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1. Abstract of Program

Current state-of-the-art inorgm_ic oxide membranes offer the potential of
being modified to yield catalytic properties. The resulting modules may be
configured to simultaneously induce catalytic reactions with product
concentration and separation in a single processing step. Processes

" utilizing such catalytically active membrane reactors have the potential for
dramatically increasing yield of reactions which are currently limited by
either thermodynamic equilibria, product inhibition, or kinetic selectivity.
Examples of commercial interest include hydrogenation, dehydrogenation,
partial and selective oxidation, hydrations, hydrocarbon cracking, olefin
metathesis, hycb'oformylation,and olefinpolymerization.A largeportion
ofthemost significantreactionsfallintothecategory,ofhightemperature,
gas phasechemicaland petrochemicalprocesses.Microporousoxide
membranes arewellsuitedfortheseapplications.

A programisproposedtoinvestigateselectedmodel reactionsof
commercialinterest(i.e.dehydrogenationofethylbenzenetostyreneand
dehydrogenationofbutanetobutadiene)usinga hightemperaturecatalytic
membrane reactor.Membranes willbe developed,reactiondynamics
characterized,and productionprocessesdeveloped,culminatingin
laboratory-scaledemonstrationoftechnicaland economicfeasibility.

As a result,theanticipatedincreasedyieldperreactorpasseconomic
incentivesareenvisioned.First,a largedecreaseinthetemperature
requiredtoobtainhighyieldshouldbepossiblebecauseofthereduced
drivingforcerequirement.Significantlyhigherconversionperpass
impliesa reducedrecycleratio,as wellasreducedreactorsize.Both
factorsresultinreducedcapitalcosts,as wellas savingsincostof
reactantsand energy.Moreover,thecontrolled,definedreactionzone(the
membrane interface),willfacilitatethereactordesignprocessand permit
greatercontrolofreactordynamics,includingmass and heattransfer(both
ofwhichwillnow be convective,ratherthan conductive)shouldresultin
more efficientreactorcontroland design.Lower reactortemperaturesalso
implypossiblylessstringentcatalystrequirements,aswellasthepotential
tocarryoutreactionsdirectlythatwere previouslymulti-step.Becauseof
the innumerable reactions of commercial interest in the chemical process
industries fall into these categories, commercial impact could be
enormous.
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2. Technical Highlights

The reaction system of ethylbenzene dehydrogenation was modifie' to
improve its hardware flexibility and accuracy. The modified syst: 1
reproduced the previous results operated at the same reaction conditions
using I-Fe203-2 (2.03 wt% iron oxide/alumina) catalyst. In addition,
material balance was performed for the experimental results obtained thus
far. The differences in carbon and hydrogen balances between feed and
discharges range from 0.51 to 3.19% indicating the experimental results
repressed from this operating system are reliable.

A comprehensivemathematicalmodelisproposedfordescribingthe
performanceofcatalyticmembrane reactorsusingcommerciallyavailable
membranes. Thismodel iscapableofsimulatingvariousreaction
conditionsand differentreactorconfigurations,and willbe used for
optimization,scale-upand engineeringstudyinthe future.
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3. Ethyibenzene Dehydrogenation to Styrene

In our year I study, we have completed the evaluation of catalytic
membrane reactors using commercially available ceramic membranes.

• We have demonstrated a 15 to 25% conversion increase along _-ith 2 to 5%
increase in selectivity using the existing granular catalysts packed in the
membrane. The results indicated that the concept of using existing

• ceramic membrane with granular catalysts is a viable approach for the
development of catalytic membrane reactors.

In year II, we plan to continue to pursue the concept along this line,
including the use of commercial catalysts, and acquisition of kinetic
parameters for modeling. Some effort has been performed to improve the
existing hardware system and precision, which are discussed as fbllows.

3.1 Hardware Modification

The reactor system was modified to improve flexibility and accuracy
measurement. Figure 1 shows the modified membrane reactor system for
ethylbenzene dehydrogenation. The ethylbenzene saturator was replaced by
an HPLC pump because the delivery of ethylbenzene by a saturator
previously used was difficult to control. Water and ethylbenzene (liquid
phase) were directly and separately fed into the heated stainless steel tube
(as an evaporator) at 190°C in a nitrogen stream. Thus, the feeding rates of
ethylbenzene and water can be accurately controlled and measured.

Both pemneate and reject streams contain saturation levels of moisture
even 'after cooled by the chiller (5°C). In order to get an accurate
measurement of flow rate and also to protect the mass flow meter,
desiccant cells were placed before mass flow meters.

3.2 Mass Balance Confirrna_ion

After the hardware modifications described above, two additional runs
were conducted to verified the accuracy and reproducibility of the previous
experiemntal results.

The overallmaterialbalancehasbeen performedtoverifytheaccuracyof
theexperimentalresults.TablesIand 2 listtheresultsoftwo runswithI-
Fe203-2catalystat600°Cand 640°C,and withwatertoethylbenzeneratioof
1.26and 6.74,respectively.The catalystusedcontains2.03wt% Fe203doped
with4.25wt% K20. ltwas selectedforconfirmationofmaterialbalance

' although its performance was inferior to the other catalyst, I-Fe203-4,
loaded with 2.87 wt% Fe203. The differences in carbon and hydrogen

. balances between feed and discharges range from 0.51 to 3.19% indicating
the experimental results reported from this operating system are reliable.

In the Year I study, the conversion reported ranges from 20 to 25% and the
selectivity for styrene from 93 to 94% at 600°C, a higher temperature, at



640°C, the conversion was enhanced to 50 to 60% and the selectivity for
styrene was reduced to 84 to 88% with I-Fe203-2 catalyst. Additional two
runs with similar operating conditions were performed with the modified
system. The conversions and selectivities were listed in Tables 1 and 2 close
to the previous results. These experiments confirmed the reproducibility of
ethylbenzene dehydrogenation in the membrane reactor.

3.3 Preparation of Additional Fe203 Catalyst

Our resultinYear Istudyindicatesthatconversionofethylbenzene
increasedalongwiththeincreaseofironcontentfrom2.03to2.87wt%. To
evaluate,themaximum ctpabilityofthereactor,anotherbatchofion-
exchangedironoxidecatalystwitha higherironcontentwas prepared.
The preparationmethod was similartothatofI-Fe203-4describedinthe
lm treportI. The characterizationdataarelistedinTable3 alongwith
thosepreparedpreviously.The ironoxidecontentofthesecatalystsisabout
6-7wt% probablydue tothehighersurfaceareaofaluminasupportwhich
providesmore ion-exchangesites.These catalystswitha higheriron
contentmay improvetheperformanceofthecatalyticethylbenzene
dehydrogenationinthe membrane reactorand willbe usedforoptimizatior:
inthefuture.

4



4. Mathematical Modeling of Membrane Reactors

4.1 Literature Review

A mathematicalmodel forthemembrane reactorhas been developedto
simulatetheperformanceofthecatalyticmembrane reactor,ltmay
provideus a broadunderstandingofcatalyticmembrane reactorswhich

. canbe a verycostlyexercisefromtheexperimentalviewpoint.A modelcan
alsohelpus tofindoptimum reactionconditionssinceitistime-consuming
and sometimesisimpossibletovaryallreactionconditionsinthe
laboratory.Thismodeliscapableofsimulatingvariousreactionconditions
and differentreactorconfigurations,and willbe used foroptimization,
scale-up,and engineeringstudyinthefuture.

Mathematicalsimulationofmembrane reactorshas been describedinthe
literature2,3,4,5,6. They aresummarizedinTable4. None ofthesemodels
can describea membrane reactorpracticalforfieldoperation.Backmixing
offlowcouldexistina membrane reactor,especiallyintheshellsidesince
thereisno catalystpacking.In a dehydrogenationreaction,totalpressures
intheshelland tubesideswillchangealongthetubularmembrane reactor
resultingfrom hydrogengeneration.

This mathematical model attempts to describe a general flow pattern in
both tube and shell sides through the incorporation of dispersion
coefficients. In addition, the local total pressures (both tube and shell
sides) are described as a function of the sum of all components. Shell side
can be operated with or without inert purge.

4.2 Material Balance

The model is established with the following assumptions:

• Ideal gas.
® Knudsen diffusion without interactions between components.
• Isothermal condition.
® Steady state.
° Controlling mas transfer resistance: residing in the permselective

layer.
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Mass balanceforthemembrane reactorisdescribedwith

Rateof(input-output)= Rate of(permeation+ reaction)

The reactionrateisdescribedasfollows:

Reactionrate= (Specificrate)x (drivingforce)

Ea
Specificrate= ko'*exp(-_-_)

Pi+!e_.Pi+2)
driving force = (Pi" Kp

Equations for the tube and shell sides are listed as follows:

Tu he Si de:

dc1 , _ dcl
_rl2.[(-Dl_l z - _-ul_l z+Az)]+ _r12*[NzIz- N11z+az]

, Ea P2"P3
= 2_rlAz*KI'(PI-PI')+ _rlZ®Az®k0"exp('_-_)'(Pl"Ep ) [1]

dc2 dc2 I
=r12"[(-D_l z- (D_ z+az)] + =rl2"[N21z N21z+az]

Ea p2_pP3)= 2_rlAz'K2"(P2-P2')-_rl_'Azok'ooexp(-_'-_)'(P2" [2]
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, _._......... _..,,.,_ ................ , .................. L.......... ,,,i ........ _,,.,

_, _. dc3 dc3
_rl2.t_-_3_lz (.D3T-_-dzIz+_z)] + _rl2.[N31z - N31z+_z]

, Ea P2°P3.
• = 2_rlAz°K3°(P3 - P3')- _rl 2°Az°k o®exp(_--_)°(P3" _) [3]

" D dc4 dc4_r12*[( - 4T-_I z - (-D4T_[ z+_z)] + _:rI2*[N4lz" N41z+_z]

= 2_rlAz'K4"(P4 - P4') [4]

Shell Side:

dc'l dc'l
(_r2 2" _rl2)'[(-D_l z- (-DI_I z+az)] +

(_r22 "_r12) • [_l'l iz- N'I Iz+_.] =- 2nrlAz'Kl°(P1- Pl') [5]

.._. dc'2 ._. dc'2,
(_r22- _r12)" LL-I)2S-_ Iz- _-z_2_, z+Az)]+

(_r22- xrl2) ° IN'2 Iz- N'2 Iz+5_] =- 2_rlAz°K2°(P2- P2') [6]

C !d 3 , _. dc'3,
(_r22- _r12)*[(-D3_] z- _-zJ3_, z+az)] +

(_r22" _r12) ° [N'3 Iz - N'31 z+az] = - 2grlAz°K3°(P3 - P3') [7]

C !d 4 ._. dc'4
(_r22" xr12)°[(-D4_l z" L'J_4S-d'dz I z+Az)] +

(_:r22 - grl2) • IN'4 Iz- N'4 ]z+ziz] =- 2_:rlAZ°K4"(P4" P4') [8]

' Where i = 1 ethylbenzene
i = 2 styrene
i- 3 hydrogen

' i = 4 diluent (water or nitrogen)

Material balance for the diluent (water or nitrogen) is described with
equations 4 and 8.



4.3 Mathematical Model Devel_opment

When Az approaches 0,

P2"P3
D1T .d2P1 &Ni 2Kl,(p1.pf)" ko'(Pi -_) = 0 [9]"-_Y---_- + 'a?" r-q-

P2*P3

D2T ,d2P2 dN2 2K,_®(p2.p2,)+ k0*(P2"---_---)=0 [1.0]"-_- -a_z=+-_I:_" n

• P2"P3
D3T d2P3 dN3 2K3 (P3"P3') + ko'(P3 ----_- ) = 0 [11]"'-RY-"-_-+'_ " rl

D4T d2P4 tiN4 "_*(P4-P4') = 0 [12]".-frf _ +-a?" rl

_he!l side:

DiS d2P1 ' dNf 2Klri *(PI-Pf) = 0 [13]
"_-_'" "d'_- + _'z + r22_ 12

.R_.d2P2 ' dN2' 2K2rl ®....dz2 + _ + r22 .----_ (P2-P2') = 0 [14]

Dssd2P3 ' dN3' 2I_rl
"R_--:_-' +_ . r-z_:r_2.(P_'P3')=o t_5]

D4S d2P4 ' dN4' 2K4rl •
-_-_-"_ + _ + r22----?_12(P4-P4')= 0 [16]

The relations between partial pressures and molar fluxes are
described in equations 17, 18, 19, and 20.



L

N1 ),p,
Tubeside: PI = (_'_ _ [17]

N2 _,p,
P2 = (_-_2 j _ [18]

N3 ),p,
Ps = (_ . [19]

N4 ),p.
P4 =(_ , [20]

. Ni' .
Shel]_sid_ Pl'= [_-"U_.,)"Pt [21]

N2'
P2 = (=.-VT,)°Pt [22]

l N2

N3' .
P3'= t-- ,)*Pt [23]

)iNs

,N4 _
P4'= _-'-_'_,.;"rt [24]

The local total pressure change along the reactor can be described by:

dPt Pt ,dN1 dN2 dN3 dN4
-- = +d?) [25]
dz _°'"_- +-a¥ +

Shellside:

dPt' Pt' .dN1' dN_ dN3' dN4'.
dz - *[-_ +-_-z + _ +_) [26]

, _"_Ni'

The above analysisyields18 differentialequationswith 18 dependent
' variables,i.e.:

Tube side :NI, N2, N3, N4,PI,P2, P3,P4,Pt

9



! ! !

Shell side • NI', N2', Ns', N4, Pl, P2 , P3', P4', Pr'

and 18 boundary conditions as follows:

NI = NlO (known value) at z=0

N4 = N40 (known value) at z=0

N2, N3 = 0.0 at z---0

Ni', N2', N3', N4 '= 0.0 at z=0

P1 = P 10 (known value) at z---0

P4 = P40 (known value) at z---0

P2, P3 =0.0 at z=0

Pl', P2', P3', P4' = 0.0 at z=0

Pt = PtL (known value) at z=L

P't = P'tL (known value) at z=L

where

Pi" tube side pressure (atm)
Pi" shell side pressure (atm)
Ni" molar flux on tube side (mole/m2/sec)
Ni" molar flux on shell side (mole/m2/sec)
rl: inside radius of tube (m)
r2: inside radius of shell (m)
DiT: tube dispersion coefficient of component i in mixture(m2/sec)
Dis: shell dispersion coefficient of component i in mixture(m2/sec)
ci: tube side concentration (mole/m 3)
c i" shell side concentration (mole/m 3)
Ki: Knudsen permeability (mole/m2/atm/sec)
k'o: rate constant (mola/m3/atm/sec)
ko: rate constant at given temperature (mole/m3/atm/sec)
Ea: activation energy of reaction (Kcal/mole)

PH2*Psty
Kp: equilibrium constant (atm) = Pcb
Pr: tube side total pressure (atm)
Pr': shell side total pressure (atm)
R: gas constant (cal/mole/K or, atm-m3/mole/K)

10



For Knudsen permeability:

 800
2"r3"S._ O* T [27]

' Ki 3*_*R,T*L _*Mi

where

Mi: molecular weight (g/mole)
r3: pore radius (m)
R: gas constant 8.313 (Pa-m3/mole/K)

£p: porosity

I;: tortuosity
L: thickness of membrane layer (m)

4.4 Future Work

Future work will be focused on the following areas:

• Establish the FORTRAN program
• Simulation study
• Equations of Energy balance
• Engineering analysis and filed application

11



Table1
Mass Balance for Ethy_ne Dehydrogenation in Membrane _tor
(25 cm, 40,/k membrane packed with 8.619 g I-Fe203 -2 catalyst at 600°C)

r

Exugrimental

__ Permeate °
Press.(psig) 2.8 1.1 1.1

Flow Rate
Ethylbenzene 4.2381 2.6885 0.5122

Styrene 0.0 0.8645 0.0929

Toluene 0.0 0.0386 0.0081

Benzene 0.0 0.0325 0.0113

Hyd roge n 0.0 1.2,369 0.1083

Methane 0.0 0.0756 0.0075

CO 0.0 0.0202 0.0048

C02 0.0 0.2410 0.0467

H20 11.1111 11.6670 0.0022

EB/H20- 1.26

Flow Rate _ ]__ Permeate _ difference
(mmole/min)

C 33.9048 2922£_ 5.0249 1.02

H 64.6032 60.4152 6.2496 3.19

o

Conversion = 24.5%
Selectivity for styrene = 92.3%

2.2321 mmole/min nitrogen was fed with ethylbenzene.

12



Table 2
Mass Balance for EthyIbeuzene Dehydrogenation in Membrane Reactor
(25 cm, 40_ membrane packed with 8.619 g I-Fe203-2 catalyst at 640°C)

t

Experimental Ci_.._._
q,

Press.(psig) 3.3 1.1 1.8

(mmole/min)
Ethylbenzene 42..55 1.905 0.352

Styrene 0.0 1.503 0.242

Toluene 0.0 0.087 0.084

Benzene 0_} 0.074 0.050

Hydrogen 0.0 2.460 0.252

Methane 0.0 0.184 0.034

CO 0.0 0.078 0.014

CO2 0.0 0.542 0.069

H20 28.667 25.600 2.330

_O_e- 6.74 .

Balance

Flow rate _ Reject _ _ differeIlr_
(mmole/min)
C 34.040 29.121 5.407 1.43

H 99.890 89.070 11.328 0.51

!

Conversion = 47.0%
. Selectivity for styrene = 87.0%

2.2321 mmole/min nitrogen was fed with ethylbenzene.

13
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Table 3:

Characteristics of Iron Oxide/Alumina Catalysts
.... ii i ii ii, iml ii i- ,, , .,= i ,i i ii iii,.,., ,, --

r

Temperature K Fe S.A. Phase
Sample (°C) (wt%) (wt%) (M2/g)

LFe203-3 800 0.00 3.55 167.7 T-alumina

I-Fe203-4 800 5.74 2.87 132.5 T-alumina

I-Fe203-5 800 0.00 6.72 168.5 T-alumina

I-Fe203-6 800 5.95 6.12 156.4 T-alumina,,, Illl I ,I_I 111111 ...... ; .........

m
o •

i
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Figure 1 :

Modified Reaction System for Ethylbenzene Dehydrogenation
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