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CHAPTER II
LITERATURE REVIEWS

A  m em brane reactor has the cap ab ility  o f  com b in in g  reaction and separation in 
a sin g le  unit operation w h ile  a reaction p roceed s, a reaction product is se lec tiv e ly  
rem oved through the m em brane. A s  a result, the reaction that is lim ited  by  
equilibrium  can e x ceed  the equilibrium  con version  found in con ven tion al reactors. 
The m em brane reactor can also  be u sefu l in term  o f  se lec tiv ity  enhancem ent w h ich  
can be carried out by se lec tiv e  rem oval o f  interm ediate product or controlled  d o sin g  a 
reactant through the m em brane. There are a num ber o f  ex ce llen t rev iew s on catalytic  
m em brane reactors (e .g . Arm or, 1998; G ryaznov, 1999; Saracco, et al., 1999; Shu, et 
al., 1991 and Zam an, et al., 1994). T his literature rev iew s w ill provide inform ation on  
typ es o f  m em branes used  in m em brane reactor studies and typ es o f  m em brane  
reactors.

2.1 Types o f membrane

M em branes can be c la ssified  broadly into organic and inorganic m em branes. 
In industry, m em brane separation has b een  practiced  for a few  decad es in w h ich  m ost 
o f  m em branes are organic m em branes, m ain ly  p o lym eric  on es. M ajor applications o f  
the organic m em branes are such as m icrofiltration , ultrafiltration, reverse o sm o sis  and  
gas separation. H ow ever, d isadvan tages o f  the organic m em branes arise from  their 
lo w  therm al stability , poor m echanica l strength and problem s on com pacting, 
sw ellin g , and c lean in g . A s a result, d evelop m en t o f  inorganic m em branes such as 
m etal, ceram ic and m etal-ceram ic com p osite  m em branes has been recogn ized  to  
im prove the properties o f  m em branes for harsh con d ition s.
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B oth inorganic and polym er m em branes are generally  used  for separation  
purpose; h ow ever , o n ly  som e o f  them  are applied  in catalytic m em brane reactors to  
enhance production o f  som e ch em icals. There are a lim ited  num ber o f  reactor 
applications for p o lym er m em branes b ecau se o f  their lo w  upper lim it tem perature, 
hence, th is rev iew  w ill focu s on a variety o f  inorganic m em branes w h ich  m ay offer  
m ore opportunities over a w ider range o f  operating tem perature.

Inorganic m em branes can be categorized  into tw o groups, n am ely  dense  
(nonporous) and porous inorganic m em branes. D en se  m em branes are m ain ly  m ade o f  
thin m etal film s such as palladium  and its a lloys w ith  silver, zirconia , ruthenium , 
n ick el or other m etals from  group V I to  VIII. Palladium  based  m em branes are 
perm eable o n ly  to  hydrogen  w h ile  silver  and zircon ia  are w e ll k now n to  be perm eable  
on ly  to o xygen . M ost o f  the nonporous m eta llic  m em branes are know n to provide  
high se lec tiv ity  but lo w  perm eability . Porous m em branes are superior to dense  
m em branes from  the point o f  v ie w  o f  their perm eability , neverth eless, the se lec tiv ity  
o f  the porous m em branes are not as good  as that o f  the dense m em branes.

There are four m ajor fie ld s b ein g  studied for im provem ent o f  p erm selectiv ity , 
stability  and p erm eability  o f  the porous m em branes, i.e.; 1 ) m od ifica tion  o f  currently  
availab le m em branes b y  im p osin g  p erm selective  top layers by so l-g e l m ethod, C V D  
technique, etc; 2 ) syn th esis o f  z eo lite  m em branes; 3 ) d evelop m en t o f  m em branes 
based on  ion  conductors; and 4 ) syn th esis o f  thinner m etal film  on  top o f  the 
m em branes.

h i the last area o f  studies P d -a lloy  m em branes have a lw ays b een  the m ost  
studied dense m em brane, due to h igh  hydrogen  perm selctiv ity . H ow ever, it suffers  
from  brittleness after repeated therm al cy c lin g  o w in g  to the transition betw een  its a -  
and P -phases, w h ich  are stable at lo w  and h igh  tem peratures, resp ective ly  (A rm or et 
al., 1995). T his problem  can be overcom e or reduced by the use o f  som e a lloy in g  
elem en ts (i.e .; A g; Ru; R h), w h ich  stab ilize  the P-phase against the a -p h a se . 
P oison in g  by CO  and sulfur com pound s, w h ich  are present in a feed  stream , cau ses a 
serious problem s on  both the perm eability  and catalytic properties. C onsequently , this
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lim its their ranges o f  practical applicability . M ost researches in th is area are devoted  
to the reduction  o f  the th ick n ess o f  the supported P d -a lloy  film  so  as to  enable h igh  
p erm eab ilities (S h u  et al., 1991). H ow ever, the penalty o f  d o in g  that is to  have m ore 
p in h o les, cracks or other d efects w h ich  w ou ld  con sid erab ly  low er m em brane 
p erm selectiv ity . It sh ou ld  be noted  that the perm eation m ech an ism  o f  hydrogen  
through Pd in v o lv es  d isso c ia tiv e  adsorption and recom binative desorption  at the 
surface, as w e ll as d iffu sion . For the relatively  thick Pd layer, d iffu sio n  is  apparently  
the rate-lim ittin g step, and flu x  is found to be inversely  proportional to  layer th ickness  
an approxim ately  square root d ep endence on  H 2 partial pressure. Such  behavior is 
called  S iev ert’s law . A s  the m em brane b ecom es thinner, the so lid -state d iffu sion  w ill 
b ecom e rapid en ou gh  that other rate processes w ill beg in  to take part in  the 
perm eation rate (W ard et al., 1999).

2.2 Membrane reactor

M em brane reactors can be categorized  into three types: n am ely  1) inert 
m em brane reactor, 2 ) ca ta ly tica lly  active m em brane reactor and 3 ) cata lytica lly  
barrier m em brane reactor. For the inert m em brane reactor, cata lyst p e lle ts are 
con fin ed  in the m em brane and the m em brane acts o n ly  as a separator. The 
ca ta ly tica lly  active  m em brane reactor takes advantage o f  the h igh  surface area o f  the 
m em brane to  d ep osit active  catalysts on  the m em brane. R eaction s take p lace in the 
m em brane w h ile  the m em brane a lso  behaves as a separator. In both cases the 
m em branes can be applied  as a separator to separate som e products from  a m ixture in 
one sid e to the other side. The last case  is different from  the previou s on es. A  
m em brane is ca ta ly tica lly  active but not necessary to be se lec tiv e . It acts as a barrier 
to separate tw o  stream s o f  reactants. Its applications are, for exam p le, a case  w here, a 
reaction is h ig h ly  exoth erm ic (H sieh  et al., 1996).

T he m ajor application  areas o f  m em brane reactor can be categorized  into tw o  
types; se lec tiv ity  enhancem ent and y ie ld  im provem ent. S e lec tiv ity  enhancem ent can  
be accom p lish ed  by se lec tiv e  rem oval o f  products or contro lled  addition o f  a reactant 
though the m em brane. C onsidering  con secu tive  reaction pathw ays, a p erm selective
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m em brane cou ld  a llo w  perm eation o f  an interm ediate product w h ile  rejectin g  either 
reactant or other undesired product. A nother opportunity in th is area for the increase 
o f  the reaction se lec tiv ity  lie s  in the controlled  addition o f  a reactant a lo n g  the reactor. 
Partial ox id ation  or partial hydrogenation  are exam p les. L ow  o x y g en  or hydrogen  
concentration in the reaction m ixture drives the reaction to  h igher se le c t iv it ie s  towards 
interm ediate products (T en  E lsh o f  e t a l., 1995). Such lo w  concentration  can be 
attained b y  d o sin g  the k ey  reactant (i.e . o x y g en  or hydrogen) at a desired  rate through 
the m em brane.

In the secon d  m ajor area o f  application, y ie ld -en h an cem en t o f  equilibrium - 
lim ited  reactions, a reaction product is se lec tiv e ly  rem oval through the membrane 
thereby en h an cin g  the per-pass con version  com pared to  con ven tion a l fixed  bed 
reactors. D eh yd rogen ation  reactions are m ajor reactions for application  o f  membrane 
reactor in th is area. S in ce  these reactions are endotherm ic, con version  is favored at 
high tem peratures at the price o f  sign ifican t occurrence o f  side reaction s, which  
reduce se lec tiv ity  and lead to catalyst deactivation  b y  cok in g . B y  u sin g  a membrane 
reactor, the sam e con version  cou ld  be obtained at low er operating tem perature thereby 
suppressing undesired reactions. Furthermore, since dehydrogenation  reaction  imply  
an increase o f  the overall o f  gas m o lecu les the system , they  can be fo rced  to high 
con version  by reducing operating pressure, w hich  entails com p aratively  h igh  reactor 
vo lu m e. Such  v o lu m e cou ld  be reduced u sin g  a m em brane reactor (S aracco  et น/., 
1999).

2.2.1 Membrane reactor fo r selectivity enhancement

The applications o f  m em brane reactors for se lec tiv ity  en h an cem en t o f  most 
partial ox id ation  reactions (m ethane oxidation  to syn gas, ox id a tive  cou p lin g  o f  
m ethane, ox id a tive  dehydrogenation , e tc .) have been frequently in vestigated . M ethane 
to syn gas is d ifficu lt to control b ecau se o f  the presence o f  over ox id ation  o f  CFL to 
C O x at h igh  tem perature. Thus, a num ber o f  researches have groups stu d y ied  the use 
o f  O 2 se lec tiv e  m em branes for assistin g  this reaction. Balachan et al., (1 9 9 7 )  studied 
this reaction by u sin g  p erovsk ite type o x id e  m em branes to control O 2 addition to
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reaction zon e. T h ey  found that o x id es  in the system  Sr-F e-C o-O  provided  h igh  
o x y g en  perm eability . In addition, the m em branes w ere evaluated  in a reactor 
operating at about 1123 K  for direct con version  o f  m ethane to  syn gas in the p resence  
o f  a reform ing catalyst. M ethane con version  e ffic ien c ies  o f  >  99%  w ere  observed . 
G aluszka et al., (1 9 9 7 ), a lso  studied this reaction using  a 10 pm  th ick  Pd coatin g  on  a 
A I2O 3 tubular m em brane filled  w ith  5% P d /A l2C>3 catalyst. A  feed  o f  3:1:4  C H 4/O 2/N 2 

w as p assed  through the catalyst at 773 K w ith  an argon sw eep  gas on  the perm eate  
side. The argon assisted  in  the transport o f  แ 2 aw ay from  the catalyst bed, resu lting in  
an increase o f  แ 2 y ie ld  from  18% to 36% .

O xidative cou p lin g  o f  m ethane is another interesting reaction  for m em brane  
reactor in the fie ld  o f  se lec tiv ity  enhancem ent. Lafarga et a l, (1 9 9 4 ) applied  a 
m em brane reactor concept to supp ly  o x y g en  in  a controlled  m anner to a fix ed  bed o f  
catalyst (L i/M gO ) so  as to drive m ethane ox idation  to  h igher C 2 se lectiv ity . 
C om peting  reactions, deeper ox idation , are hindered b y  k eep in g  rather lo w  o x y g en  
average concentration along the entire reactor length. T he m em brane d ev e lo p ed  w as  
m icroporous alum ina m em brane havin g  an average pore s ize  o f  about 10 pm . The  
obtained result sh ow ed  y ie ld  (cp  to 23%  in ox id ative  cou p lin g  product; C oronas et 
ai, 1994a) very  c lo se  to the lim its required to  ach ieve com m ercia liza tion  (i.e . 25 -  
30% ). N o za k i et a i, (1994); G uo et a i, (1 9 9 7 )  and Sherm an et al., (1 9 9 7 )  studied  this 
reaction u sin g  so lid  o x id e  dense m em brane both experim ent and com puter sim ulation. 
T h ey found that perm eability  o f  th is m aterials appeared to be lim ited  by h igh  o x y g en  
ion  recom bination rate in perovsk ite m em brane, th is a lso  indicated  that o x y g en  flu xes  
are not lim ited  by d iffu sion , but by surface exch an ge rate.

O xidative dehydrogenation o f  hydrocarbons is another exam p le o f  m em brane  
reactor applications. C oronas et al. (1 9 9 5 )  applied  the sam e reactor used  for m ethane  
ox id ative  cou p lin g  (a fixed  bed o f  L i/M gO  catalyst en com p assed  b y  a porous 
m em brane ; C oronas et al., 1994a,b) to the ox id ative  dehydrogenation  o f  ethane to 
ethylene. O xygen  w as perm eated through the m em brane w hereas ethane w as fed  
axia lly . Ethane con version  higher than that o f  conventional pre-m ixed  feed  reactors 
cou ld  be obtained, w ith  good  se lec tiv ity  to eth ylen e (overall y ie ld  equal to 57% ).
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Pantazidis, (1 9 9 4 )  studied  th is reaction w ith  propane as the reactant. The catalytic  
perform ances o f  various m em brane m aterials havin g  m acroporous, m esop orou s and 
m icroporous structure w ere evaluated  and com pared. T w o d ifferent active  phases  
w ere used, i.e.; V - M g - 0  or N i based  cata lyst d ep osit on  catalyst p e lle ts  or on  zeo lite  
m em brane. T he V -M g -0  based m em brane w ere found less  active  but m ore se lec tiv e  
than the n ick el based  m em brane and at tem perature ab ove 773  K. The best 
perform ance w a s ach ieved  w ith  the zeo lite  hybrid reactor w h en  separate feed in g  
configuration  w as u sed  at h igh  o x y g en  partial pressure. In th is reaction, T on k ovich  et 
al., (1 9 9 6 b ) found that the y ie ld  o f  reaction o f  m em brane reactor com paratively  h igher  
than a con ven tion a l fixed -b ed  reactor w ith  p rem ixed  feed  o f  reactant. T his is  due to  
low er o x y g en  partial pressure in the reaction sid e o f  the m em brane reactor. In 
addition, it w as found that the operation w ith  the m em brane reactor is safer com pared  
to that o f  concentration  reactors w ith  p re-m ix in g  o f  reactants due to avoidance o f  the 
occurrence o f  ex p lo s iv e  m ixture.

Several researchers have in vestigated  the u se  o f  m em brane reactor for partial 
hydrogenation reaction. D en se  m etal m em branes have been  studied for the partial 
hydrogenation  o f  acety len e  at 373  K . T h ese  include a P d /N i (G ryazn ov et a l, 1982) 
and Pd, P d/R u and P d /A g  m em brane (Itoh et al., 1993). B oth  studies found that the  
perm eate h yd rogen  w as very  active  to  hydrogenation  o f  acety len e  in w h ich  ethylene  
w as the m ain product. T h ey  w ere a lso  interested in the addition o f  h ydrogen  to one  
double bound o f  d iene. T he se lec tiv e  hydrogenation  o f  butadiene in crude 1-butene  
w as perform ed u sin g  a catalytic  h o llo w  fiber m em brane reactor at 313 K  (L iu  et al., 
1998). The cata lyst con sisted  o f  polym er-anchored  pallad ium  on  the inside w a ll o f  
ce llu lo se  acetate or p o ly su lfo n e  fibers. T he se lec tiv ity  o f  nearly 100%  to 1-butene  
under m ild  reaction con d ition  w as obtained. Lam bert et al. (1 9 9 9 )  studied this 
reaction in a Pd/y-AhCL catalytic m em brane o f  acety len e  and 1,3-butadiene. The  
hydrogenation reaction perform ed by flo w in g  a prem ixed  feed  through the PCI/AI2O 3 

m em brane w a ll provided  the h igh est se lec tiv ity  to partially hydrogenated product 
w h ile  m aintained a h igh  con version  w ithout any lo ss  o f  hydrocarbon sp ecies.
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2.2.2 Membrane reactor fo r yield improvement

T he m ost com m on  application  opportunity o f  m em brane reactors lie s  in the 
circum vention  o f  ch em ica l equilibrium  so  as to ach ieve  h igher per-pass con version s  
by se le c tiv e  perm eation , through the m em brane, o f  at least one o f  the reaction  
products. T he dehydrogenation  o f  hydrocarbons is the m ost w id e ly  studied c la ss o f  
reaction in m em brane reactors. T he m otivation  for the study o f  th ese  reactions has 
been  the p o ssib ility  o f  enhanced  con version s, im proved  se lec tiv ity , decreased  
dow nstream  separation load and m ilder operating con d ition s. The m ilder operating  
con d ition s are p ercieved  to  be b en efic ia l not on ly  as en ergy  sa v in g  tech n o lo g y  but 
a lso  th ey  m igh t be a rem edy for cok in g  and catalyst d eactivation  problem  inherent in 
m any com m ercia l p rocesses. The recent applications are d iscu ssed  in  th is review .

C lassica l w orks o f  Itoh et al., (1 9 8 7 )  and G ryanov et a i, (1 9 8 6 ) led  the w a y  for 
others to build  sm all m em brane reactors for the dehydrogenation  o f  alkanes. Itoh ’s 
w ork w ith  a 0 .05  in th ick  P d /A g m em brane tube conta in ing  a 0.5%  PI/AI2O 3 catalyst 
w as able to  a ch ieve  99%  con version  for the dehydrogenation  o f  cy c lo h ex a n e  to  
benzene. Their w ork  used  an argon sw eep  to carry aw ay  the แ 2 perm eating the Pd  
m em brane. T he reaction over the catalyst w as operated at 4 73  K  and 1 atm osphere  
pressure u sin g  an argon stream  saturated w ith  cy c lo h ex a n e  vapor. K ikuchi and  
cow orkers (1 9 9 3 , 1995) extended  this w ork  into a num ber o f  other reactions. The  
m em branes w ere m ade o f  a Pd a llo y  coated  onto a m esop orou s m em brane support. 
Isobutane w as passed  over  a P t/A l2 0 3  catalyst, the y ie ld  o f  isob u ty len e  rose from  the 
equilibrium  value o f  6 % to 23%  at 673  K  w ith  the presence o f  m em brane. T hey  found  
that the rate o f  แ 2 production w as lim ited  by catalyst activ ity .

Stream  m ethane reform ing is the major route to industry’s production o f  syn  
gas (C O  and H 2) on a w orld  w id e  scale. U em iya  et al., (1 9 9 1 )  studied a m em brane 
reactor w h ich  con sisted  o f  a thin palladium  film  supported on  porous g lass cylinder. 
The lev e l o f  m ethane con version  ex ceed ed  equilibrium  va lu e in a c lo sed  system  and 
the tem perature range o f  6 2 3 -7 7 3  K due to se lec tiv e  rem oval o f  hydrogen  from  
reaction system . Barbiéri et al., (1 9 9 7 ) a lso  con sid ered  this reaction using
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m athem atical m od el sim ulation . The e ffec ts  o f  various operating param eters such as 
tem perature. T h ey  a lso  found that the counter f lo w  configuration  at h igh  temperature 
is advantage over  the parallel f lo w  configuration.

C o llin s et al.(1 9 9 6 )  studied the dehydrogenation o f  propane u sin g  a Pd film  
coated  on  a m esop orou s A I2O 3 support in a d ev ice  conta in ing  a com m ercia l A m oco  
dehydrogenation  catalyst. P ropylene y ie ld s increased from  the equilibrium  value o f  
30%  (in  the ab sen ce o f  a m em brane) to  40%  at 823 K. T h ey  a lso  reported catalyst 
deactivation  due to  carbon d ep osition  on  the catalyst. W eyten  et al.(1 9 9 7 )  studied  
catalyst activ ity , cata lyst deactivation  and process perform ance o f  the sam e reaction  
using  a com m ercia l s ilica  m em brane w h ich  has a m oderate H 2 perm eance. It w as  
found that a h igh  H 2 transport through the m em brane is n ecessary  i f  a h igh  propane 
f lo w  rate is  to be used . In addition, it is necessary  to have a h igh  แ 2 se lec tiv ity  so that 
alm ost no reactant or reaction products can d iffuse through the m em brane to  
separation sid e  and be lost. In m em brane reactor, แ 2 is con tin u ou sly  rem oved  from  the 
reaction m ixture. The deactivation  o f  the catalyst is very fast b ecau se o f  cok ing . T w o  
m em brane categories (porous and d en se) and three types o f  com p osite  m em brane  
system s (P d /A g , s ilica  and P d-dispersed  porous) w ere studied and their perform ance  
w ere com pared  w ith  Y ild ir im  et r t/.(1997)’s w orks. T hey  found that the dense Pd /A g  
com p osite  sy stem  provided  h igher perform ance lev e ls  in the range o f  operating  
tem perature.

A nother dehydrogenation  reaction o f  interest in the petrochem ical industry is 
the eth y lb en zen e dehydrogenation  to  styrene. Liu et al., (1 9 9 3 ) studied th is reaction in 
a tw o  stage pack ed  bed reactor fo llo w ed  by a m em brane reactor and a reactor w ithout 
a m em brane unit. A  tubular alum ina m esoporous m em brane w ith  pore s ize  o f  40  °A  
w as packed w ith  a com m ercia l K prom oted iron ox id e  catalyst for styrene production. 
T hey ob served  a 4%  y ie ld  enhancem ent to styrene w ith the m em brane in the system . 
U nfortunately, carbon d ep osition  rapidly reduced แ 2 perm eability  even  w ith  the 
presence o f  a co -feed  o f  stream  in the reaction feed.
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The stud ies on  dehydrogenation  bring out som e important factors w h ich  w ere  
not h igh ligh ted  in earlier rem arks about m em brane and d ev ice  lim itations. W ith  
dehydrogenation , there are tw o  seriou s p rocess issu es em erged: carbon d ep osition  and  
catalyst activ ity . R aich  and F o ley , (1 9 9 5 )  studied dehydrogenation  o f  alkanes in a 
m em brane reactor and con clu d ed  that th ese  d ev ices  w ere very  lim ited  b y  the  
availab ility  o f  d ehydrogenation  cata lysts w ith  h igh  reactivity. M ost com m ercia lly  
availab le dehydrogenation  cata lyst do not have h igh  turnover number; further, th ey  
are lim ited  by e x c e ss iv e  carbon form ation w h ich  accum ulates on  the catalyst. 
D eh yd rogen ation  reactions are endotherm ic reactions, their h igh  dem and for heat 
m eans that products o f  the reaction  can b e trapped w ith in  the pores o f  the catalyst. 
The reaction rates are s lo w  w h ich  m ean s that the o le fm ic  products w ill tend to 
p olym erize  before perm eating a w ay  from  the catalyst particles. In com m ercial 
dehydrogenation  operation, the generation  o f  แ 2 actually  serves to  reduce carbon  
form ation. In a m em brane reactor, on e is trying to  rem ove the แ 2 as soon  as it form s 
w h ich  on ly  activates the form ation o f  carbon. Carbon form ed during dehydrogenation  
can dam age in at least three w a y s, i.e.; 1) it can b lock  the surface o f  the catalyst; 2 ) it 
can foul the reactor and p lu g  the unit; or 3 ) it can coat the m em brane layer and thus 
b lock  further แ 2 perm eation through the m em brane layer.

G obina (1 9 9 6 ) studied the in flu en ce  o f  inert and reactive sw eep  gases on  the  
con version  o f  n-butane in  a cata lytic  m em brane reactor. H ydrogen produced from  the 
catalytic dehydrogenation  perm eated  through a P d /A g m em brane w ith  6 pm  th ickness  
and w as rem oved  b y  the sw eep  gas. T he use o f  inert (N 2) and reactive sw eep  gases  
(N 2/C O  and N 2/O 2) enhanced  the con version  w e ll above the equilibrium  value o f  5% 
to 13.5% , 26%  and 40%  in N 2 , 1 l% C O /N 2 and 2 1 % 0 2 /N 2, resp ectively . G ovind  et al. 
(1 9 9 0 ) a lso  studied  th ese  in flu en ces. The experim ents w ere conducted  under 
isotherm al and adiabatic con d ition  w ith  air p assin g  on the perm eation side. W herein  
the o x y g en  reacts exoth erm ica lly  w ith  the perm eating hydrogen  to decrease its partial 
pressure in separation side, thereby increasing  its flux , and providing heat for the 
endotherm ic dehydrogenation  reaction.
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T he com parison  o f  m icroporous and d en se m em brane system s w as studied by 
G obina et al., (1 9 9 5 ). A  m athem atical m od el w as d evelop ed  and used in the  
sim ulation . T he catalytic  dehydrogenation  o f  e th y lb en zen e to  styrene using  tw o  types  
o f  m em brane reactor system s; i.e. a co m p o site  m em brane con sistin g  o f  a thin P d -A g  
a llo y  d ep osited  on  the outside surface o f  a porous ceram ic substrate and a 
m icroporous m em brane tube. T he u ses o f  P d -A g  com p osite  m em brane provided  
higher con version s for the sam e contact tim e than the porous system . T h ey  a lso  found  
that lean feed  operations w ere desirable in the P d -A g  m em brane system  w h ile  rich 
feed  stream s w o u ld  be appropriate for porous m em brane system . This result 
corresponded to the w ork done b y  Schram m  et al. (1 9 9 9 ).

T he e ffec t o f  radial d iffu sion  on  the h ydrogen  separation w a s studied by Itoh et 
al, (1 9 9 4 ). L ow -flow rate  gas m ixture conta in ing  hydrogen  w as exam ined  under 
atm ospheric pressure at 473  K  u sin g  an annular packed-bed  type o f  Pd m em brane  
reactor. The radial d iffu sion  m od el cou ld  su ccessfu lly  sim ulate the profile o f  
h ydrogen  partial pressure form ed a lon g  the packed  bed o f  palladium  m em brane 
reactor. It w a s found  that a radial d istribution o f  hydrogen  partial pressure form ed in 
the packed  bed, w h ich  is caused  b y  its perm eation, led  to a low erin g  in the hydrogen  
partial pressure near the m em brane surface and thereby the virtual flu x  o f  hydrogen  
perm eation through the m em brane. The e ffic ien cy  o f  hydrogen  separation is 
decreased . K oukou  et al., (1 9 9 6 ) studied the d ispersion  e ffec ts  on  m em brane reactor 
perform ance, tw o  m em brane typ es in tubular form  w ere studied ; a se lec tiv e  porous 
g lass w ith  lo w  gas perm eabilities and a porous m edia  w ith  very  h igh  gas  
perm eabilities. T h ey  found that for a low -p erm eab ility  m em brane, the u se  o f  the plug-  
f lo w  m od el w as p roved  to  be a good  sim u lation  ch o ice  for the m em brane reactor. A s  
the p erm eab ilities increased  and the p rocess becam e in ten sive , d ispersion  phenom ena  
becam e im portant and sim ulation  shou ld  be based on  m ore com p lex  dispersion  
m od els.
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Several in vestigators have faced  the problem  on m od elin g  on  m em brane reactor 
to ach ieve interpretation o f  their experim ental data or to assess the role o f  the various  
operating param eters (tem perature, m em brane perm eability  and p erm selectiv ity , feed  
f lo w  rate and concentrations, etc .) on  the perform ance o f  m em brane reactors. 
B indjou li et al.,( 1994) d evelop ed  a n ew  reactor m odel able to perform  both catalytic  
activ ity  and separation sim u ltan eou sly . T h ese w orks analysed  the in flu en ce o f  gas 
d iffu sion  through the m em brane on m ass transfer in the catalytic  reactor w ith  an inert 
m em brane w a ll. A  m athem atical described  that, the present o f  the m em brane has no  
in flu en ce on  the radial d iffu sion  phenom ena. C asanave et al. (1 9 9 8 ) sim ulated  the 
isobuthane dehydrogenation . The sim ulation  predicted the optim al configuration  and  
the in flu en ce o f  the reacting m ixture ratio in order to enhance y ie ld  o f  reaction.
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