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Kinetic studies on the water-gas shift reaction catalyzed by magnetite/chromium oxide and copper/zinc oxide
were carried out by using @msitu photoacoustic spectroscopic technique. The reactions were performed in a
closed-circulation reactor system using a differential photoacoustic cell at total pressure of 40 Torr in the
temperature range of 100 to 3% The CQ photoacoustic signal varying with the concentration ot CO
during the catalytic reaction was recorded as a function of time. The time-resolved photoacoustic spectra
obtained for the initial reaction stage provided precise data eff@@ation rate. The apparent activation
energies determined from the initial rates were 74.7 kJ/mol for the magnetite/chromium oxide catalyst and 50.9
kJ/mol for the copper/zinc oxide catalyst. To determine the reaction orders, partial pressures of CO(g) and
H20(g) in the reaction mixture were varied at a constant total pressure of 40 Torr\WitfféM gas. For the
magnetite/chromium oxide catalyst, the reaction orders with respect to CQ@meeke determined to be 0.93

and 0.18, respectively. For the copper/zinc oxide catalyst, the reaction orders with respect to &Dveere H
determined to be 0.79 and 0, respectively.
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Introduction energy.
A large fraction of catalytic research involves the inves-
The water gas shift reaction (WGSR), CO = CO; tigation of kinetic phenomenag., quantitative studies of

+H,, has been most frequently used to increase the Heaction rate and factors which are influencing the rate. An
content of synthesis gas through the reaction of CO witlaccurate description of the reaction rate can be obtained
steam. When carbonaceous materials react with steam fibm a rate law which is essential in the calculation of a
high temperature, 1 CO, CQ, and HO are produced as reactor design. Although it is difficult to determine the
major products of which composition can be adjustadhe  accurate mechanism from an empirical kinetic expression,
WGSR to give hydrogen gas for synthesis gas with thesuch empirical kinetic expression may be helpful to under-
various H/CO ratios appropriate to the production of stand the catalytic reaction mechanism. The most important
hydrocarbons or alcoholetc Therefore, the WGSR is also consideration in the kinetic experiments is to measure the
important in the production of gaseous and liquid hydro-concentration of reactants or products of interest as a
carbons from coal and natural gas. It has been known thétinction of time. To measure the concentration, absorption
metals and metal oxides exhibit catalytic activities for thespectroscopy techniques have been generally used. However,
WGSR!?Magnetite-based catalysts and copper-based catalystiseir sensitivities may be diminished due to the difficulty in
are known to be active catalysts for the WGSR. Magnetiteprecise measurements of the difference between the incident
chromium oxide catalyst operates at higher temperatureand the transmitted intensities of radiation. The photoacou-
(=350°C), while copper/zinc oxide/alumina catalyst operatesstic spectroscopy (PAS) is based on a direct measurement of
at lower temperatures (200-380) but is highly sensitive to acoustic waves generated owing to the absorption of optical
sulfur poisoningThe kinetics of the WGSR over the high- energy. The principle of this effect is quite simple: when a
and low-temperature catalysts have been studied widely bgnaterial absorbs a modulated laser beam and generates heat
several groupdHowever, there are still some disagreementsperiodically, a photoacoustic signal is created. The depend-
on the reaction mechanisms and the kinetic parameters suelmce of the photoacoustic signal on the optical absorption
as the reaction orders, the rate constant, and the activatimoefficient and the light-into-heat conversion efficiency allows

one to obtain directly the nonradiative energy conversion
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tion limit enable us to obtain a signal with enough intensitybehaves as a damped harmonic oscillator. Thus an acoustic
for even time-resolved experimefitsIn addition to the in-  resonance can be obtained at relatively low frequencies even
herent high sensitivity of the photoacoustic detection, a furthewhen the volume of the detection cell is small.
advantage of this technique can be found in the capability of The output beam of a cw Gdaser (Synrad Series 48-1-
the elimination of any sophisticated sampling technique8) operating in multiline of 10,6m was modulated at 25
which are inevitable in the conventional techniques such ablz. The nonresonance condition was used in order to
MS or GC. The photoacoustic spectroscopy is thus believedrevent any change of the signal due to the variation in the
to be a suitable technique for tire situ experiment of a  resonance frequency followed by the temperature change in
catalytic reaction because it can directly measure the absorfhe Helmholtz resonator. The photoacoustic signals from the
tion characteristics of the samples of intefést. microphones attached at the reference cell (signal A) and the
In recent, we have studied the WGSR over the vacuumsample cell (signal B) connected to the microreactor were
activated ferric oxide catalyst and reported that a l@€er-  detected by a lock-in amplifier (Stanford Research Systems
based photoacoustic spectroscopy was applicable to tHdodel SR850), and the signal ratio (A/B) was recorded by a
kinetic study of WGSR.In this work, we performed kinetic personal computer as a function of time.
studies on the WGSR over #r/Cr,O3 and Cu/ZnO cat- Kinetic studies on the water-gas shift reaction were per-
alysts by using a photoacoustic spectroscopy technique. Tormed for two commercial catalysts, magnetite/chromium
measure the temporal change in the concentration f@0 oxide (CCE C12) and copper/zinc oxide catalysts (ICl 52-1).
the WGSR, a photoacoustic detection technique with a suiPowdered catalysts of 80-100 mesh in the particle size were
table differential photoacoustic cell was employed. Theused in this experiment and the BET surface areas determin-
measurements were performed at low pressure so that tte& by the liquid nitrogen method were 57 9grand 84.6
technique provided precise kinetic data for the initial stagan?g for magnetite/chromium oxide catalyst and copper/zinc
characterized by high reaction rates. The kinetic data obtairexide catalyst, respectively. Prior to the each measurement,
ed were then compared with those of other investigators anghagnetite/chromium oxide catalyst was evacuatesitu at

active sites were discussed from the results. 400°C and 1x 10° Torr for 3h and copper/zinc oxide
catalyst was treated situin a flow of H (5%)/Ar mixture
Experimental Section at 200°C for 3 h. After the pretreatment, the reactor was

cooled to room temperature where §as was passed to
Figure 1 shows an experimental arrangement for th@éemove oxygen gas remaining in the reactor. The reaction
photoacoustic detection method employed in this work. Thenixture was then admitted into the microreactor at given
kinetic study was carried out in a closed-circulation fixed-temperature of the reaction. The purity of CO,,Cahd N
bed type microreactor made of quartz with a volume ofwas greater than 99.99%. Water vapor was generated from
approximately 40 cf The microreactor was placed in the the deionized water by heating it at an appropriate
electric furnace maintained at a constant temperature withitemperature to obtain a desired vapor pressure. To avoid the
0.5 K by an electronic controller with a K-type thermocouple.condensation of water vapor, all the lines were heated by
The reactor was directly connected to a photoacoustic cell bysing a heating band. A capillary silicon oil manometer
approximately 15 cm away with an adjoining tube. The di-(1/13 Torr precision) and a pirani gauge were used to
fferential photoacoustic cell consisted of two compartmentsmonitor the gas pressure. The reference cell was filled with a
i.e. a reference cell and a sample cell, separated from eagaseous mixture of GJO0.2 Torr) and M (39.8 Torr). The
other by a ZnSe window. Each photoacoustic cell, in whichsample cell was connected to the microreactor loaded with
ZnSe windows formed the end of the cell, was a Helmholtzhe catalyst, in which the total pressure of gaseous mixture
resonator of 1.9 cm in diameter and 3.3 cm in length with arof CO and water vapor was kept at 40 Torr with buffer
adjoining tube of 1.0 cm in diameter and 10 cm in length. Agas.
closed volume of gas in the Helmholz resonator behaves as aThe measurements were carried out in the temperature
spring when acoustically excited, and the gas inside amange of 200-350C for the magnetite/chromium oxide catalyst
adjoining tube acts a mass attached to the spring. Due to tlad of 100-220C for copper/zinc oxide catalyst. A blank
viscous drag of the gas motion inside the tube, the resonatexperiment in the absence of the catalyst showed that no
detectable amount of G@ras formed in the temperature range
of 100-35C°C. To identify the phase of the catalysts, X-ray
o botler powder diffraction analysis (Philips pw 1710 XRD) was per-
formed. X-ray photoelectron spectroscopic analysis (Marker
| “Microphone | SSI 2803-S ESCA) was also carried out to investigate the
= Window (8 oxidation state of each element on the catalyst surface. The
_____ 7 I - 7 ratios of Fe/Cr in the magnetite/chromium oxide catalyst and
Chopper Cu/Zn in the copper/zinc oxide catalysts were determined by
Gas handling using ICP-AES (inductively coupled plasma-atomic emission
Figure 1. An experimental setup for the photoacoustic detectio Spectroscopy) technique. The ratios of Fe/Cr and Cu/Zn in wt.%
method. were found to be 18.0 and 0.79, respectively.
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Results and Discussion creased with increasing temperature in the range of 150-350
°C. The rates of COformation were typically estimated
The photoacoustic signal is generally affected by variougrom the slope of each PAS curve in the temporal range of
conditions, such as the excitation wavelength and the powe20-50 sec. Figure 3 shows the rates of @Pmation plotted
of light source, the chopping frequency, the physical pro-as a function of temperature according to the Arrhenius
perties of analytes, and the sensitivity of microphibhe. equation so that the apparent activation energy determined
addition, the photoacoustic signal is directly proportional tofrom the slope was 74.7 kJ/mol. The reported activation
the concentration of analyte in a given condition, allowingenergies for the WGSR over magnetite/chromium oxide
this method to be applicable for the quantitative analysis. Ircatalyst are in the range from 40 to 150 kJARIThe lower
this experiment, the signal dependence on the power daictivation energy obtained here, 74.7 kJ/mol, is believed to
incident beam showed a linear relation in the power rangbe caused by diffusional limitations in the catalyst particles as
from 1 to 8 W of the C@laser. Because the sensitivity of the explained by Keisket al® To investigate the reaction orders
photoacoustic signal increases with decreasing the totalith respect to CO(g) and.B(g), the CQ photoacoustic
pressure of gas medium, it is desirable to keep the gasignals were measured at various partial pressures of CO and
pressure as low as possible. Therefore, the total pressure 0. Figure 4 demonstrates the £@hotoacoustic signals
gaseous reactants in the microreactor, filled withadla measured at various Pco's at 300and the reaction order
buffer gas, was kept at 40 Torr. In the present work, the COwith respect to CO determined from the reaction rates is
PAS signal was linearly varied with the partial pressure 0f0.93. Figure 5 shows theuJd dependence of the GO
CQO,, Pco, below 20 Torr. Accordingly, the measurements of photoacoustic signal measured at 300and the reaction
the photoacoustic signal in time relative to the initial condi-order calculated from the reaction rates is 0.18. Figure 6
tion directly reflected the change of the Paothe micro-  presents the Fe(2p XPS spectrum for the vacuum-treated
reactor during the catalytic reaction. magnetite/chromium oxide catalyst, where the F&{P¥PS
Magnetite/Chromium Oxide Catalyst Figure 2 illustrates peak could be resolved into two peaks at 711.2 and 713.5 eV.
the variations of the C{photoacoustic signals with time-on-  Reaction mechanism for the water-gas shift reaction have
stream at various temperatures when the GO/M (5/10/ been studied by many investigators during the past five
25 Torr) mixture was introduced over the magnetite/chro-decades and the reaction mechanisms proposed generally
mium oxide catalyst, in which the rate of €f@rmation in-
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70000 chromium oxide catalyst by Tinkle and Dumésishowed

that the rates of CO adsorption and.Gfesorption were
slow. The rate of KD adsorption was found to be fast while
the rate of H desorption was slow. They derived a rate
expression and predicted the reaction rates by using the
kinetic data of Oket al'* They also showed that the reaction
rates predicted from the reaction model were in good
agreement with those calculated from the rate law as fit by
Bohlbra®which was expressed in the form

2000 i ] ' ' , rate=k Pco™® PH,0%25 Pco;0-6° (5)
728 724 720 716 712 708 o o
Binding Energy (eV) Keiski et al? performed a kinetic study on the WGSR over

IFegO4/Cf203 catalyst at atmospheric pressure. They found
that the power-law rate model with concentration exponents
of CO and HO close to 1 and 0, respectively, provided the
best results. The stationary kinetic study on the WGSR over
fall into two types: an associative mechanism and a regend-es0./Cr,0O3 catalyst showed that the reaction orders with
rative mechanism. The associative mechanism includes thespect to CO and & were approximately 1 and 0.5,
formation of an intermediatee (g, formates) from the re- respectively® The reaction orders determined in this work
actants on the catalyst surface and the regenerative mechaere 0.93 with respect to CO and 0.18 t®HThe 0.93-
nism includes the participation of surface oxygens in theorder to CO was in good agreement with that repdPt€sh
catalytic reactiort! It is now generally accepted that the the other hand, the 0.18-order with respect i0(g) was
regenerative mechanism is dominant osCHCr,0s catalyst.  found to be close to the 0.25-order reported by Bohibro

It has been known that in §®/Cr,0; catalyst FeD, is an  and Tinkleet al.X®

active phase and @; prevents the thermal sintering of Copper/Zinc Oxide Catalyst Figure 7 shows varia-
neighbouring magnetite particl2d4agnetite is known to be tions of the CQ@ photoacoustic signals with time-on-stream
an inverse spinel at room temperature, one-eighth of  at various temperatures when the reaction mixture (gQ/H
tetrahedral sites and one-fourth of the octahedral sites ai
occupied by trivalent Fe-ions while one-fourth of the 6
octahedral sites are occupied by divalent Fe-ions. The distr
bution of the divalent and trivalent Fe-ions are known to be __ °
randomized over the occupied tetrahedral and octahedri 3 4}
sites at high temperatur&sBecause each oxygen ion is <
coordinated to three octahedral cations and one tetrahedr.§
cation, the elimination of the oxygen ion from the surfacey; ,|
and the oxygenation of the surface are connected witl®
octahedral cations. Tinkle and Dumesic suggested that Ct
interacts with an M-O pair site with an active oxygen and
H,0 interacts with an M-O pair site with an adjacent vacan

site2® If CO reacts with an oxygen ion on the surface to form
CO,, the reactions can be written as Figure 7. CQ; photoacoustic signals as a function of time at va
temperatures for the water-gas shift reaction over copper/zinc

CO + Qylatt) = CO,(ads) (1) catalyst.

COy)(ads)= CQ(g) 2

When CQ is desorbed from the surface, the oxygen
vacancy (¥ can be formed on the surface. Since the sl
oxygen vacancy can act as an electron donor, it is feasiblg
that HO being a potential oxidant is chemisorbed on the€ 2}

=

Figure 6. Fe(2p12) XPS spectrum of the vacuum-treated magnetite
chromium oxide catalyst.

0 50 100 150 200 250 300
Time (sec)

oxygen vacancy. The reactions can be expressed as £
L
H,O(qg) + \k = OH (ads) + H(ads) @ =2
OH(ads) + H(ads)= H(g) + OQ,(latt) 4 ~ o
The reactions mean that the catalyst surface is reduced | . , ‘
CO and re-oxidized by 0. The lattice oxygen is subsequ- 0.002 0.0022 0.0024 0.0026 0.0028
ently reduced by CO thereby producing &@complete the 1T (K)
catalytic cycle. Figure 8. Ln ratevs 1/T for the water-gas shift reaction c

The isotope exchange study on the WGSR over magnetitcopper/zinc oxide catalyst.
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N>=5/10/25 Torr) was introduced over the copper/zinc oxideH,O determined from the reaction rates was found to be

catalyst. Figure 8 shows the rates of,G@mation plotted
as a function of temperature in the range of 100:Q28c-

zero. Figure 11 presents the Cy@pXPS spectrum for the
H,-treated copper/zinc oxide catalyst, in which the spectrum

cording to the Arrhenius equation the apparent activatiorshows a maximum at 932.1 eV and a shoulder at 934.1 eV.
energy determined from the slope was 50.9 kJ/mol. Figure The higher binding energy is due to*Cand the lower

illustrates the B> dependence of the G(photoacoustic
signal measured at 200. The CQ formation rate increased
with increasing the & and the reaction order to CO

binding energy is due to €wr CUW". It is not clear to
distinguish the lower binding energy corresponds tb @@u
Cu*, because the binding energy of°Gsi close to that of

determined from the reaction rates was 0.79. Figure 1Cu'*.

shows the R0 dependence of the G@hotoacoustic signal

Copper-based catalysts have been studied for the low-

measured at 20 and the reaction order with respect to temperature WGSR by many investigators. Nevertheless there
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Figure 9. Pco dependence of GOphotoacoustic signal for the
water-gas shift reaction over copper/zinc oxide catalyst atQ00
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Figure 11 Cu(2pr) XPS spectrum of the Hreated copper/zinc
oxide catalyst.

are only a few reports of kinetic studies on the WGSR over
copper-based catalysts. There still exists a controversy about
the nature of the active site in copper-based catalyst for the
WGSR. In the copper/zinc oxide catalysts, it is generally
agreed that zinc oxide acts only as a support for the dispers-
ed coppet® Grenobleet al! performed kinetic studies on
the WGSR over various metal/alumina catalysts. They pro-
posed a reaction sequence including formic acid as an in-
termediate in order to account for the apparent bifunctionality
of the supported metal catalysts. On the assumption that the
adsorption of CO onto metal sites was nondissociative and
the adsorption of water on metal sites was dissociative, they
derived a power rate law given in the form

rate = chdPS;é)Q (6)

They also showed that the kinetic data measured for the
WGSR over various metal/alumina catalysts were well fitted
into the rate law. For instance, the reaction orders for the
WGSR over the 10% Cu/AD; catalyst were 0.30 with
respect to CO and 0.38 to®, following the Eqg. (6) well. In
this work, however, the reaction orders with respect to CO
and HO were 0.79 and 0, respectively, which were not fitted
into the Eq. (6), implying that CO and.® were not com-
petitively adsorbed on the copper metal.

The change in the standard free energy for the reaction,
2Cu(s) + HO(g)— CwO(s) + Hx(g), is 20.6 kJ/mol, indicat-
ing that the oxidation of copper is unlikely proceeded in the
presence of water. Nevertheless, it has been found that the
copper metal can be oxidized in the presence of steam at low
temperatures. In this respect, the WGSR over Cu-based
catalysts has been the subject of considerable study. To
explain the WGSR over copper-based catalysts, a surface
redox mechanism has been suggeStéal this mechanism,
the initial dissociation of KD is found to be the rate-
determining step, in which water dissociates completely to
an oxygen adatom (O(ads)) and. llthough there is still
much debate arisen on the ability of copper metals for the
dissociative chemisorption of ,8, several investigators
have provided evidences for the dissociation eD Hnto
H(g) and Q on copper metdf2! Chincheret al'! reported
that the Gibbs energies of O(ads) formation on copper and
cuprous oxide at 240 were -240 kJ/mol and -130.5 kJ/mol,
respectively. This indicates that the oxygen species adsorbed
on a copper metal surface are more stable than those
adsorbed on cuprous oxide. They suggested that oxygen
adsorbed on copper acts as a promoter as well as a reaction
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intermediate, facilitating the chemisorption and subsequertion for the water gas shift reaction at a relatively clean surface
dissociation, of both water and carbon dioxide. If theof the catalyst, since the present experiments were conducted
interaction between adsorbent and adsorbate is strongnder the conditions of a relatively low reactor pressure and
subsequent reaction to products would be slow. Therefordhe initial stage characterized by high reaction rates.

CO is likely adsorbed on a removal oxygen ion rather than

CuW’. When copper is oxidized at reduced oxygen pressure Acknowledgment This work was supported by grant No.
below 200°C, Cw.,O phase is formed, where y in SO 2000-2-12100-002-3 from the Basic Research Program of
may have values up to 0®5.Since the CiO phase is the Korea Science & Engineering Foundation.

metastable, it can be readily reduced by CO. In faciQGsl
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