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Abstract

We have examined the water—gas-shift reaction over noble metals and metals with ceria for catalyst contact times between 0.008 and 0.05
for temperatures from 300 to 100C. With reactants of CO, }] and HO at a ¥2/4 composition, the reaction approached equilibrium
at these contact times for temperatures as low as’@8@vhich corresponds to a BD Hy/CO ratio. All results follow the equilibrium
conversion versus temperature curve at high temperatures and then the rate decreases rapidly as temperature decreases. All metals sh
considerable promotion upon ceria addition, with Pt/ceria showing the most promise in terms of promotion, stability, and lack of methanation
activity. A simple kinetic model that assumes first-order reversible reaction in all species fits all data at all temperatures from equilibrium
to low conversions. The rate is nearly independent of surface area over a wide variation of parameters, and rates indicate that mass-transfe
limitations are not dominant.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction The need for H for fuel cells and the hydrogen economy
has caused a renewed interest in these processes because
The water—gas-shift (WGS) reaction is crucial in produc- neither steam reforming nor conventional water—gas-shift is
ing Hz from hydrocarbons, and it has been used industrially easily scaled down to smaller applications. This limits their
for nearly a century [1]. The conventional process for gener- applicability to large industrial systems and rules out their
ating H uses steam reforming use in smaller systems such as transportation and portable
. power.
CHs+H,0=CO+3H, AH =2058kymol (1) The research in our laboratory over the past decade has
on Ni catalysts at~ 800°C. This reaction is endothermic  focused on understanding partial oxidation reactions at short
and reversible, so high temperatures are required for highcontact times on noble metal catalysts and in this paper we
conversions. examine the water—gas-shift reaction at short contact times.
If pure Hy is desired, the CO must be further reacted with The partial oxidation of methane

H>0 to form CQ and an additional mole of Hn the water— 1
gas-shift reaction CHy+ 502 —» CO+2H, AH =-36kJmol 3)

CO+H0=CO,+Hy AH=—412kJmol. ) can be car.ri.e.d out with high conversions of methane and
) o ) ] high selectivities to CO and Hon Rh catalysts at contact
This reaction is mildly exothermic and reversible and re- times as short as 18 s [2,3]. This process can be run au-
quires low temperatures for high equilibrium conversions. tothermally, thus eliminating the need for external heat as
The conventional water—gas-shift catalysts which have beenrequired in steam reforming. Partial oxidation can be easily
used in industry for nearly a century are Fex@g at  gcaled up or down by large factors for different applications,

~500°C followed by Cu-ZnO at- 200°C. Both of these  4nq it responds rapidly to transient operation at response
processes occur in packed-bed reactors with residence timegmes < 5 s [4].

of ~ 1's, and they attain nearly equilibrium compositions [1]. In order to develop a compact reactor fog production
using a combination of partial oxidation, water—gas-shift and
* Corresponding author. preferential oxidation, one needs to improve the water—gas-
E-mail address: schmidt@cems.umn.edu (L.D. Schmidt). shift reactor or reactors to shorten the overall residence time
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. . .. . . . . CH4, O, Ha, CO,,
while maintaining high conversions and assuring stability p,0 €O, H;0

under transient operating conditions. If thermodynamic con- gho was

version can be achieved in water—gas-shift at these short

contact times at temperatures350°C, then the product  1106°C

stream can be fed directly to a preferential oxidation reac- ¢ygc

tor for further CO reduction to ppm levels. Fe and Cu are

unsuitable for these applications because Fe readily forms 4oo°c

coke in excess fuel and Cu is irreversibly deactivated if ex- 25°c

posed to @ [1]. Long reactor residence times also imply Ocm  lem

long response times to startup and transient load conditions

because of the high thermal mass of conventional water—gas- ]

shift catalysts. Ha, €Oz, F20,
There has been considerable interest in noble metal cat- lmﬂﬂzo o

alysts to overcome these problems [5], and promoters such 20% N3 SLEM total flow

as ceria have been shown to increase the activity and low lé 7,{/
temperature performance of noble metals [6]. Gorte and

co-workers have examined many noble metals under vari- Heat shield - Catalyst
ous conditions and have characterized their kinetics [7-9]. ®

They examined mostly low-temperature, low-conversion sit-
uations and found that the reaction was nearly zero orderFig. 1. (a) A possible combined catalytic partial oxidation (CPO) and wa-
in Pco. There have been few published studies of high- ter—gas-shift (WGS) reactor with a possible temperature profile along the

- . - p e s reactor. (b) Apparatus used for water—gas-shift experiments. The reactor is
conversion situations near reaction equilibrium which is the a quartz tube with an inner diameter of 18 mm. Catalyst supports are ei-

Situa.tion U_SEd in praqtical applicationg [5,6]. ~ ther 10 mm alumina foam monoliths or alumina spheres of 1 mm diameter.
It is the intent of this paper to examine the WGS reaction Both types of support are held in place between two blank foam monoliths.

at shorter times and higher temperatures to determine howTemperatures are measured at the inlet and outlet of the catalyst bed.

kinetics change with temperature and how different flow

conditions and catalyst flow patterns affect the process. We . . ) ) )

also examine kinetics of these reactions which are applicableP°rts, while the activity of Pt with ceria was also examined

over a wide range of temperature. In particular, we search for ©" high and low area spheres.

indications of mass-transfer and pore-diffusion limitations ~ Monoliths had a diameter of 17 mm, 10 mm length, and

which indicate limits on surface area and on metal and ceria @ Pore density of 80 pores per linear inch with a void frac-

loadings. tion of 0.8. The monoliths were wash-coated using 3 wt%
A possible integrated short contact time ieneration re- slur.ry of y-alumi_num oxide in distillgd water followed by

actor, starting with a catalytic partial oxidation reactor oper- drying and heating at 60 for 6 h in a closed furnace.

ating at 1100 to 906C followed by a water—gas-shift reactor Wash coats were applied to increase the surface area of the

in which temperature decreases progressively is sketched inmonoliths. Typical wash coats were 5% by weight of mono-

F|g 1a. In these experimentS, we simulate this situation by ||th, for which we estimate an average alumina film thickness

examining the water—gas-shift reaction in a nearly isother- of 10 pm.

mal reactor whose inlet is #ICO/H,O. We did not use Cid Metals were then coated on the supports using an aqueous

and G reactants because we also wanted to study methanasolution of metal salts (5PtCls, Rh(NGs)3, RuCk, PdCk,

tion on the catalysts at these temperatures and contact timesNi(NO3)3). The solution was dripped onto the support re-
peatedly, allowing the water to evaporate between applica-

tions. The monolith was then heated at 4@0for 6 h in a

2. Experimental closed furnace. A calculated amount of metal salt was used
to ensure a 5 wt% metal loading based on the mass of the
2.1. Catalyst preparation monolith.

For the catalysts combining metal with ceria, ceria was
We used three types of catalyst supports in these ex-added before the metals, using a solution of Ce{N(fol-

periments: (1) alumina ceramic foam monoliths containing lowed by heating for 6 h at 40@ in a closed furnace.
8% silica from Vesuvius Hi Tech Ceramics which had a Unless otherwise noted, a ceria loading of 5% by weight was
nominal surface area of 1.0 m?/g, (2) high surface area, maintained on the monolith.
1-mm-diameter alumina spheres which had a nominal BET  For Pt and Pt/ceria we also used high and low surface
surface area of 170 /g, and (3) low surface area, 1-mm-  area, 1-mm-diameter alumina spheres as supports. The cat-
diameter alumina spheres which had a nominal BET surfacealyst preparation and experimental procedure for the sphere
area of~ 5 m?/g. The behavior of various metals, both with  bed were analogous to those described above for monoliths.
and without ceria, was compared on the foam monolith sup- No wash coat was applied to the spheres unless otherwise
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indicated. Again, the metal loading on spheres was typically predicted by the ideal gas law, and thus the contact time de-
5 wt% for both Pt and ceria. creases with increasing temperature. For most experiments,
We took no special precautions to assure uniform coat- temperatures were measured at the outlet of the catalyst bed.
ings except for repeated loading and drying of the catalyst, Due to the exothermicity of the reaction and possible heating
and we regard loadings reported to be accurate to within and cooling of gas mixture with position, the outlet tem-
+20%. As will be shown and discussed later, results were perature was usually higher by 20 to 120 K than the inlet,
not strongly sensitive to details of preparation methods, suchdepending on conversions and temperature. Reported tem-
as order of metal and ceria deposition, and heating temperaferatures in figures are those at the outlet of the catalyst bed.
ture. Many data points shown lie slightly above the equilibrium
For some samples, areas were measured by BET analysisurve, and we attribute this discrepancy to recording conver-
at various steps in catalyst preparation and use in the reactorsions at the exit temperature.
Total surface area did not change drastically with the addi- Gas samples were taken through a septum at the exit of
tion of wash coat, ceria, or other metals. Areas varied by lessthe reactor. A gas-tight syringe was used to withdraw prod-
than 50% overall with or without the wash coat and catalyst uct samples and inject it into a gas chromatograph equipped

deposition, and before and after reaction. with thermal conductivity detector. Mass balances on carbon
and hydrogen typically closed to withih5%.
2.2. Experimental procedure All experiments were repeated several times on all cata-

lysts, with no significant differences between experiments

All experiments were carried out in a tube furnace that except where noted. All catalysts were heated to at least
could be controlled at temperatures up to 1200As de- 800°C repeatedly during use. All catalysts were used for
picted in Fig. 1b, the coated monolith or spheres were placedat least 10 h at different temperatures, and some catalysts
in the reactor between two blank monoliths. The monoliths were used for as long as 30 h. Most experiments were also
were sealed into the reactor with alumina cloth. Because it repeated on several nominally identical samples with no sys-
was difficult to adjust the KO vapor flow rate, all experi-  tematic differences or deactivation noted.
ments were carried out at 3 SLPM total flow rate with a feed
composition of C@H2/H20 of 1/2/4 and 20% N dilution. 3. Results

Reactant gases were g12H, /CO premixed syngas mix-
ture and steam was added from a vaporizer(20 mol%) 3.1. Platinumand Pt/ceria
was also fed for use as an internal standard for GC analysis.
The syngas and Nflow rates were controlled using mass We first show typical results from Pt and Pt/ceria on
flow controllers. The gases were heated in a tube wrappedajumina foam monolith supports because they indicate the
in heating tape prior to being fed to the reactor. Liquid wa- general trend for all experiments. Fig. 2 shows CO conver-

ter was delivered via an ISCO syringe pump, and steam wassjon versus catalyst temperature on Pt, Pt/ceria, and ceria. As
generated in a heater at approximately 700The total flow

rate was set at 3 SLPM, and the molar composition of the re- 100

Equilibrium (approx.) ™~~~ .

actant inlet stream was 22.9% HL1.4% CO, 45.7% bD, 7ms  Tee T 12ms 9ms
and 20% N. The major cause of fluctuation in flow and tem- 8o | v ¢ v
perature was intermittent condensation and evaporation of 3
water in the system. So all experiments were conducted ata§ , |
single flow rate. §
The experimental procedure consisted of heating the sys-§
tem to 800—-1000C such that equilibrium conversions were 8
achieved, and then reducing the temperature in steps un-
til negligible conversion of CO was observed. Gas samples 20 |
were taken at intervals as the temperature was lowered. For l.—zrcfy
each catalyst, this temperature variation procedure was car- o s
ried out at least three times to verify reproducibility. Any 0 200 400 600 800 1000
variations in the data were largely attributed to inconsistency Temperature (°C)
in the steam flow rate due to condensation and subsequentig. 2. co conversions in water—gas-shift reaction on Pt, Pt/ceria, and ceria
evaporation as noted previously. Blank experiments without catalysts supported on an alumina foam monolith. Catalyst loading is 5%
catalytic material on the support were occasionally run to for Pt and 5% Pt/5% ceria for Pt/ceria based on the weight of the support.
search for homogeneous reactions or reactions on impuritiesThe upper dotted line represents equilibrium conversions for a feed compo-

. . . sition of 1/2/4 for CO/H2/H20 with 20% N, dilution. The lower dotted
in the reactor. In all the cases, CO conversions without cata line represents equilibrium conversions using the empirical expression of

lyst was no more than a few percent at 1000 Eq. (7). The solid lines are model fits assuming first-order reversible kinet-
Because the molar flow rate of reactants was held con-ics with respect to CO and GQEq. (10), as discussed in the text. Arrows

stant, the volumetric flow rate varies with temperature as indicate catalyst contact times at 300, 600, anddDgor this flow rate.

“~-..Equilibrium (exact)

Pt/ceria

nvei
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noted above, a feed mixture of @B,/H,0 at 1/2/4 with
20% N, dilution and 3 SLPM total flow was used for the ex-
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have been reported for ceria-supported Pd, Pt, and Rh [7,8].
For any mechanism, detailed balance requires that kinetics

periments, and temperatures were recorded at the back facéor this reaction approach first order in all species near ther-

of the catalyst in the furnace.

modynamic equilibrium.

The catalyst support for these experiments was alumina  We further simplify this rate expression by assuming that

foam monolith 10 mm long. A 3 SLPM total flow corre-
sponds to catalyst contact times from 17 ms at300L2 ms

at 600°C, to 9 ms at 900C. Pt follows the equilibrium con-
version down to~ 1000°C and then falls rapidly so that
the conversion is nearly zero by 5%90. Pt/ceria follows
the equilibrium curve down te- 600°C and falls nearly to
zero by 350C. Ceria alone gave very low conversions at the

H,0O and B are nearly constant as CO and £€hange

area
r= r" = ki Pco — kpPco,
volume

X
eq

The pseudo-homogeneous ratds related to the sur-

(9)

highest temperature as shown in the figure. face reaction rate” by the expression= (aregvolumer”,

The upper dashed curve in Fig. 2 shows the exact equi-where (areavolume) is the area of active catalyst per unit
librium curve calculated using Chemkin code EQUIL. The volume of reactor. This ratio is poorly defined for our system
lower dashed curve in Fig. 2 shows the equilibrium calcu- because the total and metal areas are not known accurately
lated for this reactant composition using the expression and because for ceria addition the reaction probably occurs
on both metal and ceria surfaces. For this simple rate expres-

Keq= Ko exp<_ AHR) = [COZ][HZO], (4) sion, the mass balance equation can be integrated assuming
RT [COIH0] plug flow to give
where ke ek
X(t)=——[1—¢e Kith)r] 10
Ko= Xt (5) D= G+ i) ] (o)
ko wherer is the residence time in the reactor, which varies
and with temperature as predicted by the ideal gas law. This is
AHo— B —E 6 the expression used to fit all data shown in this paper. The
R= &t~ Fb ) pseudo-homogeneous rate coefficients are defined as
For our reactant composition, this becomes
u positi i - area o — area ' ex _Ex (11)
X(2+ X) ) volume "~ volume RT

ed— 4 N A v
1-X)E-X so that the preexponentialss andkon have units of 5.
The empirical equilibrium curve in Fig. 2 deviates from The curves shown along with the data points in Fig. 2
the exact equi”brium curve because reactions forming CH are calculated with this rate expression_ A p|0t oKklwver-
are excluded from the empirical curve expression, Eq. (4). In gys YT gave a straight line and so the activation energy
all subsequent figures, only the empirical equilibrium curve was set constant at all temperatures. The forward and the

will be shown since it gives a lower limit on CO conversion packward rate constants were chosen to satisfy the equilib-
that can be achieved in our reactor. Later in the paper werjum relation. The fits shown are fdi; = 1.0 x 10° st

show methanation equilibrium along with methanation data and E; = 80 kJ/mol for Pt andkef = 2.5 x 107 s~* and

for different catalysts to quantify the amount of CO thatis £ — 80 kJ/mol for Pt/ceria. A visual inspection is sufficient

converted to Chl. to see that these curves give fits to the experimental points to
The reaction rate is a complex function of rate coefficients ithin the accuracy of the data.

of elementary steps (16 preexponential factors and 16 activa-  For all data shown in this paper, experimental points can

tion energies for a 8-step reversible process discussed later)pe fit with this simple rate expression, Eq. (10). We will dis-

and the rate depends on concentrations of all reactants, prodcuss the surprising agreement of all data on all catalysts with

ucts, and gas and surface intermediate species. In fitting thethis expression in connection with the reaction mechanism.
data, we use a very simple rate expression approximating the

process as a single reversible surface reaction with rate ex-3. 2, Comparison of metals

pression

®) In addition to Pt, we examined Rh, Ru, Pd, and Ni under
identical conditions. A plot showing results for each of these

This expression assumes an elementary reaction with first-metals is shown in Fig. 3. The graph shows the conversion

order kinetics with respect to all species. There have beenof CO to produce C@ As before, the total flow rate for

many studies of kinetics of water—gas-shift reaction [7—11], these experiments is 3 SLPM, resulting in a contact time of

and many of them report kinetics that are approximately first ~ 13 ms at 500C.

order in all species, either measured or assumed. For CO at As shown on the plot, the effectiveness of the metal cat-

lower temperatures and conversions, kinetics near zero orderlysts follows the order Ni> Ru > Rh > Pt > Pd. The

r’ = k]i/PCOPHZO — kgPCOZ Py,.



C. Wheeler et al. / Journal of Catalysis 223 (2004) 191-199 195

100 100
- Equilibrium ) “~-.\!E.quilibrium
80 80
c c
2 6 | % 60 |
o g
g :
o o
S 40t 8 1
)
20 |
20
0 . . .
0 * 0 200 400 600 800 1000
0 200 400 600 800 1000 Temperature (°C)

Temperature (°C)
Fig. 4. CO conversions in water—gas-shift reaction on Ru/ceria, Ni/ceria,
Fig. 3. CO conversions in water—gas-shift reaction on Ru, Ni, Rh, Pt, and Pd Pt/ceria, Rh/ceria, and Pd/ceria supported on alumina foam monolith. Cat-
supported on alumina foam monolith. Catalyst loading is 5% based on the alyst loading is 5% metal/5% ceria based on the weight of the support. The
weight of the support. The dotted line represents equilibrium conversions dotted line represents equilibrium conversions for a feed composition of

for a feed composition of /2/4 for CO/H»/H,0 with 20% N, dilution 1/2/4 for CO/Hy/H»0 with 20% N, dilution using Eg. (7). The solid lines
using Eq. (7). The solid lines are model fits assuming first-order reversible are model fits assuming first-order reversible kinetics with respect to CO
kinetics with respect to CO and GQOEq. (10). and CQ, Eq. (10).

Table 1 low that even with the addition of ceria, equilibrium was
Preexponential factorses, and activation energiesg;, for metal and achieved only down te- 770°C, yielding a CO conversion
metal/ceria combinations of ~ 62%.

Metal or metal/ceria kof (1) E (kJ/mol) kof metayceridkof, metal Although the effect of adding ceria to Ru is not as sig-
RU 16 x 107 80 nificant as that on Pt and Pd, a comparison of Figs. 3 and 4
Ru/ceria 50 x 107 80 312 shows that it lowers the temperature of deviation from equi-
Ni 8.0 x 10’ 85 librium from 620 to 525 C. This results in a CO conversion
Ni/ceria 17 x 108 85 212 of ~ 82%, and a KHto CO ratio approaching 16. The effects
Rh 30 x 1090 130 of ceria on Rh and Ni are the smallest, allowing the conver-
Sthlce”a llg . igé 1:8 ° sion to follow the equilibrium curve to only 50°C lower
Pyceria 5 5 107 80 o5 as compared to pure metal. . o

Pd 40 x 100 100 The kinetic fits for metal/ceria combination, also shown
Pd/ceria 20 x 10 100 10 in Fig. 4, agree reasonably well with the experimental data.

The constants for the model are tabulated in Table 1. It
should be noted that the model uses the same activation en-
maximum CO conversions are 80% with Ni, 75% with ergy for metal and metal/ceria combination. The only effect
Ru, 70% with Rh, and 45% with Pt. The results with Pd of ceria is to enhance the rate of the reaction by a factor equal

were well below the equilibrium curve even at the highest tg the ratio of the forward rate constants for the metal/ceria
temperature measured,35% at 900C. and metal catalysts.

As discussed above, the results shown in Fig. 3 were all fit
with a first-order, reversible kinetic model of Eq. (10). The 3.4. Methanation
constants for the model are tabulated in Table 1.

Methane can also be formed in the reactor from the re-
3.3. Addition of ceria to metals verse steam reforming reaction, Eq. (1). Not only is4CH
undesired in the product stream, but its formation also re-
We also investigated the effect of adding ceria to each sults in the loss of two Himolecules for every CiHmolecule
of these metals, as shown in Fig. 4. The order is almost the produced, thus lowering the;Ho CO ratio.
same as that on the metals alone,iRu > Pt > Rh > Fig. 5 shows the fraction of the CO that is converted
Pd, except that Pt and Rh are now reversed. The effect ofto methane Sch,, for each metal versus temperature. The
adding ceria to the Pt catalyst, shown in Fig. 2, is the most dashed line in the Fig. 5 represents the calculated equilib-
pronounced. The equilibrium conversion is maintained down rium selectivity to CH. The order in which the metals pro-
to ~ 600°C with Pt/ceria, versus- 1000°C with Pt alone. mote methanation is Re+ Rh > Ni > Pt > Pd. Methane
This results in an increase in CO conversion from 45% to formation on Pt and Pd is less than 1%, while on the other
about 75%. The next largest effect of adding ceria was ob- metals it is large, exceeding 10% on Ru. Thus, the maximum
served with Pd. However, the activity of Pd alone was so Hj to CO ratio on catalysts with high methanation activity
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Fig. 6. The effect of catalyst support for water—gas-shift reaction on Pt/ceria.
The catalyst loading in each case is 5% of the total support weight for
each metal. Type and weights of catalyst support and approximate residence
times at 400 C are indicated.

Fig. 5. Methane formation during water—gas-shift experiments on Ru, Ni,
Pt, Rh, Pd, and Ru/ceria. The dashed line represents the equilibriym CH
selectivity calculated for a feed composition gf2t4 for CO/H,/H,0

with 20% N, dilution. 100

is considerably lower than what the water—gas-shift equilib-
rium indicates.

We found that the addition of ceria had little effect on
the amount of methane formed at a particular temperature,,
and results for Ru/ceria are shown in Fig. 5. One benefit
of Pt/ceria catalysts was that the methanation reaction wasg
found to be negligible at temperatures where the CO conver-8
sion was the maximum.

For most of the metals examined, no effects of carbon
formation were noted from measured conversions. However,
while Ni gave the highest CO conversion, it also resulted
in the undesired promotion of carbon formation, which was
visible both on the surface of the reactor tube downstream of
the catalyst and on the foam monolith support itself after the
reaction.

80

D
o

onversion

IS
o

20

0 L
300 400

Temperature (°C)

500 600 700

Fig. 7. The effect of increasing the catalyst amount and contact time for wa-
ter—gas-shift reaction on Pt/ceria supported on high area alumina spheres.
The total amount of catalyst-coated spheres is varied from 2 to 10 g, cor-
responding to a contact time at 400 of 10 to 50 ms. The solid lines are
model fits assuming first-order reversible kinetics with respect to CO and
Three types of catalyst supports were used in this study, CO, with ket s proportional to catalyst amount.

all alumina but covering a wide range of surface area, 1, 5,

and 170 /g for foam monolith, and low and high area fits with kos s adjusted appropriately (linear dependence on
spheres, respectively. A catalyst loading of 5 wt% Pt and catalyst amount).

5 wt% ceria was used for these sets of experiments. Re- A significant increase in CO conversions is achieved by
sults for the various supports are compared in Fig. 6. Contactjengthening the bed, as expected. The longest bed results in a
times at 400C are |nd|cat9d in the figure for the supports. co conversion of about 95% at atemperature belowe4n0
Thoughresults differ considerably among supports, but there agnd methane was not detectable in the product stream. Thus

3.5. Comparison of supports

is little correlation of CO conversion with total area.
3.6. Comparison of residence times

To examine the effect of changing the catalyst contact

the highest H to CO ratio attained exceeded 50 to 1.
3.7. Effect of Pt and cerialoading

To ascertain the effect of Pt and ceria loadings, experi-

time, we used a high area sphere bed of various lengths,ments were performed using the low surface area alumina

holding the flow rate constant at 3 SLPM. Results with 5% Pt
and 5% ceria loading are plotted in Fig. 7 along with model

spheres with 5% Pt/5% ceria, 1% Pt/5% ceria, and 0.2%
Pt/2% ceria catalysts. Results are plotted in Fig. 8 and show
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Fig. 9. Plot showing CO conversions on Rh for several models as described

in the text. All models can be made to fit the experimental results to within

the accuracy of the data.

Fig. 8. The effect of different Pt and ceria loadings on CO conversions. The
ko s vary by a factor of 4.4 as Pt loading varies by a factor of 25.

that a higher loading of metal and ceria gives slightly higher
CO conversions. The interesting point to be noted here is that

the kof's vary by a factor of 4.4 as we move from 5% Pt/5% . . . )
ceria to 0.2% Pt/2% ceria, with 5% Pt/5% ceria having a !N this section we examine the mechanisms that may be

higherkof than 0.2% Pt/2% ceria. Thus we observe a non- responsible for these results and attempt to fit the results with
linear dependence df; on catalyst loading as compared to different rate expressions. Several of these fits for water—gas
a linear dependence &f; on catalyst amount as discussed Shift on Rh catalysts are shown in Fig. 9.

earlier.

5. Mechanism

5.1. Noble metals

4. Discussion The mechanism on a noble metal is assumed to consist of
elementary steps such as the following sequence:
To summarize these results, we have measured rates of
water—gas-shift reaction on five noble metal catalysts with (1) CO+M=CO-M,
and without ceria on monoliths and on low and high sur- (2) H,O+ M = H,0-M,
face area alumina spheres from 300 to 100@iving CO
conversions from 0 t% 95%. All catalysts wercg pregpared by 3 HO-M+M=OH-M+H-M,
comparable methods and were heated-t800°C for at 4 OH-M+M = H-M+ O-M,
least 1 h during use. Results were highly reproducible for (5, 20H-_M—= H,0-M + O-M,
identically prepared samples and for repeated experiments
on a given sample over 10 h. No activation or deactivation CO-M+0O-M=CO-M+M,
was observed except for the activation associated with the(7) CO, +M = CO,—M,
reduction of metal oxides on oxidizable metals such as Ni. .
All data that we have obtained in this study can be fit ® Hz+2M=2H-M
to within the accuracy of the experiments with a simple Here M is a vacant site on the noble metal surface, —M is
reversible reaction, which assumes first-order kinetics with the occupied adsorption site, steps 1, 2, 7, and 8 are adsorp-
respect to CO and COResults on each metal can be fit with  tion and desorption steps, and steps 3, 4, 5, and 6 are surface
the same activation energy with and without ceria addition. reaction steps. We have written them all as reversible, and,
All experiments with Pt and Pt/ceria can also be fit with assuming that all are elementary, this mechanism suggests
the same activation energy for all three supports, with and that there are 16 rate coefficients consisting of 16 preexpo-
without wash coats, and for a factor of 5 variation in resi- nential factors and 16 activation energies.
dence times.
In the following sections we discuss the mechanisms con- 5.2, Langmuir—Hinshelwood kinetics
sistent with these experiments. We will consider detailed
chemistry and simplified Langmuir-Hinshelwood kinetics,  This is the simplest form of solution to these steps. If
and we will discuss the effects of ceria on these reaCtionS.adsorption_desorption Steps are fast and reversible and we

Since rates appear to be nearly independent of surface areasimplify the surface reaction steps into a single step
we will consider the effects of external mass transfer and

pore diffusion through wash coats. CO-M+ H20-M = CO—M + Ho—M (13)

(12)



198 C. Wheeler et al. / Journal of Catalysis 223 (2004) 191-199

and assume it to be rate controlling, then the coveéagd 5.4. Coverage-dependent activation energy
speciesj is given by the Langmuir isotherm
K. P A fourth fit comes from assuming thdico decreases
0 =—LL . (14) with fco. If we assume
] + Zi K; P;
Since hydrogen is dissociated, its isotherm should be pro- £co= Eco, — afco, (18)
; 1/2 . . )
portional to7;;, , but for simplicity we will leave it asPy,.  we obtain good agreement between the detailed model
The rate of reaction (13) is given by and the experiments usinBco, = 125 k¥mol anda =
P = k! 9c0BH,0 — k0c0,0H,. (15) 30 kJ/(mol monolayer).

With Langmuir isotherms for all species, this rate becomes 55. Carbon model

r’ = t KcoKpo PeoPhzo — kyKeo; Ky Peo, Py Finally, we also fit these results using a more complete
(1+KcoPco+ Ko Pry0 + Keo, Peo, + Kh Php)® partial oxidation model that includes reactions of GH
(16) adsorbed species [16]. This involves 18 reversible elemen-
If all the coverages are small, the denominator is unity, and tary steps where the 8-step mechanism is a subset which
the rate becomes our global expression, Eq. (8), with which ignores all CH species.
we have fit all of our data. If CO is the most strongly bound
compared to other species, the rate becomes 5.6. Noble metals/ceria

k{' KcoKH,0PcoPH,0 — ki Kco, KH, Pco, PH
P =t 2 1 -|—2K Pb )202 27C% e (17 In the presence of ceria, the rate is presumably greater
_ corco _ than on the noble metals alone becaus®tdan adsorb on
This allows the order in CO to be less thail, and it ceria rather than being blocked by a surface saturated with

. -1 .
becomes proportional 65 asfco approaches saturation.  cO. The mechanism with ceria might involve the steps:
All of these expressions are consistent with equilibrium as

long ask{'/ ki, = Keq, the equilibrium constant for the water- (1) CO+M = CO-M,
gas-shift reaction. (2) H,0+ Ce= H,0-Ce

5.3. Detailed chemistry ) H20-Ce= O-Ce+Hy, (19)
(49 CO-M+0O-—Ce=CO,—Ce+ M,

For partial oxidation reactions on.Rh and Pt, we and (5) CO,~Ce— CO, + Ce
others have developed rate expressions for each of these
steps [12-14], again assuming that rate coefficients for each ~ Since the overall activation energy is observed to be the
species are independent of all coverages. All rate expressionsame for each metal with or without ceria, this suggests that
are obtained from surface science experiments [12,15], al-the effect of ceria is to increase rate of the reaction between
though some of these have been adjusted to give optimumadsorbed CO on the metal and O on ceria, step (4) above. If
fits to a wide range of partial oxidation experiments. the activation energy of this step is small, the overall activa-

We have used these rate coefficients to predict the ratestion energy of the process might be unaffected, as observed.
of water—gas shift on Rh. We assumed a plug flow reactor We suggest the possibility that, even without ceria, some
and solved the set of rate equations for 7 surface speciegeaction steps might occur on the supporpCHand CO
(CO, K0, H, O, OH, CO, and Cg) and 4 gas phase species could adsorb on alumina, similar to the steps sketched above,
(CO, H0, CO,, and H). These equations were integrated and reaction between O and CO could be a reaction step at
versus time up to the residence timé the reactor. Since  high pressures and temperatures.
area/volume is not known, the time becomes an adjustable
parameter in the calculation. 5.7. Preexponential factors

Fig. 9 shows results for water—gas shift on Rh along
with fits to these data using four different assumptions. The  The adjustable parameters in all fits were the preexponen-
first is the global expression that we have used to fit all tial factorskor andkop, Whose ratio was constrained to agree
data, Eq. (10). The second is the fit assuming detailed ki- with equilibrium as summarized in Table 1. Singgs con-
netics as described above. The temperature dependence préain an effective area/volume, these preexponentials have no
dicted is greater than observed using an activation energysimple significance since area/volume is not known. How-

of CO, Eco, of 133.4 kJmol. However, reducingZco to ever, the only effect of ceria is to increasg’s, typically by
125 kJ¥mol (while simultaneously decreasing the activation factors of 2 to 25 on the different metals.
energy of the CO-Mt+ O—M reaction to maintain thermo- The most extensive experiments were on Pt and Pt/ceria.

dynamic equilibrium) gives a curve that fits the experiment For these systems the variationskigy's were small for dif-
to within the accuracy of the data. ferent supports, typically by factors less than 6. Results are
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nearly independent of total surface area of the support which7. Summary
varied by a factor of- 170. Of course, the Pt surface area o
may not have varied by this amount because the metal parti- The results in this paper show that noble metal catalysts

cle size may compensate for substrate area variations. ~ With ceria can give very high water—gas-shift activity at very
short contact times. Further, these catalysts are very stable,

withstanding reaction conditions above 8@ with no de-
tectable deactivation over many hours of operation.

These systems are very differentthan conventional water—
gas-shift catalysts in that we use very high metal and ceria

Since one is interested in minimizing contact times of loadinas and very low area catalyst supports. Therefore
reactants over the catalysts, this requires that catalyst be op- 9 y y pports. '

o S - .. . these catalysts have large particle sizes initially, and they
timized to maximize mass-transfer and limit pore-diffusion . . 2
influences. are therefore resistant to activity loss due to sintering. Re-

Its are insensitive to total surf r Ithough this i
Mass transfer of reactants to the catalyst surface and mas$- > are insensiive 1o fotal surlace area, afhoug SIS

: .~ hot correlated with evidence of either mass-transfer or pore-
transfer of products from the surface are described by noting ... "> =~ =~

: diffusion limitations.
that at steady state the mass flux from a flowing channel to

. The kinetics of these reactions is also remarkably simple,
the catalyst surface must be equal to the reaction at an exter; . . . . 2
: . : being consistent with an elementary reaction that is first or-
nal surface if mass transfer is rate controlling [17],

der in all species and single activation energy for each metal
with or without ceria. However, we have not tested this ex-
v pression under wide ranges in partial pressures, so deviations
=r"=k"Cas, (20) may of course occur.

Catalysts of this type could be useful in small applications
twhere robustness is essential and catalyst cost is not a pri-
mary concern. However, while catalyst loadings are higher
than in conventional catalysts, the very short contact times
required compensates for the total amount of metal required,
and we have not attempted to optimize the amount of metal
needed.

6. Mass-transfer and pore-diffusion limitations

flux of reactantA = kma(Ca — Cas) = rate of reaction ofA

wherekma is the mass-transfer coefficieifia andCas are

the concentrations in the flowing stream and at the catalys
surface, respectively, artd is the surface reaction rate coef-
ficient. In this expression we assume first-order, irreversible
reaction in the reactamt, from which the reaction rate ver-
sus the reactant concentration in the flowing stream is given

by

r" =k"Ca (21) Acknowledgments
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