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UNCATALYZED AND WALL-CATALYZED FORWARD WATER-GAS SHIFT
REACTION KINETICS

ABSTRACT

The kinetics of the high-temperature (1070-1134 K), low and high-pressure gas-
phase forward water-gas shift reaction were evaluated in an empty quartz reactor and a
quartz reactor packed with quartz particles. The power law expression for the reaction
rate was consistent with the Bradford mechanism and was invariant with respect to
pressure. The experimental rate constant was lower than that published by Graven and
Long, and slightly higher than estimates obtained using the reaction rate expression
derived from the Bradford mechanism in conjunction with values of reaction rate
constants obtained from the GRI database. Similar experiments conducted using a
reactor composed of Inconel®600, a representative reactor shell material, exhibited
greatly enhanced rates of reaction. A simple power-law rate expression was incorporated
into a surface-catalyzed PFR model to correlate the results between 600 — 900 K.
Palladium and palladium-copper alloy surfaces, representative of hydrogen membranes,
were also shown to enhance the fWGSR rate, but not as much as the Inconel®600
surfaces.

INTRODUCTION

The water-gas shift reaction, WGSR, Reaction 1, is well-known and used in
industry as a means to increase the hydrogen yield in the production of hydrogen and/or
to adjust the CO/H, ratio for syngas applications.

CO+H, 0+ CO, +H, AH = - 41 kJ/mol (1)

The WGSR is an equilibrium-limited reaction, with decreasing temperature
favoring increased equilibrium conversion of carbon monoxide and steam to carbon
dioxide and hydrogen. Therefore, the current industrial approach for the WGSR requires
cooling the gasifier effluent stream before it enters the “high-temperature” water-gas shift
reactor at 593-723 K. This reactor typically utilizes a packed bed of iron-chromium
catalyst. The effluent from this reactor is usually fed to a “low-temperature” shift reactor
at 473-523 K, which employs a copper-zinc catalyst.

An alternative gasification plant concept studied by the U.S. Department of
Energy for the production of hydrogen in the so-called Hydrogen Economy suggests
carrying out the WGSR at high-temperature in a hydrogen-selective membrane reactor *.
The gasifier effluent would be filtered to remove particulates and then introduced directly



to the membrane reactor where the reaction and separation processes could be
accomplished simultaneously. Unlike a conventional reactor, high conversions could be
achieved at high temperature (despite the low value of the equilibrium constant) in a
membrane reactor because the hydrogen partial pressure in the retentate would diminish
as H; diffused through the membrane into the permeate stream. The permeance of most
highly-selective dense membranes increases with temperature, therefore elevated
temperature would result in an increased hydrogen flux. In addition, the reaction rate of
the homogeneous WGSR at high temperature could be high enough that permeation
through the membrane would limit reactor performance, thereby eliminating the need for
the introduction of heterogeneous catalyst particles. Further, the membrane reactor
would produce two streams: a high-temperature, high-pressure retentate stream
containing CO, and steam that could be sequestered after recovering heat and condensing
water from the stream, and a high-temperature, low-pressure, high-purity H, permeate
stream that would serve as an energy source °.

The WGSR is reversible and the reaction rate of the reverse water-gas shift
reaction, r'WGSR, has been recently studied at elevated temperature and pressure in
quartz and Inconel®600 reactors 3. Graven and Long * had previously conducted the only
detailed study of both low-pressure, high-temperature forward and reverse WGSR. Their
rWGSR rate constant values were somewhat larger than those reported in two later
studies > °. Moreover, the difference in the energies of activation was much larger than
the experimental error. Our recent paper on the rWGSR * addressed the discrepancies in
the previous literature and showed that they could be related to the influence on the
overall kinetics of the induction period where the concentration of the chain-carrier
increases with time. This paper * also established that although a more comprehensive
network of elementary steps ' could be used to describe the reaction, such a network
yields results nearly identical to the Bradford mechanism. However, no other complete
studies on the low-pressure, high-temperature fWGSR are available in the open literature
to determine whether the results published by Graven and Long * on the rate constant for
the fWGSR might also be biased.

The forward reaction, fWGSR, is of more relevance to the design of post-gasifier
membrane reactors than the reverse reaction, however, because the feed mixture is rich in
carbon monoxide and steam. The heterogeneous fWGSR has been studied extensively ®
5 at temperatures below 873 K. Studies of the homogeneous fWGSR at elevated
temperatures, T>1073K, are uncommon due to the low equilibrium conversions attained
in conventional reactors at those conditions. Some early investigations were performed,
however, to explore the effect of the fWGSR on the oxidation of CO in the presence of
water vapor 018

Mechanism of the gas-phase fWGSR Bradford ' proposed a simple gas-phase
mechanism for the WGSR. The mechanism, shown below for the fWGSR, is a chain
reaction mechanism. Reaction 2 provides the chain initiation by the reaction of H,O with
any gas-phase molecule (designated by M). Reactions 3 and 4 are the propagation steps,
while Reaction 5 is the termination step.



HO+M —> H+OH+ M (2)

CO + OH «———%> H+CO; (3)
H20 + H «5——> OH + H; (4)
H+ OH +M — M + H,0 (5)

The steady-state approximation for the concentration of the chain-carriers (H and
OH) leads to the following expression for the rate of reaction, Equation 6, under the
conditions of low conversions:
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The rate constant for the fWGSR is then (Equation 7),
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And the rate can be expressed as,
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An estimation of the energy of activation and pre-exponential factor, made by
using in Equation 7 the values of ki, k1, ko, and k3 reported in the GRI database *°, gives
304.6 kJ/mol and 7.68E13 (cm®mol)*® s, respectively. Experimental results from
Graven and Long * are 274.1 kJ/mol and 7.97E12 (cm*mol)®® s, respectively, which
yield rate constant values consistently greater than those obtained using the Bradford
mechanism and GRI database, Figure 1. However, the value of the energy of activation
appears to be in good agreement with the value obtained from the Bradford mechanism.
Our estimation of the energy of activation and pre-exponential factor derived from the
results reported by Hadman and coworkers °, i.e. utilizing Eq. 8, for the low-pressure,
high-temperature (973-1073 K) fWGSR gives 319.2 k/mol and 2.22E14 (cm*/mol)*° s,
respectively. These parameters yield rate constant values slightly lower than those
predicted from the Bradford mechanism and GRI database rate constants, and the energy
of activation is also in good agreement with the value derived from the Bradford
mechanism. Table 1 summarizes these estimates of the energy of activation and pre-
exponential factor.

In view of the discrepancies of the previously reported rate constant values that
could point out the importance of an induction period on the kinetics, the first objective
of this investigation was to determine the low-pressure fWGSR at elevated temperatures
and to assess the effect of high-pressure on the rate constant. The impact of the reactor
walls on the reaction was determined by carrying out the reaction in an Inconel®600
reactor. Finally, the effect of potential membrane materials (Pd and Pd-Cu alloys) on the
reaction was then determined.



EXPERIMENTAL

The experimental configuration has been described in detail elsewhere *. Briefly,
the reactants were fed premixed to the reactor depicted in Figure 2. Computational Fluid
Dynamics, CFD, modeling demonstrated that the reactor behaves like a laminar flow
reactor, with small deviations from the ideal behavior, i.e. the average residence time was
slightly lower than the expected from a tubular flow reactor 3. Typically, the reactor
length was set at 19 mm, giving a reactor surface area of 10.2 cm® and a volume of 1.8
cm®. Several experiments were conducted with cylindrical quartz packing (2 mm
diameter, 3 mm long, 18cm?, 0.7 cm®) added to the reactor, which increased the quartz
surface area to 28.2 cm? while reducing the reactor volume to 1.1 cm?®, thereby increasing
the area/volume ratio by a factor of 4.5. The volume of the annular space, providing the
rapid heat-up of the reactants from 873 K to the reaction temperature, was less than one-
tenth of the reactor volume; no detectable reactant conversion occurred in that zone
(control experiments with the quartz reactor had no detectable level of conversion at a
temperature lower than 973 K.) An overall view of the experimental set-up is illustrated
in

Figure 3. The reaction pressure was controlled with a stainless steel Badger Research
pressure control valve (PCV) employing a control loop with a pressure indicator (Pl).
The reaction temperature was controlled with a resistance heater using a control loop
with a coaxially mounted, dual element type-K thermocouple (T1) which was placed
approximately 3 mm from the reactor. The temperature profile inside the reactor was
determined in control experiments flowing pure gases. Typically, a deviation of +/- 5 K
from the average temperature was observed over the volume of the reactor; kinetic results
were corrected to account for this factor.

Only CO (99.999%) and H,O (de-ionized) were fed to the reactor, i.e. no inert
diluent gases were used. In the determination of the exponents of the rate expression, the
partial pressure of one of the reactants was kept constant while the total pressure was
varied. Water was injected into a CO stream through 0.125 mm ID tubing using an ISCO
500D syringe pump. The flow rate of CO (99.999%) was controlled with a Brooks 5850i
mass flow controller. Tubing upstream and downstream the reactor was heated to about
423 K to prevent condensation of water before the GC analysis. This temperature
imposed a maximum to the partial pressure of steam in the high-pressure experiments.
Typically, the highest molar concentration of water under these conditions was 30%. A
trap composed of copper oxide and alumina pellets was located in the CO inlet line
before the reactor to eliminate the pronounced catalytic influence of O, on the reaction.
This trap also removed any traces of nickel carbonyl or iron carbonyl that may have
formed in the stainless steel CO cylinder. (Although deposits of carbon and elemental
metal associated with the thermal decomposition of metal carbonyls could be formed on
the inner wall of heated quartz tubing attached directly to the outlet of the stainless steel
CO cylinder, no such deposit was observed after the trap was inserted.) Argon was
continually bubbled through the water reservoir to prevent diffusion of air into the water
stream. The concentration of O, was below detectable limits for all experiments.



A Gas Chromatograph (HP-5890 II) equipped with a TCD detector was used to
quantify all the components of the reactor effluent. A porous polymer (HaySep® D) was
used as column packing. Argon was employed as the carrier gas. The only detectable
products in the quartz experiments were CO, and H,. A COy/H, ratio greater than one
(the ratio expected from the stoichiometry of the fWGSR, Reaction 1) was observed for
most experiments in the quartz reactor. The CO,/H; ratio at the reactor outlet was
typically in the range of 1.1 — 1.4, but ratios as high as 1.9 were observed. Formation of
carbonaceous particles after the reaction suggested that the higher CO conversion could
be attributed to CO disproportionation, the Boudouard reaction, Reaction 9.

2CO < C +CO, ©)

The build-up of carbon particles, which was observed to have some catalytic
effect on the reaction, was minimized by flowing a 2 mole % O, in Ar after each
experiment that was used to obtain conversion data for the fWGS reaction. The
introduction of oxygen removed any carbon residue that had deposited within the reactor
via the formation of CO,. The effect of this high temperature oxygen exposure on
palladium and palladium-copper morphology was also noted and will be discussed later
in the paper. In the experiments carried out in the Inconel®600 reactor formation of
methane, along with CO; and H,, was observed and quantified.

Given the possibility that the Boudouard reaction could consume an appreciable
amount of CO thereby increasing the CO,/H; ratio at the exit of the reactor to values
greater than could be attained if the fWGSR alone was occurring, the use of CO
conversion would over-predict the rate of reaction and rate constant. Therefore (unless
specified otherwise) the reaction rates were evaluated from the H,O conversion, H,O
concentration and residence time. Once the CO and H,O concentration exponents of the
rate expression were elucidated, the rate constant was calculated using low-conversion
data.

RESULTS AND DISCUSSION
Quartz reactor experiments

Low pressure experiments While studying the high-temperature, low-pressure
fWGSR, it was critical to minimize the deposition of carbon inside the reactor. Figure 4
shows that if the reaction was conducted for a long period of time, a continuous increase
in the rate of reaction was observed and significant deposits of carbon were found
throughout the reactor subsequent to the experiment. This effect was not significant until
about 10 hours had elapsed (Figure 4), after which the reaction rate increased steadily.
Hadman and coworkers *° reported a similar effect, although they attributed it to the
reactor surface becoming active for the reaction. Further, Long and Sykes *® reported that
extracted charcoal (ash content lower than 0.04%) displayed a catalytic effect on the
fWGSR. However, their results indicate that at high temperature (1100 K) the rate
exponents for CO and H,O approached those derived from the Bradford mechanism.
Ingles ° conducted a similar study using purified carbon (ash content, 0.15 wt %) instead



of coal, confirming the observation of Long and Sykes *®

of the gas-phase mechanism at high temperature.

on the apparent predominance

Carbon is most likely product of the Boudouard reaction, Reaction 9. This
reaction is exothermic and consequently is favorable at the moderately high temperatures
predominating before the inlet of the reactor. Visual inspection of the reactor after
disassembly of the apparatus revealed that the carbon deposits coated a 5-cm long section
of quartz surface of the pre-heating section of the reactor corresponding to the bottom of
reactor detail shown in Figure 2a. The carbon particles found inside the high temperature
reaction zone, where conditions did not favor the formation of carbon via the Boudouard
reaction, were loose and the quartz surfaces were clean. This suggests that the carbon
particles in the reaction zone actually formed in the pre-heating reaction zone and were
carried by the gas flow into the reaction zone where they were retained. All the kinetic
data used in the elucidation of the fWGSR rate expression presented hereafter were
recorded during periods of less than eight hours. Then the O/Ar mixture was fed to the
system until no further CO, was detected indicating that any carbon residue that had
deposited was no longer present in the reactor. Before switching back to the reactant
mixture (CO/H,0), Ar was fed to the reactor for two hours to ensure a complete sweep of
O, from the reactor. Although the inside of the reactor was clean, some residual carbon
remained in the preheating section (temperature < 873 K). Control experiments did not
show conversion of CO by the fWGSR at that low temperature, however.

The high-temperature, low-pressure fWGSR was conducted in a quartz reactor,

Figure 3. The apparatus was designed primarily to collect high-pressure data
representative of coal gasification conditions; therefore few low-pressure experiments
were conducted. The exponents of the CO and water concentrations in the rate
expression were assumed to be 0.5 and 1.0, respectively, (the exponents predicted in
Equation 6) during the analysis of these low pressure experimental results. Rate
constants were determined as a function of temperature, Figure 5. The scattering of the
low-pressure rate constant data was primarily attributable to experimental fluctuations in
the volumetric flow rate of low-pressure steam through the reactor. The rate constants
appear to be similar to the low-pressure results reported by Graven and Long *, although
the scatter and relatively small conversions of the low pressure data do not allow for a
reliable correlation for the rate constant to be established.

High-pressure experiments High-pressure experiments were conducted to confirm
the exponent values of the rate expression. The best concentration exponents for CO and
H,0, as obtained from log-log plots of isothermal rate versus concentration data, were
0.49 and 0.97, respectively; values very close to those associated with the Bradford
mechanism (0.5 and 1.0).

Having established the exponents of the CO and H,O concentrations in the
reaction rate expression, the temperature dependence of the rate constant value was
determined between 1071 and 1121 K. Reactions were conducted in an empty quartz
reactor and in the same reactor packed with quartz chopped strand. The results, provided



in Figure 6 and Table 1, indicate that the increased surface associated with the packed
reactor did not influence the reaction rate.  The activation energy of the NETL
correlation is 288.3 kJ/mol; 5.4% less than the value of 304.6 kJ/mol associated with the
Bradford mechanism/GRI database correlation and 5.0% greater than the value of 274.1
kcal/mol reported by Graven and Long. The pre-exponential constant for the NETL
correlation is 7.40E11 (cm®mol)®>s™, and the rate constant values of the NETL high-
pressure correlation, Figure 6, are intermediate to the Graven and Long correlation and
the results obtained using Equation 6.

In our previous study * on the kinetics of the high-temperature gas-phase reverse
WGSR we reported that our experimental energy of activation, as well as the value
reported by Graven and Long *, were significantly lower than those predicted from the
Bradford mechanism. The difference was traced to the induction period where the
increasing concentration of chain carriers with time would invalidate the assumptions
used in the derivation of the rate constant from the gas-phase mechanism. A similar
behavior, i.e. an induction period that would lead to the wrong prediction for the energy
of activation, could be expected in the fWGSR. Simulation of the gas-phase Bradford
mechanism for the fWGSR using a stiff numerical solver (ODE 23s from MatLAB®,
maximum step size = 1E-04) confirmed that under our experimental conditions neither H
nor OH would achieve their stationary-state value, as shown in Figure 7. Moreover, if
the concentration-time profiles from the simulations are used to evaluate the rate constant
under conditions similar to the experiments (i.e., inlet concentrations, reaction time,
reaction rate exponents), the resultant energy of activation (338.9 kJ/mol) is larger and
the rate constant lower than the corresponding values predicted from the mechanism. On
the contrary, if the simulation is run under the constraint of inlet concentrations of H and
OH close to their stationary-state values, rate constants that are in excellent agreement
with the derivation from the Bradford mechanism are predicted (see Figure 8). This
would indicate that there was an absence of a significant induction period in our
experiments, i.e. a relatively high inlet concentration of H and/or OH radicals was indeed
achieved. Therefore, we attempted to ascertain how such conditions could be established
under our experimental conditions of rapid heat-up of the mixed feed gases.

The simulation showed that at the temperature and residence time present in the
preheating section, the formation of H and OH radicals from the gas-phase collisions of
H,0, Reaction 2, is extremely low and exerts a negligible effect on the high-temperature
reaction. The interaction with the quartz walls would not give rise to a high
concentration of radicals in the gas-phase because quartz acts a radical quencher under
the experimental conditions studied here *2!. On the other hand, Ingles ?° suggested that
the enhancing effect of carbon could be explained by its acting as chain initiator for the
gas-phase reaction. In fact, steam is known to adsorb on the loosely bound atoms in
graphitic surfaces. Some early experimental work has suggested that the dissociation of
the H,O molecule into H and OH is an intermediate step in the reaction between carbon
and steam *2. Recent computational chemistry simulations carried out by Zhu and
coworkers also suggest the dissociation of steam as an important step in the water-gas
shift reaction on carbon surfaces . Although desorption of H or OH from the surface



would provide a source of radicals at the inlet of the reactor reducing the induction
period, the results of Zhu and coworkers indicate that this is not energetically favorable.

A more detailed characterization of the carbon that coated the quartz surfaces of
the preheating section was conducted in an attempt to determine why there was not a
significant induction period and why our reaction rates were slightly greater than
expected from the Bradford mechanism. X-Ray Diffraction, XRD, analysis showed the
carbon deposit to be somewhat graphitic. XRD also indicated the presence of iron
silicate and metallic nickel in the carbon. It is usually recognized that silica is volatile in
the presence of steam at high temperatures 2* which could lead to the formation of
Fe(Si0y). Scanning Electron Microscopy combined with Energy Dispersive
Spectroscopy, SEM-EDS, analysis confirmed the presence of trace amounts of nickel
dispersed throughout the carbon. However, iron was observed in the sample as well.
Iron agglomerates in particles of irregular shape (approximately 30 um in diameter),
while nickel appears to be finely dispersed submicron particles. In addition, partial
segregation was detected in some regions of the pre-heating section, Figure 9, where
three distinct zones can be observed: a clean quartz surface, a thin iron layer on top of the
quartz surface, and a layer of carbon deposit on top of the iron layer. A closer inspection
of the last layer showed the presence of finely dispersed nickel particles. The SEM-EDS
analysis was not able to determine whether the nickel is on or underneath the carbon
surface due to instrumental limitations but the latter option seems more likely.
Furthermore, no metal carbonyls were detected immediately downstream of the trap, and
analysis of loosely bound carbon deposits upstream of the reaction zone (i.e., perhaps
carried away by the flow), Figure 10, did not show the presence of nickel or iron.
Therefore the most likely source of the nickel (and iron) deposited in the preheating
section is the formation of nickel (and iron) carbonyl in the presence of the stainless steel
tubing immediately preceding the preheating section under the CO-rich conditions as
reported by Miksa and Brill . These carbonyls would then readily decompose in the
hotter quartz tubing. Sykes and coworkers % studied the effects of the decomposition of
nickel and iron carbonyls, formed in the cold end of stainless steel lines, on the surfaces
of gas-cooled nuclear reactors at high pressure (4.1 MPa) and moderately-high
temperature (623 — 973 K). They reported that nickel carbonyl promotes the deposition
of carbon by forming nucleation centers in the form of small nickel particles. Once the
centers are covered by carbon, the deposition process is stalled. lIron carbonyls, on the
other hand, do not exert the same effect and the iron is present as agglomerates of small
particles. This qualitatively agrees with our experimental observation. Moreover, the
presence of nickel finely dispersed in carbon could explain why there appeared to be no
significant induction period and why the conversions obtained in our study were slightly
greater than those expected from the Bradford mechanism, as shown in Figure 6.

Effect of Inconel®600 surfaces on the fWGSR

The fWGSR was conducted in an Inconel®600 (approximate composition, 72%
Ni, 17% Cr, 10% Fe; 3.4 cm® volume, 17 cm? Inconel surface area) reactor to assess the
potential impact that the walls of an industrial reactor might have on the gas-phase
reaction at high-temperatures. There is a dramatic increase in the rate of reaction when
the reaction takes place in an Inconel reactor, as shown in Figure 11. This trend is



similar to that observed for the rWGSR 3. For residence times of 0.5 — 1 s at 0.101 MPa,
equilibrium conversions are attained for temperatures as low as 973 K in the Inconel®600
reactor. These results indicate that if the design of a membrane reactor with a metal shell
incorporates reaction rates based on correlations obtained with quartz reactors, then the
reaction rate would be significantly underestimated and the reactor volume
overestimated. Further, this catalytic effect may mitigate or eliminate the need to
introduce a packed bed of heterogeneous catalyst particles into the reactor 2.

In a previous paper we reported significant depletion of nickel and/or enrichment
of chromium from the surface of Inconel®600 packing subjected to the rWGSR
environment 3. However, it is known that Ni-rich alloys can form self-healing
passivation layers of chromium oxide by treatment in the presence of steam and non-
oxidizing gases at very high temperature (1373 K) #’. Therefore, the apparent loss of
nickel from the surface of the Inconel®600 rings could also be due to the formation of
such a passivation layer. SEM-EDS and XRD characterization of the reactor wall was
used to explore this possibility. The surface composition was contrasted with the bulk
composition in different sections of the reactor. Three samples (e.g., 1 cm long rings)
were cut from the Inconel®600 walls for this purpose. The cross section of the samples
was polished for the SEM-EDS study; some samples were then pressed flat for
subsequent XRD studies. The first ring was taken from the reaction zone (close to the
top of the reactor, Figure 2b), the second from the preheating annular space close to the
border of the heater, and the last one from the cold end of the reactor. The piece
extracted from the reaction zone (i.e., the inner surface in the high-temperature section of
the reactor) revealed the formation of a thin layer of chromium oxide on the surface of
the material; the bulk composition corresponds to that of Inconel®600. On the contrary,
analysis of the outer surface (not exposed to the reaction gases) by XRD showed the
presence of a thinner layer composed of chromium oxide, nickel oxide, nickel-chromium
oxide, and possibly nickel-chromium-iron oxide, attributable to high-temperature
atmospheric oxidation. Therefore, the formation of the relatively thick (e.g., in the
micron range) chromium oxide layer in the inside wall is due to the high-temperature
WGSR environment. Further, the depletion of nickel from the Inconel®600 packing
would be also attributable to this cause. The second sample was extracted from the
region where carbon deposits were more significant, i.e. the preheating section. The
SEM analysis showed that the Ni/Cr ratio was lower on the surface than in the bulk of the
wall. Moreover, surface damage is observed on the inner wall. Closer analysis of the
surface revealed that the composition is not homogeneous. There are Ni-rich areas (e.g.,
Ni/Cr ratio is significantly higher than in the bulk of the material) separating Cr-rich
zones. The former appear to be growing from the surface. This behavior is consistent
with carbon diffusion into the Inconel®600 causing metal dusting on the surface. Indeed,
SEM-EDS inspection of the carbonaceous deposit showed the presence of Ni as finely
dispersed sub-micron particles. These results suggest that the metal dusting occurs
primarily at the preheating section and not at the reaction zone. In other words, when the
reactor operates at very high temperature (~1173 K) the gases will encounter a chromium
oxide surface on the reaction zone and not metallic nickel. Finally, the ring from the cold
end did not exhibit any difference between the Ni/Cr ratio on the surface and that of the
bulk. Additionally, no evidence of surface attack was found.



In order to provide a preliminary correlation of the CO conversion data in the
Inconel®600 reactor, a simple power law rate expression for equilibrium-limited reactions
was incorporated into a PFR reactor model. The reaction rate was assumed to be first-
order with respect to ([CO]-[CO]eq) and zeroth-order with respect to [H,O]; assumptions
commonly employed for commercial shift catalysts *. An approach-to-equilibrium term
was used to account for the reverse WGS reaction . The PFR model for a surface
catalyzed reactor 2 was modified to account for the inner surfaces of the reactor
geometry shown in Figure 2. The best-fit correlation, illustrated by the dashed line in
Figure 11, was attained using an Arrhenius form of the rate constant expression with an
activation energy and pre-exponential constant of 102.4 kJ/mol and 4.26E6 cm?s,
respectively, in the 600 — 900 K temperature range.

Formation of methane was observed throughout the temperature range with a
peak at 973 K, Figure 12. At that temperature, the Boudouard reaction would produce a
significant amount of carbon inside the reaction zone suggesting that the methane would
be formed by reaction of carbon and hydrogen, Reaction 10. This reaction, which is
thermodynamically favored at high-temperature, would be responsible for methane
formation even at the temperature range where carbon formation is not favored due to the
reactivity of the carbon-nickel deposits on the colder preheating section.

C+2H, <>CH, (10)

Effect of Palladium Surfaces on the fWGSR

To determine the effect of potential membrane materials, the quartz reactor was
packed with pure palladium and a palladium-copper alloy (80 wt % Pd) in the form of
small cylinders (2 mm diameter, 3 mm length); the total geometric surface area was
chosen to be equal to the surface area of the Inconel®600 reactor (~20 cm?).
Corresponding experiments with the quartz reactor packed with quartz packing of similar
dimensions did not exhibit any effect of the packing on the reaction rate at the conditions
studied. Figure 13 shows the conversions of the fWGSR in the Pd-packed reactor. Each
set of data represents the average of CO conversions recorded. In all cases the reaction
was run for several hours after steady state was attained (typically within the first hour of
operation). However, the fresh packing displayed a slight trend of increasing conversion
with time on stream during the initial hours of testing. The first data set shows a
moderate increase in the reaction rate with respect to the gas-phase reaction when the
reactor is packed with Pd. This increase is very small and could be within experimental
error (e.g. small deviations in the actual temperature inside the reactor). Studies on the
behavior of the WGSR over supported catalysts stress the importance of the redox
behavior of the catalyst/support system **. At the temperature (1173 K) and net reducing
environment (CO/H,0 ratio ~ 5) present during the reaction, no oxidation of Pd should
be expected and the smooth Pd surface should behave like the quartz packing. However,
a significant increase in CO conversion was observed after treating the Pd packing in 2%
O,/Ar overnight (data set 2). On the other hand, continuous testing for a large period of
time (24 hr) without O,/Ar treatment does not have the same effect on the observed
conversions (data sets 3 and 4, Figure 13). Moreover, Figure 13 shows that the repeated



switching between oxidizing (O,-rich) and reducing (CO-rich) environments enhances
the reaction even further (increase in conversion from data set 2 to data set 3). This
enhancing effect appears to be both directly proportional to the duration of the O,
treatment and irreversible. Figure 14 compares the conversions observed in switching
from high-pressure to low-pressure with a long (66 hr) intermediate O,/Ar treatment of
the Pd packing. Despite the decrease in pressure, which should translate into lower
conversions due to the lower residence time and inlet concentrations, conversions in the
low-pressure regime are significantly larger.

The complexity of the Pd — O, system is recognized by the many papers written on the
subject 2 ¥ 31 Pd-O, interactions are thought to lead to the occurrence of several
oxygen-containing species - chemisorbed oxygen on the surface, surface palladium oxide,
and bulk palladium oxide. Wolf and coworkers modeled the behavior of polycrystalline
Pd under oxidation-reduction cycles ** and suggested a complex relationship between
these three types of Pd-O interaction. Even though PdO is not expected to be stable at
temperatures greater than 973 K, some remaining chemisorbed O could still be present at
the surface . If these oxygen species are responsible for the enhancement of conversion,
sweeping the reactor with a reducing atmosphere should somewhat decrease the
conversions and partly restore the conversions observed with the fresh Pd packing. An
attempt was made to study this possibility. After the O,/Ar treatment, the reactor was
flushed with He and then H,/He was admitted to the reactor. No significant change in
conversions was observed upon feeding the CO/H,0 stream after the reducing treatment.
However, PdO is thermodynamically stable at the conditions of our high-pressure testing
%2 This bulk PdO could decompose and release oxygen to the surface **. Consequently,
we oxidized the Pd packing at the high partial pressure of oxygen used in the O./Ar
treatment and cooled down under inert gas. The packing was characterized by means of
XPS and SEM-EDS. XPS results of the as-received Pd-packing samples showed the
presence of PdO, but after a mild Ar ion etch of the surface only Pd was observed. This
result shows that very little surface oxide was present following the O,/Ar treatment and
that the oxide detected could be partially due to atmospheric contact during handling.
More relevant are the results of the SEM study. Figure 15 depicts the surface of the fresh
palladium pellets and the same pellets after reaction. There is a very noticeable
roughening of the surface. This roughening is also observed in a cross section of a
packing pellet as a pore-like structure extending about 50 um into the Pd bulk. (

Figure 16). Similar changes in the morphology of supported ** and unsupported **
palladium films after treatment in O,-rich environments at elevated temperatures has
been reported. Monteiro and coworkers ** reported an increase in the rate (one order of
magnitude) of methane oxidation on Pd-foils after the sample was treated in a CH4-O,
environment (excess methane) at 598 K for less than 3 hr. However, the foils tended to
deactivate with time on stream and recovered the original activity upon repeating the
activation treatment. The deactivation was traced to the loss of PdO surface area due to
the presence of the water produced in the reaction. Our results, on the contrary, suggest a
continuous increase in activity without any indication of deactivation with time on stream
(test were conducted for periods of 6 hr before O,/Ar treatment). A possible explanation
of the increase in activity is the observation by Matolin and coworkers ** that CO
interaction with Pd surfaces is enhanced by the presence of defects on the surface. We



cannot, however, provide a definite explanation at this point. The change in the
morphology of palladium would pose a significant risk of failure if ultra-thin (<10 um)
Pd-membranes are to be used in a membrane reactor. Therefore, the operating conditions
of such a membrane reactor should be carefully selected to minimize the formation of
carbon since O, could not be used to remove any carbon build-up.

Effect of Palladium-Copper Surfaces on the fWGSR

The WGSR was also conducted in the presence of a PdCu alloy. Previous work
conducted at NETL has shown that the 80 wt % Pd — Cu alloy displays sulfur tolerance
over a wide range of temperature >, as well as hydrogen permeation similar to pure
palladium *". Therefore, this alloy could be a potential candidate for membrane reactors
in harsh environments. The PdCu-packing test was carried out under similar conditions
as the Pd-packing test, e.g., surface area, packing shape, inlet concentrations. However,
the test was restricted to ambient pressure in order to study the behavior of the alloy at
the low residence times likely to be encountered in a practical application of a membrane
reactor. Figure 17 shows the conversions in the PdCu-packed, quartz reactor. The fresh
packing, i.e. without any pretreatment (data set 1), appears to be more active than its Pd
counterpart. Moreover, the fresh packing displayed a slight but clear trend of increasing
conversion with time on stream. Several hours were elapsed before the steady-state
conversions reported on Figure 17 were attained. Similar to the observations with the Pd-
packed reactor, there is a noticeable increase in the activity of the PdCu pellets after the
packing was treated with oxygen (data set 2). Attempts to reverse the effect of the
oxidizing environment by means of an extended reducing treatment (H2/Ar in a dry
environment for over 60 hours) did not induce any change in the activity of the packing
(data set 3). Finally, continuous operation in the CO/H,O environment (data sets 4, 5,
and 6) did not effect conversions. Although CO conversions obtained in the early stages
of testing of the PdCu packing are larger than the conversions in the Pd-packed reactor
under similar conditions of time on stream and oxidizing-reducing cycling (i.e. data sets 1
and 2 in Figure 13 and Figure 17, respectively), the difference in conversions in both
reactors tend to level-off at longer times on stream.

The increase in the activity of the palladium packing was correlated to the change in
surface area and/or morphology of the pellets. The PdCu packing was removed to
determine whether such surface changes were evident in the PdCu pellets. During
reaction condition exposure the PdCu pellets fused together forming a single unit while
retaining their macroscopic shape; conversely, the Pd pellets remained loose following
use. Moreover, numerous cracks were found on the surface of the PdCu pellets which
developed into internal porosity (Figure 18). Clearly, this macroscopic/microscopic
channel network would provide a more favorable environment for a heterogeneous
reaction than the offered by the randomly packed palladium. Consequently, a direct
comparison between the conversions in both systems is difficult. An attempt to prevent
the formation of the macroscopic structure shown in Figure 18 was done. Small slabs (10
mm long, 2 mm wide, 1 mm thick) were cut from a PdCu alloy foil and twisted to form
small spirals providing a less densely-packed arrange that would minimize the contact
points while having the same exposed surface area. CO conversions larger than the gas-
phase conversion (e.g. 2.79% versus 0.34%) were attained. However, mass transfer



limitations were significant and could not be circumvented. Moreover, it was found that
the spirals also fused together into a compact bundle. The tendency of the PdCu packing
to fuse together at the high temperature of this work is possibly linked to the melting
point of the alloy. The 80 wt % Pd-Cu alloy has a significantly lower melting point than
the pure Palladium, 1593 K and 1823 K, respectively. Consequently, the higher atomic
mobility in the alloy would facilitate the fusing of the pellets.

Characterization of the PdCu pellets was performed by XRD and SEM-EDS. One
of the cylindrical pellets was separated from the large agglomerate and pressed into a flat
sheet fro analysis by XRD. The x-ray pattern suggests that both the bulk and surface of
the pellet have the same composition, i.e. 80 wt % Pd - 20 wt % Cu. A similar
conclusion was reached when comparing the bulk and surface composition by SEM-EDS.
However, the SEM analysis revealed an increase in the surface area (

Figure 19). The fact that the surface roughening is not as severe as that observed
in the Pd pellets could be explained by the lower total time on stream for the PdCu
pellets. Again, the surface roughening must be considered in the application of PdCu
membranes in a membrane reactor operating in a carbon-forming zone.

Although our experimental results are not suitable for a direct comparison
between the WGSR in the presence of Pd and PdCu due to the differences in the gas-solid
interactions in the two systems (e.g., total surface area accessible to the gas stream), the
larger CO conversion observed with the fresh PdCu catalyst suggests that this material
performs as a better catalyst for the reaction. The addition of palladium to copper-
supported catalysts has been shown to have an enhancing effect on the WGSR at low
temperature . The promoting effect of the PdCu pair has been also observed in the
elimination of CO and NO on ceria-zirconia-alumina-based catalysts *°. Such an effect
was partly explained by the formation of a PdCu alloy with low Cu content. Previous
theoretical work had suggested a change in the electronic configuration of Pd due to
interaction with Cu “°. Additionally, studies of the WGSR on single-crystal Cu surfaces
have suggested that the high-temperature reaction would follow a surface-redox
mechanism described by dissociative adsorption of H,O that would provide the O species
that further react with CO ** *2. The dissociation of H,O, the rate-limiting-step, is
favored in less densely packed surface configurations, e.g. Cu(100) vs Cu(111) * %,
Therefore, it is tempting to speculate that the superior performance of the PdCu alloy is
due to the role of the low-copper surface in the initiation of the reaction.

CONCLUSIONS

The rate of reaction of the homogeneous gas-phase forward water-gas shift
reaction was studied at high-temperature (1070 — 1134 K) and both low (0.1 MPa) and



high-pressure (1.6 MPa) conditions. The rate expression was characterized by the
exponents 0.5 and 1.0 for CO and H,O, respectively. This rate expression is consistent
with the proposed gas-phase mechanism of the reaction. Further, the effect of the high-
pressure conditions on the reaction rate was negligible. However, our pre-exponential
factor, 4.70E11 (cm*mol)®°s™, and energy of activation, 288.3 kJ/mol, predict rate
constant values that are larger than those evaluated from the gas-phase mechanism and
lower than those determined from the only available gas-phase, low-pressure correlation
of Graven and Long *. Formation of carbon inside the reactor leading to a steady
increase in the reaction rate was observed. However, the carbon deposits were
minimized by flowing O, at high-temperature between the Kkinetic experiments.
Therefore, our slightly larger rate constants cannot be attributed to this effect. However,
small deposits of carbon in the preheating section could not be removed with the oxygen
treatment. Further, characterization of these deposits revealed the presence of trace
amounts of nickel dispersed in the carbon. The carbon was probably formed by the
Boudouard reaction whereas the nickel was extracted from the stainless steel inlet tubing
via the formation and decomposition of nickel carbonyl. The presence of the small
amounts of nickel would account both for the absence of a kinetic induction period and
the larger rate constant values.

Confirming our previous observations on the kinetics of the reverse WGSR,
Inconel®600 surfaces greatly enhance the reaction rate. Equilibrium conversions were
attained at low-pressure conditions and temperatures as low as 973 K for residence times
lower than 1 s. Therefore, the use of the gas-phase kinetic correlation would lead to
significant over-estimation of the reactor volume due to this reaction rate enhancement.
Surface characterization of the reactor walls indicated the formation of a chromium oxide
layer in the reaction zone. In addition, nickel extraction from the preheating section
through metal dusting was observed, and production of methane was found to occur in
the Inconel®600 reactor. A preliminary correlation of the CO conversion data at
temperatures in the 600 — 900 K range was achieved by assuming that the surface-
catalyzed fWGSR was first order in ([CO]-[CO]eq) and zero-th order in [H20], yielding
an activation energy and a pre-exponential constant of 102.4 kJ/mol and 4.26E6 cm?/s,
respectively.

The gas-phase reaction was enhanced by the presence of palladium or palladium-
copper packing. However, the catalytic effect was moderate when compared to
Inconel®600, i.e. equilibrium conversions were not achieved when the reaction was
conducted in the presence of Pd or PdCu pellets with geometric surface area equal to the
Inconel®600 reactor. The cycling between oxidizing and reducing environments
significantly increased the conversions attained with the two materials. A likely
explanation for the large conversions is the change in surface morphology (for Pd and
PdCu) and/or the creation of porous structures inside the packing (for PdCu). Fresh
PdCu appears to be a better catalyst than fresh Pd as indicated by the initial rates of
reaction observed for each material.
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Figure 1. Arrhenius representations of the fWGSR rate constant presented in a literature
correlation (Graven and Long “), extracted from literature data (Hadman °) and based on
the Bradford *’ mechanism combined with GRI database *° values for individual rate
constants, Equation 6. Units of k are [(L/mol)®° s™].
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Figure 10. SEM image of the carbon particles deposited at the inlet of the reactor.
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Figure 15. SEM images of the fresh (left) and used (i.e., after reaction studies) Pd
packing (right).

Figure 16. SEM cross-sectional view of the Pd-packing after reaction. The packing was
encased in a polymer resin and polished.
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Figure 18. SEM image of the internal structure of a fractured PdCu pellet.

Figure 19. SEM image of the surface of a PdCu pellet after reaction.



Table 1. Pre-exponential constant and activation energy of the fWGSR rate constant —
gas-phase mechanism and experimental results. Pre-exponential factor, (cm*/mol)*® s*;
Energy of Activation, kJ/mol, kcal/mol.

Reference Temperature  Pressure Pre- Energy of
K MPa exponential Activation
Factor kJ/mol
(cm®/mol)®® st
Hadman et al., 1932* 973 -1073 0.101 2.22E14 319.2
Graven and Long, 1073 - 1373 0.101 7.97E12 274.1
1954
Bradford mechanism 7.68E13 304.6
and GRI rate

constants, Eq. 6
This work 1070-1134 1.6 7.40E11 288.3
(experimental

results)

* Rate constant was evaluated from the reaction time and conversion data reported in the
reference, using the Bradford exponents for CO and H,O.



