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ABSTRACT

Two different catalysts, Rh(0.6% wt/wt)/La,05(27% wt/wt)-SiO, and Pt(0.6% wt/wt)/
La,03(27%)-Si0,, were tested in the WGS reaction. Their performances were first studied in
a conventional fixed-bed reactor. Their activities were similar and they were both very
stable. However, as Pt(0.6)/La,03(27)-SiO, showed a much higher selectivity to the desired
reaction, the performance of a membrane reactor employing this catalyst was studied. The
effects of the H,O/CO ratio, space velocity, sweep gas flow rate and size of the catalyst
particle on CO conversion and H, recovery were studied at laboratory scale under
isothermal conditions. A 1-D heterogeneous model was developed in order to properly
reproduce the experimental results obtaining good agreement between the simulation
results and laboratory data. The experimental and theoretical results confirm the existence
of significant external mass-transfer limitations in the fluid-particle interface for these
very active formulations.
Copyright © 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

Oxidation (CO-PrOx) to avoid poisoning of the PEM fuel-cell
anode catalyst. Since the WGS reaction rate is slower than

Hydrogen production has been extensively studied in the
last two decades as a key element of the energy matrix.
Hydrogen is industrially obtained from the steam reforming
of natural gas or heavier hydrocarbons. In the case of fuel
cell applications, this hydrogen stream needs to be purified
by means of the water gas shift reaction (WGSR) usually
conducted in one or two steps, and CO Preferential
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the other reactions involved in the steam reforming process,
and is limited at high temperatures by the thermodynamic
equilibrium, the WGS reactor is the largest and heaviest
process component [1]. A similar situation occurs in the case
of fuel processors used to produce pure H, in situ to feed a
PEM fuel cell [2]. An attractive alternative is to conduct the
WGSR in a membrane reactor (MR), using only one vessel to
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obtain ultrapure hydrogen. In this work, a commercial dense
Pd membrane is used to obtain pure H, (<10 ppm CO)
reaching conversion values above equilibrium. In order to
increase the permeation through the membrane, a sweep
gas (SG) stream (i.e. Argon) is employed. In a practical
application, the sweep gas should be overheated steam to
facilitate separation.

Ma and Lund [3] suggested that the reaction rate is the
rate-limiting step in a membrane reactor operating
adiabatically where the WGS reaction is carried out at high
temperatures using catalysts based on Fe/Cr. For this
reason, in recent years numerous papers have been pub-
lished concerning the development of more active catalysts.
A key factor is the stability of the well-performing supported
noble metal formulations shown in the current literature.
Several studies have been published concerning the use of Pt
catalysts in the WGSR but only a few of them include sta-
bility data [4]. Panagiotopolou and Kondarides have reported
that Pt/TiO,, Pt/CeO, and Pt/Ce0,—TiO, catalysts display a
strong metal support interaction, showing the best perfor-
mance. As a matter of fact, few papers provide data about
deactivation of WGS catalysts. Concerning this point, a
recent review [5] highlights the need to report relevant
deactivation data of promising catalysts to evaluate their
practical use. Bi et al. [6] performed the WGS reaction cata-
lyzed by Pt/Ceo6Z1040, in @ membrane reactor employing a
supported palladium membrane with a thickness of 1.4 um.
The authors emphasized the development of catalysts with
faster kinetics than the commercial formulations. Although
their catalyst complied with this condition at temperatures
above 623 K, no data were provided about its stability-
deactivation behavior. Note that the minimum tempera-
tures at which the Pd membrane can efficiently operate are
623—673 K. At lower temperatures, the strongly adsorbed CO
reduces the H, flow through the membrane, while higher
temperatures affect its durability.

Most theoretical studies focused on membrane reactors
for the WGS have proposed isothermal mathematical
models [7—-9]. However, when higher reactor scales are
under consideration, the thermal effects should be taken
into account [10—12]. All these isothermal and non-
isothermal models assume negligible mass-transfer re-
sistances on the gas—solid interface. Certainly, the use of
pseudohomogeneous mathematical models is appropriate
to reproduce experimental results when the controlling
step is the catalytic reaction. However, for other operating
conditions (e.g., in the presence of high catalyst activities
and/or for the typical low process flow rates used at labo-
ratory scale) the influence of the mass transfer limitations
should be taken into account by means of heterogeneous
models.

The aim of the present study was to develop a heteroge-
neous approach to model the behavior of a lab membrane
reactor using a very active noble metal supported formulation.
Newly developed Rh [13] and Pt catalysts — active, selective,
stable and non-carbon forming — were used in the membrane
reactor. The influence of the main operating and design var-
iables (space velocity, sweep gas flow rate, catalyst particle
diameter) on the CO conversion and H, recovery in the
membrane reactor was analyzed.

2. Experimental
2.1. Catalyst preparation

The La,05-SiO, support was prepared by incipient wetness
impregnation of SiO, with lanthanum nitrate (Anedra). The
SiO, (Aerosil 300) employed in the solid preparation was pre-
viously calcined at 1173 K. The solids were calcined at 873 K.
After calcination the load of lanthanum given as La,0O3; was
27 wt%. The Pt and Rh supported catalysts were prepared by
incipient wetness impregnation using Pt(NH3)s-Cly-H,0
(Strem Chemicals, Inc., 99.95%-Pt) and RhCl;-6H,O (Alfa
Aesar, 99.99%) as precursors. The samples were kept at room
temperature for 4 h and then dried at 343 K overnight. The
apparent densities of both catalysts were the same: 0.5 g/cm?®.

Prior to use, both catalysts were ground to a particle size
lower than 20 um (verified by SEM). In the Pt containing
formulation, in order to obtain larger catalyst particles
(230 um), the solid was pressed and sieved to the required size.

2.2. Catalyst characterization

The fresh-reduced and used (after exposure to WGSR condi-
tions) catalysts were analyzed by X-Ray Diffraction (XRD)
using an XD-D1 Shimadzu instrument and Cu Ko radiation at
30 kV and 40 mA. The scanning rate was 1.0°/min for values
between 26 = 10° and 60°. BET surface areas (S;) were
measured by N, physisorption at its boiling point in a Micro-
meritics Accusorb 2100 E sorptometer.

The Raman spectra of fresh and used solids were recorded
using a LabRam spectrometer (Horiba-Jobin-Yvon) coupled to
an Olympus confocal microscope (a 100x objective lens was
used for simultaneous illumination and collection), equipped
with a CCD detector cooled to about 200 K using the Peltier
effect. The excitation wavelength was in all cases 532 nm
(Spectra Physics diode pump solid state laser). The laser power
was set at 30 mW.

2.3. Catalytic measurements

2.3.1. Conventional fixed-bed reactor

Catalytic measurements were conducted in a conventional
flow system isothermally operated at atmospheric pressure.
The tubular quartz reactor had an inner diameter of 9.5 mm,
the same as the membrane reactor. The feed stream gas
mixture was made up of CO (Linde, 2.3), H,O (distilled) and Ar
(Indura S.A., 5.0). CO and Ar were controlled using MKS mass
flow controllers, while the steam was generated in a preheater
fed with water from a syringe pump (Apema S.R.L.) at the
desired flow rate. The reaction temperature was controlled
through a thermocouple placed inside the catalyst bed. The
catalysts were heated in Ar at 673 K at a rate of 1.5 K min™?,
afterward they were reduced in flowing H, (Indura S.A., 5.0) at
the same temperature for 2 h. The reaction was carried out at
673 K and the feed stream gas mixture was made up of CO and
H,0 (H,0/CO = 2-3). The reactor was operated in both dif-
ferential and integral modes. The gases leaving the reactor
flowed through an ice-cooled trap and a tube packed with
silica gel to remove water before the gas chromatographic
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analysis. The feed and product streams were analyzed with a
Shimadzu 9A thermal conductivity detector (TCD) gas chro-
matograph equipped with a Hayezep D column for the com-
plete separation of the gaseous components.

2.3.2.  Membrane reactor

The reaction was carried out using a double tubular mem-
brane reactor isothermally operated at 673 K and atmospheric
pressure (Fig. 1).

The membrane reactor was built using a commercial dense
Pd—Ag alloy (inner tube, 50 um thick) provided by REB
Research and Consulting, with one end closed and an inner
tube to feed sweep gas, i.e. Ar. The outer tube was made of
commercial non-porous quartz. The catalyst was packed in
the annular region. The design parameters are shown in Table
1. The membrane was 100% selective, so only hydrogen was
detected on the permeate side, even after several hundred
hours on stream under reaction conditions.

3. Mathematical model

A heterogeneous 1-D model was selected to represent the
steady state operation of the laboratory membrane reactor.
Under these conditions, the modeling of MRs presents inter-
esting challenges because of the coupling of H, selective
diffusion through the membrane with chemical reaction and
mass transfer in the gas—solid interface.

The following assumptions were made: isobaric and
isothermal conditions; axial dispersion phenomena are
neglected; temperature and composition gradients in the
radial coordinate are also neglected. Unlike all previous
modeling studies about WGSR in membrane reactors [5], the
gas—solid mass transfer resistances were taken into account.
Due to the non-porous nature of the catalyst support, the in-
ternal mass transfer resistances were neglected. Only H,
permeated (100% selectivity).

A)

Table 1 — Design parameters and operating conditions of
the membrane reactor.

Design parameters Operating conditions

L 73mm We 150 mg H,0/CO 2-3
Ly, 70mm Winer 5000 mg e 0—200
N ml min—?!
die 3.2mm d, 20 or 230 um Pressure 1 atm
ds 9.5mm Membrane 7.0 cm? Temperature 673 K
area

Consistent with these assumptions, the governing equa-
tions for the retentate and permeate sides are given below:

Retentate side (shell side):

Mass Balances

Gas phase:

dx A
dzco = ?ZO kg.coﬂu (pco - pio)

us
where  Ar =7 (ds2 - dfe)
Solid phase:

(3)

py Tco (BF) = Rg.cou (Pco — PZo)

where : 4)

The reaction rate in Eq. (3) is evaluated at the partial pres-
sures corresponding to the catalyst surface. Considering the
reaction stoichiometry and the permeated hydrogen flow rate,
the fluid-phase compositions of all components involved in
the reaction are,

s Jh,

Hy

Ar

a

co PN

"~ Al
6 o
% 3 2 ] [IP|dte = 3.2 mm
{4 [
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> FT,
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6 70 mny 1 ¢
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1-Syringe pump 3
2-Vaporizer

3-Buble Flow meter
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Retentate
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Fig. 1 — A) Flow sheet of the reaction system. B) Membrane reactor SG (sweep gas).
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Once the molar fractions are estimated for the fluid phase,
the surface partial pressures of all components are:

k
Pi,0 = PH0 — k;% (Pco — Do) ©)
s kyco s
Peo, = Peo; T~ (Peo ~ Peo) (10
S kaCO S
Pu, =Pu, + m (Pco — PZo) (11)

The mass transfer coefficients are calculated employing
correlations obtained from the literature [14]:

0.357Re;°-359c

~ousoip 3 <Rep< 2000 12)

9.1 =

Permeate side (tube side):
Mass Balances

dF
% = wdiJu, (13)

Boundary conditions:

Fi:Fio I:OI'I.::I.7 2,N
Atz=0{ T=T,=Tp (14)
Fu,p = 0; Fsc#0

Surface partial pressures are obtained by iteratively solving
the set of algebraic equations using the Broyden method [15].
At the same time, both the CO conversion and the permeated
hydrogen flow rate were obtained integrating the differential
Egs. (1 and 13) by means of the Gear algorithm [16].

The design parameters and the operating conditions used
in the simulations are shown in Table 1.

4, Results and discussion
4.1. Stability tests

The stability tests for the Pt(0.6)/La,05(27)-SiO, catalyst were
performed in the conventional fixed bed reactor at 673K, 1 atm,
H,0/CO = 2-3, d, = 20 pm and GHSV = Fp/
W=6.7 x 10°ml g~*h~*. This high space velocity was required
to eliminate external mass transport limitations [13]. As shown
in Fig. 2, Pt(0.6)/La,03(27)-SiO, was stable for at least 50 h on

_ 0.0250

s

1S

"o 0.020} H,0/CO=2

) g

g L EVSRE MNP A8 RER SR SR RRRER

8 0.015
Pt(0.6)/La,0,.SiO,
F,/W=6.7x10"mig" h"

0.0104

0 5 10 15 20 25 30 35 40 45 50
TOS (h)
Fig. 2 — Stability test for the Pt(0.6)/La,03(27)-SiO, solid

(d, = 20 um) at 673 K at different H,0/CO ratios, Fr,/
W =6.710°mlg *h™*, P = 1 atm.

stream. The reaction rate values were 0.028 mol g~ min™*

(H,0/CO = 3) and 0.018 mol g~* min~? (H,0/CO = 2).

The stability of the Rh(0.6)/La,03(27)-SiO, catalyst was re-
ported in a previous work [13]. This solid showed a constant
reaction rate of 0.0165 mol g~ * min~* with H,0/CO = 3 for the
same period on stream, under similar reaction conditions.

4.2. Catalyst characterization
The XRD pattern of fresh Pt(0.6)/La,03(27)-SiO, (Fig. 3) shows

broad peaks centered around 2¢ = 28° and 45° (extremely
weak) which correspond to the lanthanum disilicate phase

Pt(0.6)/La,04(27).Si0,

Ne
St @250, , lSsiO,

. used catalyst

Intensity (a. u.)

fresh (reduced) catalyst

Ecalcined SiO,

. R . 1 ; 1 .
10 20 30 40 50 60
20

Fig. 3 — XRD patterns for the fresh and used Pt(0.6)/
La,05(27)-SiO, catalysts (after being on stream at
T = 673 K, P = 1 atm and H,0/CO = 3).
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La,Si,0y, as previously reported by Vidal et al. [17]. Note that
the diffractograms of the freshly prepared catalysts and after
use in WGSR are very similar; however, slightly different in-
tensities of the peaks are displayed.

The pattern of the calcined SiO, shows a broad peak
approximately at 26 = 23°. This peak can be observed in the
XRD pattern of the fresh and used catalysts. Therefore, both
the La,Si,O; and SiO, phases are observed in the Pt(0.6)/
La,03(27)-Si0O, catalyst. In a previous work [13], the Rh(0.6)/
La,05(27)-SiO, solid contained the same La,Si,0,-SiO, phase
which remained unchanged after the WGS reaction.

The Raman spectrum of the used Pt(0.6)/La,03(27)-SiO,
catalyst (not shown) does not show any bands corresponding
to the presence of either graphitic residues, carbonates or
formates. Since the La,Si,O; phase shows very low cris-
tallinity (Fig. 3), it does not have Raman active bands.

The Raman spectrum of the used Rh(0.6)/La,03(27)-SiO,
catalyst reported the presence of small amounts of graphitic
carbon [13]. Note that these tiny amounts of carbon, unde-
tected by TGA, do not affect the high stability of this
formulation.

4.3. Conventional fixed-bed reactor

Both the Rh(0.6)/La,03(27)-SiO, and the Pt(0.6)/La,03(27)-SiO,
solids were evaluated in a conventional fixed-bed reactor
under space velocities similar to those used in the membrane
reactor (GHSV = 6—24-10° ml g~ h™%). The reaction was car-
ried out at 673 K and the feed stream gas mixture was made up
of CO and H,0 (H,0/CO = 3).

Fig. 4 shows that the Pt(0.6)/La,03(27)-SiO, catalyst is
highly selective to the WGS reaction, while the Rh(0.6)/
La,05(27)-Si0, solid presents a significant selectivity to
methane. Note that the selectivity to methane of the platinum
catalyst is negligible. Particularly, at the lowest space velocity,
the Pt(0.6)/La,03(27)-SiO, catalyst shows a high selectivity to
the WGSR (Swes = 99.8%) while the Rh(0.6)/La,05(27)- SiO, solid
does not (Swgs = 82.1%). Due to the high activity of the Pt
catalyst, the CO conversion is close to the equilibrium value

100F
,,,,,,,,,,,,,,,,,,,,,,,,, 430
'R S Qiriiiiiiiiiii $
Pt(0.6)/Lag03(27).8i05 |25
;\3 80 g XCO” [ 4 SCHA
=~ 42
s o Rh(0.6)/La03(27).Si0, 0 .
@ ' Lo X, X
g <> co’ O SCHA 115 S-E:r
g 6or o o
9 T 10
9 " > ‘o A
40t 1°
@ P @y Loy e >0
5.0x10° 1.0x10* 1.5x10* 2.0x10* 2.5x10*

-1 -1
F. /W ((mlg h")

Fig. 4 — Effect of space velocity upon the CO conversion and
CH, selectivity (Scy,) in the conventional reactor.

T = 673 K, P = 1 atm and H,0/CO = 3 (Equilibrium CO
conversion = 96.2%).

for the whole range of space velocities, which is in agreement
with the results reported by Bi et al. [6]. Also note that when
the Rh formulation is used, the measured CO conversion is
above the calculated equilibrium value for the single WGSR
because of the simultaneous occurrence of the irreversible
and undesirable methanation reaction.

4.4, Membrane reactor

Since Pt(0.6)/La,05(27)-SiO, is a very active, stable, selective
and non-carbon forming catalyst, it was selected for use in the
membrane reactor. The catalyst stability was again checked in
the membrane reactor because, under these conditions, the
solid is operating at lower hydrogen partial pressure than in
the conventional reactor under integral regime. The test was
performed during 100 h and no variation in catalyst activity
was observed. The WGS selectivity remained constant at
almost 100%.

The effects of the H,0/CO ratio and sweep-gas flow rate
(Fsc) upon the reactor performance were studied.

4.4.1. Effect of the H,0/CO ratio

The effect of the H,0/CO ratio was studied at 673 K employing
a sweep gas flow rate of 100 N ml min " and a space velocity of
6.0 x 10 ml g~* h™™. In Fig. 5, the hydrogen recovery shows a
relative increase of 11.2% when the H,0/CO ratio decreases
from 3 to 2. This is due to an increase of the H, partial pressure
gradient (approximately 9%, calculated as an average of the H,
partial pressure gradient between the beginning and end of
the membrane). Nevertheless, the CO conversion shows a
slight drop when the excess of water decreases because the
chemical equilibrium is shifted to the left.

4.4.2. Effect of the sweep gas flow rate
Fig. 6 confirms that both the CO conversion and the H, re-

covery reached a plateau value at Fs; near 150 N ml min™*.

100
< ool P1(0.6)/La,0,(27).Si0,
qi)‘ [ CO conversion (%)
3 I H, recovery (%)
3 8ol
IN
s
® 701
o
>
c
Q
o
o 60f
(@]

50
H,0/CO=3 H,0/CO=2

Fig. 5 — Membrane reactor: Effect of the H,0/CO ratio over
the CO conversion and the hydrogen recovery for the
Pt(0.6)/La,05(27)-SiO, (d, = 20 pm), T = 673 K, P = 1 atm,
Fro/W = 6.0 x 10 ml g~ h™?, Fsc = 100 N ml min™%,


http://dx.doi.org/10.1016/j.ijhydene.2013.05.043
http://dx.doi.org/10.1016/j.ijhydene.2013.05.043

10490

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 38 (2013) 10485—-10493

100_ -1 100
............. <
-« o * *
‘_‘_' _ ___________________ -‘- 80
< ¢ LA
S 90 U —— T
- . J160 "~
K} : @
2 8
(0] <
g A- 140 S
8 gl . P1(0.6)/La,0,(27).Si0, =
(@] : R
8 >
- COeq conversion (%) | 20
70 N ) i 1 1 +H 0
0 50 100 150 200

R
Fo(NmI min™)

Fig. 6 — Effect of Fs¢ on the performance of the Pt(0.6)/
La,03(27)-SiO, solid. T = 673 K, P = 1 atm, H,0/CO = 2 and
(Fro/W = 1.8 x 10*mlg=*h™?).

When Fs¢ = 0, the reaction reached the theoretical equilibrium
conversion value (93.1%). Note that without sweep gas flow,
the system operates as a conventional reactor. The increase of
the Ar sweep gas flow reduces the hydrogen partial pressure
on the permeate side leading to a higher H, flow rate through
the membrane. Note that the CO conversion is just moder-
ately improved by the sweep gas flow rate because the system
is operating at high conversion levels. For other operating
conditions, such as higher space velocities or feed streams
rich in H, [18—21], the influence of the sweep gas flow rate on
the conversion becomes more significant.

4.5.  Mathematical model applied to Pt(0.6)La,053(27)-
Si0,

4.5.1. Reaction kinetics

The Langmuir—Hinshelwood rate equation used to model the
membrane reactor with the Pt(0.6)/La,05(27)-SiO, formulation
was adapted from that obtained for a Rh catalyst operating
under the differential mode [13]:

—Tco =

kKcoKu,oPtoPh,0 1 PP,

2 - PS oPEoK
<1 + Keobgo + Ku,0PH,0 + v/ KHZP?42> H0co

(15)

This approach could be justified because the Pt and Rh noble

metals have a similar catalytic behavior. Also, both catalysts

were prepared with the same support (La,Si,O7-SiO,) and

employing the identical load of noble metal (0.6 wt%). A
corrective term was included in the numerator of Eq. (15) to

Table 2 — Kinetic parameters used in the reactor model.

k 1.39.1013. ¢(~18600/T) molco kg 571
Kco 6.85-10712.¢(15540/T) kPa?

Ki,0 1.83-102.¢(10850/T) kPa?

K, 4.25.1077-e0334T) kpa !

K [22] ol(4577.8/T)-4.33]

account for the effect of the reverse WGSR, a new term was
alsoincluded in the denominator to consider the adsorption of
H,, which is not negligible under integral mode. The average
activity of the Pt catalyst was adapted by means of a fitting
procedure based on experimental data. The kinetic parame-
ters used in the reactor model are reported in Table 2.

4.5.2. Hydrogen permeation rate

The permeation flow rate through the membrane follows
Sievert’s Law. The 0.0675 value was fitted at 673 K by
measuring the H, flow rates permeated at different values of
the driving force,

Ju, = 0.0675(vPr; — P ) 16)
4.6. Comparison between model and experimental data
4.6.1. Effect of the space velocity

Fig. 7 shows the effect of the space velocity on the CO con-
version and H, recovery. Experimental data are indicated by
symbols and the model predictions, obtained by means of the
heterogenous model (Section 3), are indicated by lines. As
expected, the experimental H, recovery shows a significant
decrease at increasing space velocity. This trend is in agree-
ment with that reported by Bi et al. [6] for the WGSR conducted
in a Pd membrane reactor. As the space velocity increases (i.e.,
higher Fr, values), a decrease in the contact time between the
process gas and the Pd membrane occurs. These lower contact
times cause the H, recovery to drop from 77% to 31%, for a
total increase in the gas flow rate close to 4 times. In line with
the decrease of H, recovery, the CO conversion drops with the
space time for two main reasons: the equilibrium shifting
caused by the Pd membrane becomes less important (lower H,
recoveries take place) and the reactants residence time de-
creases. However, due to the high activity of the Pt catalyst,
the conversion drop is not as severe as that corresponding to
the H, recovery. In Fig. 7, it can be observed that the model
reproduces the experimental measurements satisfactorily.

100 90
180
80}
< 170 I
5 o {60 g
2 2
o o)
>
S 4ot 4150 i
8 S
8 H40
20} .
Pt(0.6)/Laz03.SiO, 130
dp=20um
1 - 1 - 1 - 1 - 1 - 1 - 20
2x10°  3x10*  4x10°  5x10°  6x10°  7x10

R
F. /W (mlg h")

Fig. 7 — Effect of the space velocity (Fr,/W ) on the CO
conversion and H, recovery using the Pt(0.6)/La,05(27)-SiO,
(dp = 20 pm). T = 673 K, P = 1 atm, H,0/CO = 2 and

Fsc = 200 N ml min~?. Points are experimental while
curves are simulated.
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Fig. 8 — Effect of the space velocity (F1,/W ) on the CO
conversion and H, recovery using the Pt(0.6)/La,03(27)-SiO,
(d, = 230 pm). T = 673 K, P = 1 atm, H,0/CO = 2 and

Fsc = 200 N ml min~?. Full lines: heterogeneous model,
dotted line: pseudohomogeneous model.

4.6.2. Analysis of the influence of particle diameter (dp) on
MR performance

The influence of the particle diameter on the performance of
the MR is analyzed in order to test the validity of the model.
The design parameters and the experimental conditions
remain the same as those already detailed in Table 1, except
for d, = 230 pm instead of 20 pm.
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The effect of the space velocity on the CO conversion and
H, recovery is shown in Fig. 8 for d, = 230 pm. Experimental
data are indicated by symbols and the heterogeneous model
predictions by full lines. Note that the heterogeneous math-
ematical model satisfactorily reproduces the experimental
tendencies. The comparison between Figs. 8 and 7 reflects
that, as the d, increases, the external particle surface area per
unit reactor volume (ay, Eq. (4)) decreases and the external
mass transfer limitations become more important; conse-
quently, the conversion levels significantly decrease. This fact
confirms that the external mass transfer limitations in the
membrane reactor cannot be neglected. Simulations by
means of a pseudohomogeneous model were also performed,
setting very high values of the mass transfer coefficients in the
present model. In this case, the CO conversions (dottted lines
in Fig. 8) and H, recoveries were overestimated and it was not
possible to reproduce the effect of the particle size on the
reactor performance experimentally observed.

Regarding the H, recovery, it also decreases with respect to
that of smaller particles (compare Figs. 8 and 7). This phenom-
enon is associated with lower driving forces through the mem-
brane for the case d, = 230 pm, due to both the lower CO
conversions (less H, is being generated) and the higher interfacial
gradients, i.e., the bulk H, partial pressures (see Eq. (16)) become
considerably lower than their values on the catalyst surface.

4.7.
reactor

Modeling of the partial pressure profiles inside the

Fig. 9 presents simulation results corresponding to axial pro-
files of the surface and bulk partial pressure for each

0.7
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02} 2 e
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Fig. 9 — Simulated surface partial pressure axial profiles (dashed lines) and bulk partial pressure axial profiles (continuous
lines) in the retentate corresponding to water (a), carbon monoxide (b), hydrogen (c) and carbon dioxide (d). These profiles

correspond to Fr,/W = 7.2:10°ml g~ *h™%,
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Fig. 10 — Simulated hydrogen bulk and surface partial
pressure in the retentate side (continuous lines) and bulk
partial pressure permeate side (dotted lines), Fr,/

W =1810*mlg *h™™

component involved in the reaction. It can be observed that
for the whole reactor length the surface partial pressures are
higher than the bulk ones for reaction products. The reactants
partial pressures profiles present the opposite behavior. These
differences are accentuated near the reactor entrance due to
higher reaction rates. Note as well that the modeling results
included in Fig. 9 were obtained for the highest space velocity
of those shown in Fig. 7, i.e., Fro/W = 7.2:10* ml g~* h™%. For
lower space velocities (e.g., lower values of the feed flow rate,
Fro) the mass transfer coefficients (Eq. (12)) are smaller and the
interfacial gradients become even more significant. This fact
justifies the use of a heterogeneous model to simulate the
range of operating conditions of the present study.

Fig. 10 shows hydrogen bulk partial pressure in the retentate
(continuos lines) and permeate side (dotted lines) for a space
velocity Fro/W =1.8-10*ml g~ h™*. Due to the low feed flow rate,
a high H, recovery is reached (ca. 77%, see Fig. 7) and the partial
pressure curves in the retentate side (bulk and surface) show a
maximum. Downstream the maximum, the H, permeation
rates through the membrane are higher than the H, generation
rates by WGSR. In Fig. 9¢, these maxima in the py, and pj,
curves are not observed because the effect of the membrane on
the reaction behavior is less significant (H, recovery of 30%). On
the other side of the membrane, the resulting permeate stream
is continuously enriched with hydrogen. For z < 3 mm, the
hydrogen partial pressure in the permeate side (pu,p) is zero
because there is no membrane (See Fig. 1). If higher membrane
areas were available, the values of py, and py, p would tend to
coincide at the reactor outlet, the driving force in Eq. (16) would
vanish and the H, recovery would converge to its maximum
value for the chosen operating conditions.

5. Conclusions

The Pt/Lay03-SiO, catalyst presented in this work is very
active and selective for the WGSR and does not form

carbonaceous residues. Not even traces of them were detect-
able by Laser Raman spectroscopy. Perhaps as a consequence
of this absence of residues, the most remarkable feature of
this catalyst is its stability for at least 100 h on stream.

The 1D heterogeneous model used in this work is shown to
be required to simulate the performance of the membrane
reactor used to produce 100% pure hydrogen varying the
operating conditions. The model is able to predict the evolu-
tion of the CO conversion and hydrogen recovery with space
velocity. It also correctly predicts the effect of catalyst particle
size varying its average diameter between 20 and 230 um. It
was also shown that a 1D homogenous model is unable to
reproduce the behavior of the membrane reactor when a very
active catalyst is used. The proposed heterogeneous reactor
model can be useful for a better understanding of the complex
kinetic and transport phenomena involved in membrane re-
actors, with application to scale-up procedures and optimi-
zation studies.
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Nomenclature

ay:

Ap:
Aq:
dg:

externgl particle surface area per unit reactor volume,
m2 m,

external particle surface area, m
cross sectional area of tubes, m?

shell tube diameter, m

2
1

die: external tube diameter, m
dp: particle diameter, m

Fro: total feed flow rate, mol s~
Ju,: permeation flow of hydrogen, mol s~

1
1

k: surface reaction rate constant, molco kg 571

K: equilibrium constant

m

-2

kg ;: mass transfer coefficient for component i, kmol m;2 s~ atm~!

Kj: adsorption equilibrium constant for component i, k Pa™

L: tube length, m

Ly,: membrane length, m

N: number of components (reaction side)
pi: partial pressure of component i, atm
I'co: reaction rate, molco kgc’alt st

S: selectivity

Sg: BET surface area, mj g
T: temperature, K

Vy: reactor volume, m?
W: catalyst mass, g

y: molar fraction

z: axial coordinate, m

Greek letters

e porosity, m? m; >
ps: bed density, kg ,, m;>

Subscripts

CO: carbon monoxide

H,: hydrogen

i: component i

o: at the axial coordinate z = 0
L: at the axial coordinate z = L
P: permeate

G: sweep gas

Superscripts
S: surface
Acronyms

WGS: water gas shift
MR: membrane reactor

1
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