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Abstract It is well known that conversion as a function
of temperature hysteresis can occur during ignition and
extinction exothermic reaction experiments, such as CO
oxidation over Pt/Al,O5, with the activity during the igni-
tion process not matching that during the extinction pro-
cess. Conversions being higher during extinction than that
during ignition are often observed. Several explanations
have been proposed in which heat effects, different catalyst
surface states, and different Pt oxidation states are the most
common. In this work CO oxidation hysteresis behavior,
when in a mixture with C;Hg, was investigated. The results
show that when CsHg was absent, CO oxidation followed
normal hysteresis behavior; however, when C;Hg was
added to the mixture, the catalytic activity during the
extinction phase decreased. As the C3Hg concentration in
the mixture increased, the hysteresis loop became smaller
and ultimately reverse hysteresis was observed. The
decrease in catalytic activity during extinction was due to
the formation of C;Hg oxidation intermediate species.
These species competed with CO for active sites, thus
inhibiting CO oxidation, and were not present during
ignition as CO was the dominant adsorbed species when
starting at low temperature.
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1 Introduction

Carbon monoxide (CO) and hydrocarbons (HCs) are pol-
lutants emitted from vehicle engines. For diesel engines,
diesel oxidation catalysts (DOCs) are used in aftertreat-
ment systems to convert CO and HC species to CO, and
H,O. Even though DOCs provide very effective control of
CO and HC emissions at higher temperatures, during cold
start period significant amounts of CO and HCs pass
unconverted through the catalyst [1, 2]. During the cold
start period the catalyst temperature is too low for the
reactions to take place. The oxidation of CO on Pt has been
investigated in numerous studies, including in the classic
work of Langmuir [3-9]. CO oxidation is known to occur
through a Langmuir—Hinshelwood dual-site mechanism, in
which the reaction occurs between CO and O, after both
molecules adsorb on the surface [5, 10, 11]. Langmuir and
co-workers observed that at high temperature and excess
oxygen, active sites are entirely covered with oxygen and
the reaction is limited by the rate at which CO adsorbs to
the surface [3, 4, 8]. However, at low temperature the
surface is covered with CO and the reaction is inhibited by
strong adsorption of CO on the surface, a phenomenon
known as CO self-poisoning [3, 6-8]. The effect of CO
self-poisoning increases with increasing CO concentration
[5] and decreases with increasing temperature, with neg-
ligible inhibition above 370 °C [4, 7]. Voltz et al. [7] found
that at low temperature, CO and C3;Hg are both self-
inhibiting. Furthermore, in a CO + C3Hg mixture, CO
inhibits C3Hg oxidation and vice versa due to competitive
adsorption over catalytically active sites [7].
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CO oxidation ignition and extinction studies show hys-
teresis behavior, with higher conversion during extinction
[10-25]. Carlsson and Skoglundh [13] explained normal
hysteresis as a combination of three possible reasons: (1)
inherent kinetic bistability, (2) interaction between reaction
kinetics and diffusion phenomena, and (3) locally high
temperatures on the catalyst surface. Hysteresis, or multi-
plicity, in CO oxidation on Pt was discussed by Beusch
et al. [12] who argued that the multiplicity exists when the
intrinsic rates of the reaction and chemisorption steps are of
equal size. An alternative explanation of hysteresis [17, 19,
20, 25] is the interaction between surface reaction and
diffusion. Hegedus et al. [17] concluded that CO oxidation
hysteresis behavior is due to the interaction of the negative-
order kinetics for CO oxidation with the diffusive resis-
tances of the catalysts. For example, the region of hyster-
esis was broadened by increasing the diffusion resistance of
the tested Pt/Al,O5 catalyst by partially aging the catalyst
[17]. Oh et al. [18], who investigated the role of intrapellet
diffusion resistance in hysteresis during CO oxidation over
Pt-Al,0O3, also showed that the width of conversion-tem-
perature hysteresis loop is a function of particle size and it
could be eliminated if the catalyst particle size is very
small. However, Carlsson et al. [10] concluded that CO
oxidation hysteresis is associated with different rates by
which Pt is oxidized and reduced as function of gas-phase
composition, which could also be related to the different
oxidation and reduction rates associated with different
particle sizes. Another explanation was put forward by
Gudkov et al. [15], who explained hysteresis by local
“overheating” of the active sites on the catalyst, caused by
relatively slow dissipation of the energy through dispersed
catalyst particles. This was supported in other studies by
Subbotin et al. [21-23]. According to their results, in an
exothermic reaction, such as CO oxidation, the rate of heat
liberated is larger than the rate of heat dissipated in the
environment due to the support’s (or inactive catalytic
mass) low thermal conductivity in which heat is released.
Therefore, during the extinction phase, when the temper-
ature of the inlet gas decreases, the temperature drop over
the catalyst surface lags, staying warmer. In addition, it has
been observed that the width of hysteresis loop increases
with increasing CO concentration [21-23]. In terms of Pt
state, Salomons et al. [11] modeled CO oxidation during
ignition and extinction using a LH mechanism, with a
dissociative chemisorption step for oxygen requiring two
surface sites, whereby ignition and extinction processes
corresponded to the two states of predominantly CO cov-
ered or O, covered.

Unlike CO oxidation, Hauptmann et al. [16] have shown
that NO oxidation on a Pt catalyst under excess oxygen
conditions exhibits “inverse hysteresis” as the catalytic

activity during ignition exceeds the activity during
extinction. The reason for this inverse hysteresis behavior
during NO oxidation is that Pt is oxidized by NO,, and the
oxide is less catalytically active than metallic Pt. As the
temperature drops during extinction, the Pt is more highly
oxidized than it was during ignition, leading to poorer
performance. In addition, in a CO/NO/O, mixture, CO
oxidation hysteresis behavior switches from normal hys-
teresis to inverse hysteresis, which the authors attributed to
reversible oxidation of Pt [16].

In this study, the hysteresis behavior of CO oxidation in
a CO + C3Hg mixture over a Pt/Al,O; monolith catalyst
was investigated. Specifically, it was observed that C3Hg
had a negative effect on CO oxidation during extinction.
To explain the impact, TPO experiments and in situ diffuse
reflectance infrared Fourier transform spectroscopy
(DRIFTS) were used, during ignition and extinction, to
determine if this was due to temperature or surface changes
as a function of the C3Hg exposure.

2 Experimental Methods

The Pt/zeolite/Al,05 sample used, with a total Pt loading of
95 g/ft® based on total monolith volume, was provided in
monolithic form by Umicore AG. The sample was 1” in
diameter with a length of 2.5”. The sample was inserted
into a horizontal quartz tube, which was placed inside a
Lindberg Minimite temperature controlled furnace. The
temperature was measured with 2 K-type thermocouples
located at radial centers of the catalyst; the front one placed
1 mm upstream of the catalyst and the back one just inside
the outlet face of the catalyst. CO, C3Hg, CO, and O, were
supplied as compressed gas cylinders by Praxair, and N,
was generated using a nitrogen generator manufactured by
OnSite Gas Systems. The flow rates of the various gases
were controlled by Bronkhorst mass flow controllers and
water was introduced using a Bronkhorst CEM system. The
effluent gas from the reactor was analyzed using a MKS
MultiGas 2030 FTIR analyzer. A matrix of experiments
with different CO and CsHg concentrations was run, shown
in Table 1, and in all experiments the feed also contained
10 % O,, 10 % H,0, 10 % CO,, and a balance of N, at a
space velocity of 25,000 h™" at standard conditions. In all
CO + C3Hg mixture experiments, the temperature was
ramped from 90 to 160 °C at a rate of 3 °C/min. Then the
ramping was stopped and the reactor was cooled by
decreasing the temperature of the furnace back to 90 °C,
with the ramp rate ~5 °C/min. Before each experiment the
catalyst was treated with 10 % O, in N, for 20 min at
200 °C, then the catalyst was cooled down under N, to
90 °C for the next experiment.

@ Springer
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Table 1 CO and C;Hg concentrations during TPO experiments

Run CO (ppm) C3Hg (ppm)
1 500 0
2 1000 0
3 1000 300
4 1000 500
5 1000 800

3 Results and Discussion
3.1 CO Oxidation

Figure 1 shows the results from temperature programmed
CO oxidation of 500 and 1,000 ppm CO during the tem-
perature ramp up (solid lines) and the temperature ramp
down (dashed lines). The inlet gas temperatures corre-
sponding to 50 % CO conversion, T s, during ignition and
extinction are listed in Table 2. These data show normal
hysteresis behavior. Also, the temperature difference (AT)
at 50 % conversion between the ignition and extinction
increased with increasing CO concentration. Thus, the
width of the hysteresis loop was larger with higher CO
concentration. Such a trend has been previously observed
in several studies [16-20, 22, 23] for the reasons explained
in Sect. 1. A potential explanation, based on the possibil-
ities listed in the Sect. 1, for the increase in activity during
extinction is the catalyst surface or active sites being at a
higher temperature than the measured temperature due to
the heat generated by the exothermic reaction and thermal
inertia of the catalyst (the catalyst temperature change lags
behind the inlet temperature change during the ramp down)
[16]. Data in Fig. 1 and temperature differences listed in

100 ,
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== cooling (CO 1000 ppm]
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Fig. 1 Temperature-programmed CO oxidation with the following

inlet conditions: 1,000 or 500 ppm CO, 10 % H,0, 10 % CO,, and
10 % O, over a Pt/Al,O3 monolith
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Table 2 Ignition and extinction T(sgy CO oxidation values in a gas
mixture including 10 % O,, 10 % H,0, 10 % CO,, balanced by N, at
a GHSV 25,000 h™'

CO (ppm) Ignition T (°C) Extinction T (°C) AT (°C)
500 95 87 8
1000 120 108 12

Table 2 support this theory. It can also be related to Pt
surface coverage and Pt chemical state [10, 13, 17], or a
combination of these effects. As mentioned above, during
ignition catalytic activity increases, but initially the Pt
surface is predominantly covered with CO and the reaction
is CO self-poisoned [10, 13, 26]. At higher temperature,
once the reaction reaches complete conversion, all adsor-
bed CO is converted and the Pt surface becomes predom-
inantly covered with O,. Therefore, during extinction, as
the temperature decreases below the temperature of com-
plete conversion, the catalyst can remain active until
adsorbed CO builds up, which is slowed due to the locally
high temperatures of the active sites. The data in Fig. 1
indicate that CO coverage inhibited the reaction at low
temperature, CO self-inhibition, and this affected the
reaction during ignition of course, but only affects the
extinction phase once the inlet gas temperature was much
lower.

3.2 CO + C3Hq Oxidation

The results of TPO, during heating and cooling, with a CO
and C;Hg mixture are shown in Figs. 2 and 3. The inlet gas
mixture consisted of different C;Hg concentrations (300,
500, 800 ppm), 1,000 ppm CO, 10 % H,0, 10 % O,, 10 %
CO,, and balanced by N,. Figure 2 shows CO conversion
as a function of inlet gas temperature at different C3;H/CO
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e o Hysteresis
5‘ F‘
§n ¢
] d iy
g § o
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Fig. 2 Temperature-programmed oxidation of a CO/C3;Hg mixture at
the following inlet conditions: 1,000 ppm CO, 10 % H,0, 10 % CO,,
10 % O,, with different amounts of C3Hg over a Pt/Al,03 monolith
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Fig. 3 Temperature-programmed oxidation of a CO/C3;He mixture at
the following inlet conditions: 1,000 ppm CO, 10 % H,0, 10 % CO,,
10 % O,, and different amounts of C3Hg over a Pt/Al,O3 monolith

Table 3 (Tignilion - Texlinclion) at T(zo), T(SO): and T(g()), with different
inlet C3Hg concentrations, 1,000 ppm CO, 10 % O,, 10 % H,0, 10 %
CO,, balanced N, at a GHSV 25,000 h™!

CO (ppm)  C3Hg (ppm) ATz (°C)  ATs0) (°C) AT (go) (°C)
1000 0 13 11 10
1000 300 2 5 5
1000 500 0 2 3
1000 800 -3 -3 —4

ratios. When C3Hg was not present in the inlet mixture, CO
conversion exhibited normal hysteresis behavior as the
ignition temperature at lower conversions was higher than
those for extinction. However, when C3;Hg was added to the
mixture, the temperatures required to achieve certain con-
versions during the extinction phase increased and the
hysteresis loop became smaller. Table 3 shows temperature
differences between ignition and extinction corresponding
to 20 %, 50 %, and 80 % conversion. As the C;Hqz/CO
ratio increased, the extinction conversions continued to
shift to higher temperature. At a 0.8 C3Hg/CO ratio, the
extinction temperatures, for conversions less than 100 %,
became higher than the ignition temperatures, reverse
hysteresis, as shown in Table 3 (with a negative difference
between the ignition and extinction temperatures repre-
senting reverse hysteresis). C3Hg conversion as a function
of inlet temperature is shown in Fig. 3. Like CO conver-
sion, increasing the C;Hg concentration increased the
temperatures to reach a certain conversion during the
extinction phase and the hysteresis loop became smaller.
Table 4 lists the temperature differences between the front
and the back of the monolith at maximum conversion for
the CO + C3Hg mixtures. The difference between front
and back temperature, AT, increased with increasing C3Hg
in the mixture, however, the hysteresis loop became

Table 4 Difference between back and front temperatures, AT, at
maximum conversion with different combinations of CO and C3;Hg
with 10 % O,, 10 % H,0, 10 % CO,, and balanced N, at a GHSV
25,000 h™"!

CO (ppm) CsHg (ppm) AT (°C)
1000 0 23
1000 300 30
1000 500 38
1000 800 56

smaller as the temperature required to sustain maximum
conversion increased during extinction. This is therefore
not explained by the exothermic heat or overheating theory
that was proposed in many studies, failing to explain the
shift during the extinction phase to higher temperature
instead of lower. Based on the overheating theory, the
higher the concentration of reactant in the feed, the higher
the exothermic heat released, and the larger the hysteresis
loop should have become. However, these results with the
CO/C;Hg mixture showed that the hysteresis loop became
smaller when the C3;Hg concentration, and consequently
exothermic heat generated, increased.

3.3 DRIFT Spectroscopy

In situ DRIFTS was used to investigate species formation
on the catalyst surface in the presence of the CO/Cs;Hg
mixture during ignition and extinction tests. DRIFTS
spectra were recorded at 100, 120, 140, and 160 °C, first
increasing from 100 to 160 °C, as in ignition, then
decreasing back to 100 °C, as in extinction. In order to
understand the difference between what occurred during
ignition versus extinction, in terms of catalyst surface
coverage, DRIFTS spectra obtained with exposure of the
Pt/Al,O3 powder to 1,000 ppm CO and 0 or 600 ppm C3Hg
are shown in Fig. 4. In the absence of C3;Hg, the species
formed on the surface, CO, at 2,300-2,400 cm_l, blue
circle, CO at 2,000-2,200 cm_l, red circle, and carboxyl-
ate groups at 1,500-1,700 cm ™! [27-30], green circle,
during ignition are similar to the those present during
extinction, with the spectra overlapping, Fig. 4a, except for
the peak at 1,596 cm™' which corresponds to the presence
of bidentate carbonate species on the surface during
extinction. This peak indicates that bidentate carbonate
species could be CO oxidation intermediates that built up
on the surface as the temperature decreased during the
extinction phase.

On the other hand, in the case of exposure to the
CO + C;H¢ mixture, Fig. 4b, more species are present
during extinction than during ignition. The peaks between
2,300 and 2,400 cm ™! are assigned to CO, bound to Pt and

@ Springer
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Fig. 4 DRIFTS spectra recorded during ignition and extinction phases at different steady state temperatures with 1,000 ppm CO and a 0 ppm

C3Hg and b 600 ppm C3Hg

CO, gas, and were present in both ignition and extinction
and they follow the same trend in terms of intensity.
Similarly, in both phases, the peak at 2,067 cm™}, assigned
to Pt bound CO, was seen at low temperature, but it dis-
appeared at temperatures above 140 °C. Unlike Fig. 4a, at
temperatures below 120 °C, the peak at 2,067 cm™' (Pt—
CO) was present and the peaks at 2,300-2,400 cm ™! (COy)
were absent in Fig. 4b. The absence of the CO, peak, and
the CO peak being present at higher temperatures, albeit
this may be associated with C3;Hg oxidation as discussed

@ Springer

below, is consistent with C3Hg inhibition of CO oxidation
[7]. Furthermore, CO is an intermediate product of C;Hg
oxidation during the extinction process, as discussed
below; therefore, in the presence of C;Hg the peak at
2,067 cm™"' appeared at higher temperatures and with
greater intensity than in the absence of C3;Hg. The peaks
increased in intensity as the C3Hg concentration increased.
As verification, in tests with only C3Hg (i.e. with no CO in
the mixture, data not shown), peaks in this range also
appeared during extinction, demonstrating that these were
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associated with CsHg oxidation intermediates. For this
reason, the CO peak in Fig. 4b is related to C3Hg oxidation
rather than CO in the feed. In addition, between 1,700 and
1,300 cm™' more peaks were observed in the presence of
C;Hg in the mixture than in its absence, as shown in green
circles in Fig. 4. For example, in the presence of C3Hg the
peaks at 1662—-1560, 1456, and 1388 cm_l, associated with
different carboxylic groups [27, 28, 30-33], were higher in
intensity during extinction, relative to ignition. During
extinction, as the temperature decreased, the oxidation of
these intermediate species slowed, allowing them to remain
longer and therefore build up. The peaks at 1,652 and
1,456 cm™ " are assigned to surface and bulk bicarbonates
[27-30], respectively. The peaks at 1,585 and 1,388 are
attributed to formate species [27, 31]. This indicates that in
the presence of C3Hg, more bicarbonate and formate spe-
cies are present during the extinction process also. At high
temperatures these intermediates were easily oxidized, but
as the temperature dropped, they built up on the surface
and compete with CO for active sites, thus inhibiting CO
oxidation during the extinction process.

Overall, these results show that intermediate species
form during C3Hg oxidation and that the amounts on the
surface during ignition and extinction differ. The data
suggest that during the extinction phase, these intermedi-
ates compete with CO for, or block CO from, active sites.
For this reason, CO oxidation during the extinction phase
was inhibited. The inhibition stems from the build up of
different carboxylic, bicarbonate, and formate species as
the temperature dropped. Thus, as the C3Hg concentration
increased in the mixture, more intermediate species were
present on the surface and CO oxidation conversions dur-
ing extinction moved to higher temperature.

4 Conclusions

The oxidation of CO and CO + C;3Hg over Pt/Al,O3 was
studied, during both ignition and extinction. The results
show that CO oxidation exhibits normal hysteresis in the
absence of C3Hq. However, in a CO + CsHg mixture, as
the CsHg concentration increased in the mixture, CO and
C3;Hg normal hysteresis behavior shifted to inverse hys-
teresis, with the catalytic activity during the extinction
phase lower than that during ignition. The decrease in
catalytic activity during the extinction phase in the
CO + C3Hg mixture was due to the formation of inter-
mediate C3Hg oxidation species. These intermediate spe-
cies, carboxylic groups, carbonates, and formates, compete

with CO for active sites, thus inhibiting CO oxidation
during extinction.
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