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randomly stacked intercrystallite

Fig.
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Fig. 2. Thermal cyclic test of supperted Ru catalyst: ‘ reforn
(Rw/ANS), unfilled symbol (Ru//y-Al0s), Thermal cyclic test conditions:

°0),

support which has high surface area and_ por . .
chlz:?nical stability, and unique morpholqgl_cal properties. As shown, these-
unique properties led.to an. enhanced activity and s
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In conclusion, nanostructured

steam reforming of methane.
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1. Introduction

Most of the hydrogen is produced industri i
ally by st
hydrocarbons or alcohols (e.g., for fuel cell ationd, The prmrg of

: applications). The process

stream coming from the steam reformer is composed by H,, CO Céjz H,O agnas
smal_l amounts of unconverted reactants (CHy). The CO concentration Jof the gas
leaving the reformer must be reduced .

g th up to a specified level, with two mai
goals: 1) increase the H, production rate and 2) purify the process stream T:)l
n (WGSR) is widely nsed:

AH;%K =—-41.09 kJ/ mol (1)

Reaction (1) is moderately exothermic and strongly controlled by the

low temperatures. In small-scale

C’O-FHZO<:;>C‘O2 +H,

tability of RWANS in the

. Mendioroz, M. . Marcos

M. SOC.

ion, Pé,rt

feaction products (e.g, Hy) to

_ . . ol processing for fuel cells (e.g., PEM cells) normall
. EIT WGSR is carried out in a single reactor at an intermediate temperature leve};

. An attractive alternative to Sweep gas "
ncrease the CO conversion is the €O, H;, £ /\/‘f/‘f‘/‘fffzm’" )
‘membrane reactor (MR) (Figure €0z H 0> P o TP

1). The main idea of this design is  Sweep gos
he selective permeation of

Figure 1: Scheme of the membrane reactor
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shift the equilibrium towards products and consequently increase the
conversion, or reduce the amount of catalyst for a desired conversion level. For

" this reason, MRs have deserved considerable attention in the scientific literature

(2}

of Pd or its alloys. In order to decrease the cost and inerease the permeation
fluxes, composite membranes became an alternative. In these membranes a
substrate of high porosity and Jow resistance to flow is covered by a metallic
layer, which provides the selectivity [3-3]. :

The advantages of the MR to perform the WGSR have been demonstrated by
Criscuoli et al. [6]. However, the heat effects were neglected and the reactor
operation was supposed to be isothermal. This is a common assumption in the
modeling of most of the MRs, which agrees with the temperature measurements
inside the reactor at laboratory scale due to the high ratio between the heat
transfer area and the reactor volume. This condition may not be true when
higher process scales are necessary; €.£.. several membrane tubes installed in
parallel within a shell where the sweep gas 18 circulated. Here, the usual
assumption of isothermal MR should be removed and the heat effects taken into

account [7-9].

Tn the present work the performance of the. MR for the WGSR is simulated

and compared with that of a fixed-bed reactor (CR), for isothermal and
adiabatic operations. The analysis is further extended to a MR under non-

isothermal non-adiabatic conditions.

2. Mathematical model

The simulation study is carried out by means ofal-D pseudo-homogeneous' :
mathematical model. The model is subject to the Tollowing hypotheses: a) axial .
and radial mass and heat transfer dispersions are neglected; b) _isobaric .

The H, removal can be carried out by means of selective dense membranes

Hear effects i ' i
effects in a membrane reactor for the water gas shift reaction
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Energy Balanc
gy Balance Energy Balance
%g: Arp g ("‘co )('AH;‘)'E‘{;@U (T'TP) (6) —&:ML] C U] N
‘ ez ity

N
Z FJ C.'J:f'
=1

2
> F,,C,
JP
J=1
7.70 10 3 of ~1960.5/T

here: J,, = f
where: J,, S [ﬁ - pH} (Barbieri et al. [11]) (8)

Boundary conditions

Cocurrent Sch :
eme: Countercurrent Scheme.
-y " i F - / =
Atgeg | =0 fori=12.8 Atg=g 470~ JrTE12N
T=T,T,=T,,, P
F.'-i:,P =0; ES(T,[’ _ ES'U,f‘nm At z=I, Fuz,p =1); }‘—55,1’ = Em.mﬂm
T, = TF,mlvf

TI . .
R islf;n (ci)fc:lseligr(lI Earameter;s and operating conditions are given in Table 1. Th
¢d by assuming zero for the hydrogen flow through the memb'ranee

5 S TENT COon

Iable 1. GBOIIletI']'C g |54 & [) i e CONg lﬂ Q i i
. pﬂl AalTt lel‘b Ild operat iti i i i
1 I IR (C 1. ]' {S] . G al. g ) 1S us d mn he S]mulatlons 0 CR

L 0.21 m (CR)- 0.15 m (MR) * u :

;': f{; ;nm (CI\}/{[)- S*mm (MR) * Fy @1).05?/1/ 83 nIfo)lf
nf 30. mm (MR} Inlet CO, % T.97 %% i
a g Inlet CO,, % 10,99 **

! et Inlet H,, % 43 48 **

) 75 Infet H,O, % 31.88 #*
o e Inlet CH,, % 5.68 #*

conditions; ¢) infinite selectivity for the membrane (H; is the permeation gas); -

d) the permeation flow through the membrane follows Sievert's law; and e) the

3. Results and Discussion

shell is adiabatic. The kinetic model propos
Kim [10] is included. The model is represente

Reaction Side (catalyst tubes)
Mass Balances

dFeg
dz

dF,,
dz

=Ar¥epPs 2)

=dr (“ "cr))@ﬁ -nd,, Ty, (3)

Permeation Side (shell)
Muass Balances

dF; H,.P

d= =7 drc”fJH: (4)
dFss.p
Fser _ g 5
~ &)

ed for the WGSR by Podolski and .
d by the following equations:

The F bot i
mSituation};eg;g%a;cehof both reactor designs is first compared for two limit
ot }% iat effects: isothermal and adiabatic operations. For the
Dermention s ‘e; ) eat effects are _neglf.:cted for both the reaction and
fransfor through ti‘le ere]e:l)s, fOlf the adiabatic operation the convective heat
o menm rane is neglected (U/=0), i.e., the only sour fh
! Fi?lpge b;tween both sides is the permeating hydrogen flow oo o Rt
ot iunl;(; . ;tllql?zvs;hfgamaol conversion profiles in the MR and CR, at a given
comrespondin o i 0r=360 C. For both CR and MR, the outlet CO conversion
o Lt rge Sultslz ad}ljabatlc. operation is 'Iower than that of the isothermal
- temperatures, th an e attrﬂ?uted to equilibrium limitations. For high inlet
| . the assumption of isothermal operation is not conservative and the
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CO outlet conversions are overestimated in both types of reactors. Conversely,
for low feed temperatures, the adiabatic operation introduces copversion
for both reactor designs, due-

- improvements. with tespect to the isothermal case,
mainly to kinetic reasons (results not shown).

100

90
g0 Equiibriym

30

MR-Adigbatic

70

80 )
R-Adiabatic
50

xCO
Xeo
(33
o
.

40
30

20

oo 02 o4 oe o8 o 300 320 340 380 380 400 420 440

” TrC)
Figure 3: Conversion-temperature trajectories
in MR and CR, for T,,/=322°C and T,,=360°C.

The adiabatic operation (U/=0) in the MR and the CR can also be compared
in the phase-plane. Thus, Figure 3 shows the conversion-temperature
trajectories inside the adiabatic reactors, for two in
lines join all the outlet conversion points, obtained by simulation of MR and CR
at different inlet temperatures. It is clear that the total temperature rise inside the
reactor is higher for the MR, for two main reasons:
higher, i.e., larger amounts of heat are released; 2) the total gas flowrate in the
reaction side diminishes along the axial position as a consequence of the I
permeation. Therefore, the adiabatic trajectorics corresponding to the MR shift
away from the classical straight tr
{ines). That is, even for the same conversion leve
higher in the adiabatic MR than in the adiabatic CR.

The membrane reactor analysis is. extended to non-
two different flow configurations of the gas flo
counter-current. The already reported values for the sweep gas flowrate and the
overall heat-transfer coefficient (see-T
simulations. Figure 4 presents the axial temperature evolutions in the MR for
both flow configurations. For co-current operation, the driving force for heat
transfer (7-Tp) is high enough at the reactor entrance to maintain the
temperature rise in the reaction side below 40 degrees.
the reactor both temperatures tends to b
transfer rates are observed. Regarding the counter-
gas temperature is hi
sweep gas acts as a

Figure 2: Axial CO copversion in MR and CR.
T,7/~360°C. lsothermal and adiabatic conditions

1, the temperature rise will be

heating medium. Consequently, the reaction temperatur

let temperatures. The doited '

1) the CO conversions are

ajectories corresponding to the CR (dashed -

adiabatic conditions for®
wing through the shell: co- and:

able 1) were kept constant for all the-

For the second half of’
e the same and low convective. heat.
current scheme, as the sweep.,

gher than the reaction temperature near the entrance, the.

Heat effects i g '
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ri i i

: E:IS; ;rlr)leto much higher values than in the co-current case (around 70°C). This

pheno e?;)n m?y cause a faster catalyst deactivation. Near the reactor outl.et the
g effect of the sweep gas causes an increase in the reaction rates

440
T MR-G o=
ad T aunter MR-Countar
80 Equilirium Ve
400 el L
70 ceel -4
_______ - RN
380 50 MR-Adiabaliq
= 360 - . 50 -
g it X .
= 3404 ,/ \‘ Xu 404
¢ N ;
sod ., S
. \
a0 \ 201
. \
7 v 10 -
280~| ’
0.0 02 04 o ‘ N P e
_— 08 10 360 370 380 390 400 410 420 430 440 450
Figure 4: Axia . e
4 : 1 temperature profiles of reaction Figure 5. Conversion vs. T
: s.  Temperature

and pe i ides "
;2” 1221;(61326?0? (Tr) Zug}es in MR. 3’5360“(3, trajectories in MR, for adiabatic and non-
e 1 '}i}o ;f,é;:i,,ie, ;m' as rf:Poncd in Table  adiabatic operations (co- and counter-current
; abatic conditions, schemes). Same conditions as in Figure 4.

Con]i:sqlts i the phase—plgne are presented in Figure 5. The CO outlet
dete mﬁgloné under gon—adlabatlc conditions are around 85-90%, which
doer rgl;: tOrO \I;Eels in the order of 1-2% (dry basis), suitable to be ’fed to a
. . en co-current configuration is anal i i
. : _ ysed, a slight hot s
g?fiived. thigldes, the 1ncrerpent m the CO conversion due to fhe permgaottiols
eftes nfu (shifting of the equilibrium) is the source of a slight temperature
minin g; éf;‘ti((z)olq spot).‘dOn 1;he other hand, the hot spot detected in counter
: n 1s considerable and the total tem ise insi -
ent Consi perature rise inside the
is similar to the adiabatic case. Under this flow configuration, the obrsi;(\:ft:;

parametri o .
: EV N exettrlz; ;f)l(lf‘};lltl\};ﬁyT ;flth relspect to the sweep gas inlet temperature (T i)
1gh. This result may be a conseque o
owtate: Erencr quence of the selected sweep gas
; sweep gas flowrates lead to low itiviti
| er sensitivities and fl
counter-current temperature i o o
profiles. However, higher pow i
- hecessary and permeate streams wi ’  ions are obainad. b
| ith lower H, concentrati i
e studied ot ar » concentrations are obtained. For
g condition, the co-current sche
convenient configuration, as the desi oo Toval com b obiait e ooy
, esirable conversion level i 1
: | can be obtain
temperature rise of about half of the other operations under analysis i

i. Conclusions

For adiahati .
adiabatic operation, the total temperature rise inside the reactor is higher

for th i i

e ;:taﬁ/IR duefl to the h1.gher CO conversions achieved and the diminution of

il gas flowrate in the reaction side, as a consequence of the H
lon. When non-adiabatic conditions are considered, the proper selectiori
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of the operating conditions for the shell side becomes a key factor to avoid

undesirable temperature raises over the catalyst and high parametric sensitivity.
S The previous: results-point-out over.the need to consider the heat effects in
membrane reactors. Although the WGSR is moderately exothermic, the ™
temperature changes inside the reactor are not negligible. The only reason to
neglect the heat effects in MRs is the small scale of taboratory designs. When
intermediate (or large) scales are under consideration, the temperature variations
will affect the kinetics and the chemical equilibrium. :
Regarding the selected application, the simulated non-adiabatic membrane. ...
reactors show an adequate performance in terms of reaching CO outlet
concentrations of between 1 and 2%, suitable values to directly feed a final

purification unit for fuel-cell applications.

Aw/Zn0 and the PROX REACTION.
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5. Nomenclature

2 = axial coordinate, m 1. Introduction

Ay = cross sectional area of tubes, m*

Cy= specific beat of component /, J/(mol K) & = thickness of Pd film, m
d, = external ube diaineter, m AH, = heat of reaction kJfmol Recently, there h
{5 ? 2 N aS . . i
F, = molar flow of component j, mol/s = bed density, Kgeo/m’ potential use in many ?I?nor?' gtf OV‘Vln‘g interest in gold catalysts due to their
Jup = permeation flow of hydrogen, mol/(s m°) , environmental portant reactions that can be employed in industrial and
I = tube length . Subscripls nmental processes. The most important application of :
tube length, m . CO oxidat pplication of these systems h
- S CO = catbon monoxide ) aton. s 1s the
N = number of components (reactjon side) 7 = tyd This occurs beca ) .
5, =number of tubes = yarogei y oo COlcon use l?ref‘fbl‘elltlal CO ozxidation {PROX) is the cheapest way to
P> = partial pressure of hydrogen, Pa jL = f;llngor}eil ] S _ Many gold cat aientranon in an H, stream used as a fuel cell feedstock (PEM )
re = reaction rate , moleo/( kg s) o o axial COORCTAME £, su % d eyt have been studied for CO oxidation and some authors ha
P = atpermeation side ggested a very important role for the supports (1). In fact Au/T‘ér)S avg
N ] 1L): an

Au/Fe,0O; are considered io b i
e Very active system it 1
lzncc‘):x;rnd_that they are not stable in the presence zf Hgg ;(1?1’3 )Cél owever, itis well
T >

o oxiiinagti(t)(r)} Sﬁl:ifeeatﬁﬂiofs’ AU/ZI}O (4) ShOWS good activity and stability for
s oatalet o i‘l eless, there is very little information available in relation
-synthé:sis f)t/lsl in the literature (4-7). In a previous work, we discussed th
S golcc)i N ;é?cfysmmg ;fdhe results showed that anionic’exchange provide:

: es an so that i iti i
(;lncentratlon o tho catalysts (3). at synthesis conditions modify the gold
¢ present work aims at contributin i
o - § g to further investigati i
zine oxide catalyst on the preferential CO oxidation (P;g;;g)atwn of gold based

T = temperature, K S =
17 = overall heat transfer coefficient, kV/(s m* K) = sweep gas . -
¢ = at the axial coordinate z=0

W = catalyst mass, g
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