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1. Abstract of Program

Current state-of-the-art inorganic 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, hydroformylation, and olefin polymerization. A large portion
of the most significant reactions fall into the category of high temperature,
gas phase chemical and petrochemical processes. Microporous oxide
membranes are well suited for these applications.

A program is proposed to investigate selected model reactions of
commercial interest (i.e. dehydrogenation of ethylbenzene to styrene and
dehydrogenation of butane to butadiene) using a high temperature catalytic
membrane reactor. Membranes will be developed, reaction dynamics
characterized, and production processes developed, culminating in
laboratory-scale demonstration of technical and economic feasibility.

As a result, the anticipated increased yield per reactor pass economic
incentives are envisioned. First, a large decrease in the temperature
required to obtain high yield should be possible because of the reduced
driving force requirement. Significantly higher conversion per pass
implies a reduced recycle ratio, as well as reduced reactor size. Both
factors result in reduced capital costs, as well as savings in cost of
reactants and energy. Moreover, the controlled, defined reaction zone (the
membrane interface), will facilitate the reactor design process and permit
greater control of reactor dynamics, including mass and heat transfer (both
of which will now be convective, rather than conductive) should result in
more efficient reactor control and design. Lower reactor temperatures also
imply possibly less stringent catalyst requirements, as well as the potential
to carry out reactions directly that were previously multi-step. Because of
the innumerable reactions of commercial interest in the chemmical 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 con.itions
using I-Feg03-2 (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
reported from this operating system are reliable.

A comprehensive mathematical model is proposed for describing the
performance of catalytic membrane reactors using commercially available
membranes. This model is capable of simulating various reaction
conditions and different reactor configurations, and will be used for
optimization, scale-up and engineering study in the future.



3. Ethylbenzene 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 with 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 follows.

3.1 Hardware Moditication

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 permeate 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 Confirmation

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

The overall material balance has been performed to verify the accuracy of
the experimental results. Tables 1 and 2 list the results of two runs with I-
Feo03-2 catalyst at 600°C and 640°C, and with water to ethylbenzene ratio of
1.26 and 6.74, respectively. The catalyst used contains 2.03 wt% Fez03 doped
with 4.25 wt% K20. It was selected for confirmation of material balance
although its performance was inferior to the other catalyst, I-Fe2O3-4,
loaded with 2.87 wt% Feg03. 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
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640°C, the conversion was enhanced to 50 to 60% and the selectivity for
styrene was reduced to 84 to 88% with I-FegO3-2 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 result in Year I study indicates that conversion of ethylbenzene
increased along with the increase of iron content from 2.03 to 2.87 wt%. To
evaluate the maximum c pability of the reactor, another batch of ion-
exchanged iron oxide catalyst with a higher iron content was prepared.
The preparation method was similar to that of I-Fea03-4 described in the
la:t reportl. The characterization data are listed in Table 3 along with
those prepared previously. The iron oxide content of these catalysts is about
6-7 wt% probably due to the higher surface area of alumina support which
provides more ion-exchange sites. These catalysts with a higher iron
content may improve the performance of the catalytic ethylbenzene
dehydrogenation in the membrane reactor and will be used for optimization
in the future.



4. Mathematical Modeling of Membrane Reactors

4.1 Literature Review

A mathematical model for the membrane reactor has been developed to
simulate the performance of the catalytic membrane reactor. It may
provide us a broad understanding of catalytic membrane reactors which
can be a very costly exercise from the experimental viewpoint. A model can
also help us to find optimum reaction conditions since it is time-consuming
and sometimes is impossible to vary all reaction conditions in the

- laboratory. This model is capable of simulating various reaction conditions
and different reactor configurations, and will be used for optimization,
scale-up, and engineering study in the future.

Mathematical simulation of membrane reactors has been described in the
literature?,3,4,5,6, They are summarized in Table 4. None of these models
can describe a membrane reactor practical for field operation. Backmixing
of flow could exist in a membrane reactor, especially in the shell side since
there is no catalyst packing. In a dehydrogenation reaction, total pressures
in the shell and tube sides will change along the tubular membrane reactor
resulting from hydrogen generation.

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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Z Z+AZ
Mass balance for the membrane reactor is described with
Rate of (input - cutput) = Rate of (permeation + reaction)
The reaction rate is described as follows:

Reaction rate = (Specific rate) x (driving force)

E
Specific rate = ko"exp(-ﬁ'%)

Pi,1°P;
driving force = (P;- "r‘lj'{p—l't'z“)

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

Ttr12°[(-D1'rc‘l§zl| z- (-Dm%%l z+Az)] + Tr12e[N1lz - Nilz4az)
= 2nr1Az°K1°(P1-P1) + urﬁ‘Az‘k'yexp(-%)' (P;- 2%{:5.3.)
1rr12'[(-D2'r%(;gl z- (-DzT%%lzmz)] + 7r120[N2 |z - Nalzia0l
= 2nriAzeKoe(Pg - Pg') - er""AZ'k'o'eXP(-%ﬁ(Pw ?gK“_pfg)

(1]

(2]



des d
nr12[(-D3Tg ol - (Dargel zean)] + 7T124INg |z - N3l zrac]

= 2nriAzeKge*(P3 - P3') - 1:!’12'Az°ko°exp(-RT)°(P3‘ P2K:)3)

dey d
nry2e[(-Dyr3 Tdz lz - (-D4’I‘ac'£ | z4+42)] + 1r120[Ng 1z - Nglzia]

= 2nr1Az*K4* (P4 - P4)
Shell Side:
dc'y

(nre? - nri2)e[(- Dls(—i—-l z" (-Dls——l z+Az)] +

(nre2 - mr12)e [N'1ly - N'plzeaz] =- 2rr1az0Kpo(Py - Py)

dc'e dc'g
(mrg? - nr12)e[(-Des g, 2|, - (D2S‘£—|z+Az)]+

(rro2 - nri2)e [N'gly - N'glziaz] = - 2nr1Aze Koo (Pg - Ps')

dc's de's
(rro2 - nr12)*[(Dag oz - (D3S“9“'z+Az)] +

(rro2- nr12)° [N'glz - N'glz4az] =- 2nriAzeKae(Pg - P3')

dc'y dc'y
(nrz? - wr)e[(Das gt |z - (Dasgo es)] +

(rg2 - mr12)e [(N'gly - Nglzeas] =- 2011420 K42 (Py - Py)

Where ethylbenzene
styrene
hydrogen

diluent (water or nitrogen)

bde pbe e bt
LU I I

0O

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

(3]

[4]

(5]

[6]

(7

(8l



il
- |

4.3 Mathematical Model Development

When Az approaches 0,

Tube side:

%%—- d:::l+% 2K1°(P1 P1') - koo (P; - 21@;:’3 )=0 %)
%2',11: d;:;z dﬁz 2K‘,"(Pz P2') + ko* (P2 E‘é?” )=0 [10]
Do Ee O B py g+ oo Py 2020 [11)
1%::11: d:;'; + %N; 2K4°(P4'P4) 0 [12]
Shell side;

II;.'IIS d;f; * dlczlqzl' * rizK~uz:112°(P1”P1') =0 1)

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



Tube side: P = (EN )Py (17)

ZN o) Pt (18]

ZN UMY’ [19)

Py = (ZN )Py [20]

Shell side: Py’ -(ZN )e Py [21]
Py = (“'i"ﬁ",)‘P' [22]

Py = (§§'3,> [23]

ZN )ePy [24]

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

dPt Py dNj dN2 dN3 dN4
ZNI (& Y& &z Y3z [25)

Shell side:

dFt Py 4Ny sz dNg' dNg'
ZN' ‘gz &z tTdz tdz ) [26]

The above analyf-ns yelds 18 differential equations with 18 dependent
variables, i.e.:

Tube side :Nj Ng, N3, Ny, Py, P2, P3, Py, Pt



—r

Shell side : Ni', Ng', N3', N4, P1', P2', P3', P4, Py

and 18 boundary conditions as follows:

Nj = N10 (known value) at z=0
N4 = N4o (known value) at z=0
N2, N3=0.0 at z=0
Ny', No', N3', Ng' = 0.0 at z=0
P; = P10 (known value) at z=0
P4 = P4o (known value) " atz=0
Py, P3=0.0 at z=0
Py, Po', P3', P4 = 0.0 at z=0
P; = P¢1, (known value) at z=L
P'y = P'y, (known value) at z=L
where
P;: tube side pressure (atm)
Pi': shell side pressure (atm)
N;: molar flux on tube side (mole/m2/sec)
N;': molar flux on shell side (mole/m2/sec)
ri:  inside radius of tube (m)
ro:  inside radius of shell (m)-
D;7: tube dispersion coefficient of compenent i in mixture(m?2/sec)
Dis: shell dispersion coefficient of component i in mixture(m?/sec)
ci: tube side concentration (mole/m3)
c¢i': shell side concentration (mole/m3)
K;; Knudsen permeability (mole/m2/atm/sec)
k'o: rate constant (mole/m3/atm/sec)
ko: rate constant at given temperature (mole/m3/atm/sec)
Ep: activation energy of reaction (Kcal/mole)
' PHo°P
Kp:  equilibrium constant (atm) =““I%“;'b'§'§x
Py tube side total pressure (atm)
Py: shell side total pressure (atm)
R: gas constant (cal/mole/K or, atm-m3/mole/K)
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For Knudsen permeability:

2erge
Ky = ——— % _._ [s000eRe

3eToReTeL TeM;

[27)

M;: molecular weight (g/mole)

r3:  pore radius (m)

R: gas constant 8.313 (Pa-m3/mole/K)
€p:  porosity
T

L

tortuosity
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



Table 1

Mass Balance for Ethylbenzene Dehydrogenation in Membrane Reactor
(25 cm, 40A membrane packed with 8.619 g I-Fe203 -2 catalyst at 600°C)

E : tal Condifi
Press.(psig) I":‘?e%d Bl'e{m Bﬁﬁem
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
Hydrogen 0.0 1.2369 0.1083
Methane 0.0 0.0756 0.0075
CO 0.0 0.0202 0.0048
CO2 0.0 0.2410 0.0467
H20 111111 11.6670 0.0022
EB/H20 = 1.26
Material Balance
o Rate | Feed Reject Permeate % difference
C 33.9048 29.2263 5.0249 1.02
H 64.6032 60.4152 6.2496 3.19
Results

Conversion = 24.5%
Selectivity for styrene = 92.3%

2 2391 mmole/min nitrogen was fed with ethylbenzene.



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

Experimental Condition

Press.(psig) %Q%d %ﬁiﬁﬂ Bemlngm&
(mmole/min)
Ethylbenzene 4.255 1.905 0.352
Styrene 0.0 1.503 0.242
Toluene 0.0 0.087 0.054
Benzene 0.0 0.074 ¢.050
Hydrogen 0.0 2.460 0.252
Methane 0.0 0.184 0.034
CoO 0.0 0.078 0.014
CO2 0.0 0.542 0.069
H20 28.667 25.600 2.330
EBMH20 = 6.74
Material Balance
Flowzale Feed Reject Permeate % difference
C 34.040 29.121 5.407 143
H 99.890 89.070 11.328 0.51

Results

Conversion = 47.0%
Selectivity for styrene = 87.0%

2 9321 mmole/min nitrogen was fed with ethylbenzene.



Table 3:
Characteristics of Iron Oxide/Alumina Catalysts

Sample

I-Feg03-3
I-FegO3-4
I.-Fe203-5

I-Feg03-6

Temperature
°C)

800

g 8 8

K

(wt%)

0.00

5.74

0.00

5.95

Fe
(wt%)

3.55
2.87
6.72

6.12

S.A.
M2/g)

167.7
1325
168.5

156.4

Phase

v-alumina
v-alumina
v-alumina

v-alumina
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Figure1l:

Modified Reaction System for Ethylbenzene Dehydrogenation
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