation of 1-butene, atm 
dimensionless reactor length 
partial pressure of gas i, 
partial pressure of hydrogen on reaction side, atm 
partial pressure of hydrogen on separation side, atm 
total pressure on reaction side, atm 
total pressure on separation side, 
reference pressure = 1 atm 
permeability ofhydrogen through palladium,moll(m~h-atm-*'z) 
permeation rate of hydrogen, molh 
gas constant, call(mo1.K) 
absolute temperature, K 
absolute temperature at inlet of reactor, K 
dimensionless number relating hydrogen permeation at To and 

flow rate of gas i in reaction side stream, 
flow rate of gas i in reaction side inlet, 
dimensionless flow rate of gas i in reaction side stream, 

caY(mo1-K) 
caY(mo1.K) 

dimensionless specific heat of gas i, cp, /cp, 0 
krG.P,'"/u,O 

ks.A.Ps3/u: 

cal /( m2.s.K) 

mo 1 / (  m2.  he a t m3  ) 

atm 

atm 

Po, q.N( 2.u: 1 
molls 

moYs 

ui/ u,O 
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PALLADIUM MEMBRANE REACTOR 1487 

u, I 

V. J 

Vj0 

'j 

v,, 

x a  1-butene conversion, (u:-uc )/u: 
2 thickness of membrane, m 
Greek symbols 
r h,N(cp, OuCo) 

& E/(RT,) 
0 T/ T, dimensionless temperature 
cPd adsorption denominator 
subscripts 
C .reactant of dehydrogenation 
D product of dehydrogenation 
H hydrogen 
1 

I inert 
j 
0 oxygen 
P permeation 
r reaction side 
S separation side 
W water 
O(zero) indicate T =To 
superscripts 
O(zero) 
h high pressure side 
1 low pressure side 

dimensionless flow rate of hydrogen in reaction side stream 
u, , / (m.ucO) 
flow rate of gas j in separation side stream, 
flow rate of gas j in separation side inlet, 
dimensionless flow rate of gas j in separation side stream, VJU; 

dimensionless flow rate of hydrogen in separation side stream, 
vH/(m-uco) 

moYs 
moYs 

6 AWcp, ''To ) 

component i in reaction side stream 

component j in separation side stream 

indicate value a t  inlet condition 
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