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HIGHLIGHTS

GRAPHIC ABSTRACT

* Catalytic combustion in fluidized bed realizes
efficient heat and mass transfer.

* Catalytic combustion in fluidized bed reduces
the lean combustion limits.

¢ Catalytic combustion and flame combustion
can be coupled.

« The diffusion/kinetics limited reaction model is
suitable for catalytic combustion.
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ABSTRACT

A micro fluidized bed reactor was used to study the self-sustaining catalytic combustion of carbon
monoxide (CO). The Cu,_,Ce,O, catalyst, as well as the pure CuO and CeO,, are used to investigate
the contributing mechanism of” different active sites including dispersed CuO and Cu-Ce solid
solutions. The ignition temperature (T;) of CO over these catalysts at a flow rate of 2000 mL/min
followed the order: 74 °C (Cuy sCe50y) < 75 °C (Cuy,5Ce750,) < 84 °C (Cuy75Ce250y) < 105 °C
(CuO) < 500 °C (Ce0,). Furthermore, the lean combustion limits (equivalence ratio ¢) over these
catalysts under the flow rates of 750-3000 mL/min (through fixed, bubbling, and fluidized bed) were
also measured, which are Cuy sCeq 50y < Cuy,5Ce( 750y < Cuy 75Ceg 250y < CuO < CeO,. The fluidized
bed was simulated using the Eulerian two-fluid model (TFM) coupled with a diffusion/kinetic-limited
reaction model to evaluate the influence of operation conditions on the self-sustained combustion of
CO. The predicted maximum temperature agreed with the experimental measurements, demonstrating
the validity of the kinetic model and simulation parameters. The results of catalytic combustion with
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increasing CO concentrations suggest that the catalytic combustion reaction could co-exist with the
flamed combustion. When a high concentration of CO is used, a blue-purple flame caused by CO
combustion appears in the upper part of the fluidized bed, indicating that the range of CO-containing
exhaust gas purification could be expanded to a larger range using the fluidized-bed catalytic

combustion technique.

© Higher Education Press 2023

1 Introduction

The off-gas emitted by the steel manufacturing industry
contains a large amount of CO which is a promising fuel
candidate. However, the emitted CO/O, mixture is
potentially highly flammable. As a result, the mixture is
typically post-processed in the methane combustion-
supported flare burners before being released into the
atmosphere, resulting in massive energy waste. To
recover the wasted heat, we recently proposed a CO self-
sustained catalytic combustion technique in which the
CO/O, mixture is firstly catalyzed to generate some local
high-temperature spots at the catalyst surface. These hot
spots then dissociate the adjacent CO and O, molecules,
leading to a thermochemical runaway followed by a rapid
transition to self-sustained intense combustion (Kang
et al., 2021). This novel technique allows for flameless
combustion with considerably lower ignition tempera-
tures than the direct flame combustion approach.
Furthermore, it aids in diluting the CO/air mixture,
thereby avoiding unwanted explosions (Bin et al., 2015).

Currently, both fixed and fluidized bed reactors are
widely used in catalytic reactions ( lamarino et al., 2002;
Rau et al., 2010; Yang et al., 2014; Parmon et al., 2015;
Goshima et al., 2017; Paasikallio et al., 2017; Liu et al.,
2020a; Dubinin et al., 2021; Liang et al., 2022). Typical
catalysts are Cu—Ce mixed oxides with solid solution
structures, which are the most active CO oxidation media
in non-precious metal materials (Zhang et al., 2018).
Chen et al. (2019) demonstrated using a fixed bed reactor
that the catalytic reaction occurs at the copper—ceria
interfacial perimeter via a site cooperation mechanism:
the Cu™—[O,]-Ce*" site chemically adsorbs CO, which
reacts with nearby dissociative lattice oxygen. According
to Du et al. (2016), the maximum CO-catalytic activity is
achieved when the concentration of copper in the solid
solution of copper-cerium reaches 30% when considering
the maximum copper dispersion. Bin et al. (2019)
investigated the steady ignition limit of copper-cerium
solid solution in a fixed bed reactor at varying gas flow
rates. Kang et al. (2020) developed a bistable kinetic
reaction model based on CO-catalytic ignition that
accounts for the transition from low to high steady-state
reactivity. Unfortunately, the fixed bed reactor has hot
spots which are caused by the exothermic reactions,
resulting in the sintering and agglomeration of active
nanoparticles of catalysts (Duyar et al., 2015). Additio-
nally, carbon deposition is always found at the outlet of
the fixed bed due to the lack of gaseous oxygen at that
location.

Compared with fixed bed reactors, fluidized bed
reactors (Wang et al., 2013; Bizon, 2016; Li et al., 2017)
exhibit a higher degree of uniform temperature distribu-
tion, higher heat transfer rate, better adequate gas-solid
contact (Li et al., 2021), less agglomeration (Nam et al.,
2021), and suppression of external diffusion, resulting
better catalysis performance. Jia et al. (2020) discovered
that CO, methanation in fluidized bed results in higher
rates and product content than in a fixed bed. Liu and Ji
(2013) confirmed that abundant active sites on the used
catalyst surfaces were exposed in a fluidized bed with a
tubular fiber structure, compared with the dense
accumulation distribution in a fixed bed. Zukowski and
Berkowicz (2019a) testified that changing the fluidized
bed from non-catalytic to catalytic mode increased the
conversion of outlet polypropylene from 57% to 85%.
However, no statistical data relating to the CO catalytic
combustion caused by fluidized bed, particularly when
maintained at the self-sustaining stage, has been reported
so far.

The current study first determines the relationship
between the fluidization structure and the -catalytic
combustion performance in terms of ignition temperature,
conversion efficiency, lean burn limit, and temperature
distribution using Cu,Ce,_,O, as the catalyst. Then, under
self-sustaining combustion conditions, a CFD study is
carried out in which a diffusion reaction model is
employed to investigate the effects of operating
parameters on the spatial distributions of temperature,
velocity, and species concentrations in the reactor. The
results of this study not only provide fundamental
knowledge of CO catalytic combustion in fluidized bed
reactors but also hint at a method for better utilization of
CO in steelmaking exhaust.

2 Experimental

2.1 Preparation of the catalysts

In a molar ratio of 1:1, AR copper nitrate (Wencheng,
Shanxi, China) and AR cerous nitrate (Wencheng,
Shanxi, China) were dissolved completely in ethyl
alcohol at 80 °C. For pore formation, oxalic acid was
quickly added to the aforementioned nitrate. The gel was
aged for 48 h at room temperature, then excess water was
removed at 105 °C before being calcined in air at 550 °C
for 4 h. The catalysts obtained were labeled as
Cu,sCe; sO,. The same procedure was used to prepare
CuO, Ce0,, Cuy,5Ce 750, and Cu, ,5Ce,50, catalysts.
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2.2 Characterization

The x-ray diffraction analysis of the sample crystal
structure was performed using a Philips X’Pert diffrac-
tometer (Netherlands). Raman spectra were collected
using a HORIBA LabRAM HR Evolution (China) which
uses a 488 nm laser as an excitation source. The Kratos
Axis Ultra DLD spectrometer (UK) was used to acquire
the X-ray photoelectron spectroscopy (XPS). In the
temperature-programmed reduction of H, (H,-TPR), the
rate of heating was 10 °C/min to 800 °C on a TP5080B
chemisorption analyzer (China). In an examination of
temperature-programmed desorption of CO (CO-TPD-
MS), 5% of CO was delivered at a rate of 100 mL/min to
the reactor. Adsorption of CO at 20 °C for 30 minutes
was followed by exposure to Helium. The reactor was
heated to 1000 °C (10 °C/min), and the desorption signals
were measured using a Pfeiffer PrismaPlus mass
spectrometer (Germany). All samples were protected with
pure argon before all characterization tests to isolate the
550 °C air to prevent the unpredictable effects of water
and oxygen in the air.

2.3 CO self-sustained catalytic combustion

The main component of the test stand was the micro
fluidized bed reactor which included a quartz tube (20 mm
in diameter), a temperature-controlled heating furnace,
and four mass flow controllers to regulate the flow of CO,
O,, and N,. The catalyst dosage was 1000 mg with the
particle size measuring 0.2-0.3 mm. The carbon
monoxide catalytic ignition experiment was carried out
under the constant heating condition (5 °C/min) starting
at 25 °C. There were two K-type thermocouples used: one
between the reactor and the furnace to regulate the
furnace temperature, and another placed into the catalyst
to monitor the bed temperature. The temperature distribu-
tion of the reactor surface was measured using Infrared
cameras (FLIRT640, USA). The outflow of CO, O,, and
CO, was monitored using an online Maihak FTIR system
(QGS-08, Germany). To prevent the influence of delay on
the experiment, we evaluated the delay time of different
flow rates: 1000 mL/min (3.5 s), 2000 mL/min (3.0 s),
and 3000 mL/min (2.8 s). After subtracting the delay time
from the concentration-time data, the new temperature-
concentration data was generated by combining it with
the temperature-time data, therefore, avoiding the influ-
ence of the delay time on the accuracy of the experiment.

3 Results and discussion
3.1 XRD, Raman and XPS analysis of catalysts

The XRD spectra of Cu,Ce, O, catalysts are shown in
Fig. 1(a). All cerium-based catalysts displayed characteri-

stic diffraction peaks corresponding to fluorite-type oxide
structure of CeO, structures (JCPDS 34-0394), and the
peaks at 28.5°, 33.1°, 47.6°, and 56.3° corresponded to
the crystal planes of (111), (200), (220), and (311),
respectively (Zou et al., 2006; Hu et al., 2009; Jia et al.,
2012).  The diffraction peaks of Cuy,5Ce;50,,
Cu, 5Ce 5O, and Cu ;5Ce ,;0, were broader and shifted
to a higher 26 direction than those of pure CeO,, indica-
ting that some copper ions entered the CeO, lattice to
form Cu-Ce solid solution. Two diffraction peaks in CuO
at 35.5° and 38.9° can be attributed to (—111) or (111)
planes in the monoclinic crystal structure (JCPDS 45-
0937). As shown in the XRD patterns for Cu,sCe, 5O,
and Cuy ;5Ce 50y, which correspond to crystallite sizes
(determined by Scherrer equation) of 35.6 and 69.0 nm,
respectively, such two peaks, which are not observed in
the XRD pattern for Cu,,sCe 50,, begin to appear and
exhibit a gradual enhancement with an increase in copper
content in the catalysts. The absence of a CuO phase in
XRD patterns arises from uniformly distributed copper
species and finely dispersed clusters on cerium oxide
(Aguila et al., 2008; Zeng et al., 2013). The presence of
monoclinic copper oxide phases is corroborated by the
Raman spectra (Fig. 1(b)) of CuO at 281,332, and 623 cm™!
Ay, By, and B,, modes, respectively, which are less
easily detected from Cu,Ce, O, as cerium concentration
increases. CeO, displays a prominent band at 453 cm™!
associated with the F,, symmetric vibrational mode of the
cubic fluorite structure, while the low peak at 1172 cm™!
is due to primary A, asymmetry. The F,, peak shifts
towards lower wave numbers as copper concentration
decreases, indicating the generation of oxygen vacancies
in Cu,Ce, O, catalysts. The highest content of oxygen
vacancies is associated with the maximum offset for
Cu, sCe 5O, (Liu et al., 2020b).

The XPS analysis provides evidence for the valences of
surficial copper and cerium of catalysts (Avgouropoulos
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and loannides, 2003). As shown in Fig. 2, the Cu 2p;,
area is adequately fitted as two contributions: a main one
at 932.1 eV (Cu") and another one at 933.7 eV (Cu?")
with satellite lines at 945-940 eV. Spectra observed in the
Ce 3d region for the bulk CeO, and Cu,Ce,_,O, can be
fitted with eight peaks identified as V (882.6 eV), V,
(888.4 eV), and V5 (898.5 eV) attributed to the 3d),,
whereas U (900.9 eV), U, (907.5 €V), and U; (916.7 eV),
ascribed to the 3d,, of Ce*" state. Besides, the peaks ¥,
(885.2 eV) appear in the 3d,, whereas U, (902.5 eV)
appears in the 3d;, of the Ce’" state (Wang et al., 2015;
Wang et al., 2021; Talluri et al., 2022). The appearance of
Ce?" leads to the formation of oxygen vacancies in the
catalysts which trigger oxygen release/storage between
Ce3* and Ce*.

The relative proportion of Cu*/Cu is derived by
dividing the area of the Cu™ peak by the total area of Cu*
and Cu?" peaks, whereas the proportion of Ce3'/Ce is
calculated by dividing the area of the two Ce" peaks by
the overall region of Ce3* and Ce** regions. According to
the valence distribution of Cu and Ce (Table 1), the
proportions of Cu'/Cu and Ce3*/Ce exhibit a “roller
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Fig. 2 X-ray photoelectron spectra of the catalysts in the Cu 2p (a)
and Ce 3d (b).

coaster” tendency with increasing copper and cerium
content. The maximum Cu"/Cu and Ce**/Ce proportions
found in Cu,5Ce O, correspond to 0.620 and 0.217,
respectively. As a result, when combined with the
formation of oxygen vacancies measured by Raman
spectra, these Cu' and Ce3" species could be produced
concurrently as Cu*-[O,]-Ce’" ([O,] implies lattice
oxygen) via the formation of Ce3™ by reduction of Ce*",
located at the interface of copper-cerium phase
(Avgouropoulos et al., 2005; Gu et al., 2018; Zhao et al.,
2019; Meng et al., 2021).

3.2 Temperature-programmed analysis

The redox behavior of catalysts is highlighted by H,-TPR
measurement (Fig. 3(a)). At temperatures over 200 °C, a
slight reduction of bulk CeO, is observed due to its poor
reduction properties. The kinetic profiles of Cu,Ce, O,
series, such as Cuy,sCe ;50,, are characterized by three
reduction peaks: a peak (154 °C), generated by the
reduction of Cu in Cu-Ce solid solution;  peak (169 °C),
associated with dispersed CuO, clusters; and y peak
(195 °C), related to crystallize CuO (Luo et al., 2005). By
contrast, the TPR profile of Cuo.sceo.soy shows a shift of
the reduction peaks towards the lower temperature
direction. Furthermore, both the o and S peaks exhibit
significant growth while the y peak shows a declining
trend, reflecting a rise in copper species in the solid
solution phase and amorphous CuO, clusters as a result of
increased copper loading and dispersion. As the copper
loading is increased further, a relatively broad area of
reduction is observed as shown in the TPR files for
Cuy 75Cey 550y, which proceeds uninterruptedly from 120
to 250 °C. This indicates that the reduction peaks are
returning towards the higher temperature direction when
compared with the peaks for Cu,;Ce,sO,. Then only B
and y peaks exist in the CuO owing to the absence of
cerium (Chen et al., 2013). Although the H, consumption
of catalysts increases with copper loading (Table 1), the
conclusion that redox properties of catalysts are primarily
affected by the reduction temperature and the uptake of o
peak rather than the total H, consumption during H,-TPR
exhibits a high turnover frequency (TOF). This indicates
that H, consumption is no longer dominant, which will be

Table 1 The surface elemental valence distribution and the H,/CO consumption of catalysts during H,-TPR and CO-TPD test

Catalyst Surface atomic ratio H, consumption (umol/g) CO consumption (umol/g)
Cu®/Cu Ce’*/Ce a B y Total a B y Total
CeO, - 0.12 0 0 0 0 0 0 59 5.9
Cug 55Ceq 750, 0.51 0.20 16.4 15.6 715 103.5 29.8 23 8.7 60.8
Cuy 5Cey 0, 0.62 0.22 57.1 61.9 184 1374 54.5 428 0 97.3
Cug 75Ceq 550, 0.50 0.20 27.7 107.1 25.0 159.8 27.6 16.6 5.7 49.9
CuO 0.43 - 0 100.8 64.1 164.9 0 4.5 0 4.5
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confirmed by activity test results in the following paper.
The redox properties of these catalysts follow the sequ-
ence: Cu, 5Ce 5Oy > Cuy,5Ce) 750y > Cuy 75Ce) 50, >
CuO > CeO,.

CO-TPD (Fig. 3(b)) is used as a rate-determining step
(RDS) of CO oxidation to characterize the surface oxygen
functional groups of catalysts. Because intermediate
species are weakly stable at low temperatures, the
minimum desorbed temperature during CO-TPD could
also be an indicator of increased activity. When heated,
almost all the CO molecules adsorbed on the catalyst will
be released as gaseous CO,. Combined with step-
response runs, such a phenomenon has been confirmed by
our previous works that the adsorbed CO reacts with
lattice oxygen, following the M-K mechanism (Kang
et al., 2020). During TPD, only minute quantities of CO,
are found in relation to CeO, at 255 °C. Similarly, CuO
has a small peak for CO, at 140 °C. Unlike the faint
activity of CuO and CeO,, the Cu,Ce, O, catalysts
induce immediate desorption of CO once the temperature
ramp is initiated. The CO, profiles are distinguished by a
major peak (a peak) at about 90 °C, a second peak above
150 °C (f peak), and a third peak (only exists for
Cuy,5Cey 750, and  Cu;5Ce,50,) at approximately
255 °C (y peak). Our previous work established that the o
and B carbonyls peaks correspond to CO adsorbed on the
Cu—Ce solid solutions (Cu™[COJ]-Ce3*) and Cu™ ions of
CuO (Cu™—CO), while the y peak is attributed to CO
adsorbed on the Ce3' ions to form carbonates (Kang
et al., 2020). The desorbed quantities of CO in Table 1
illustrate that the equivalent copper incorporated into
cerium enhances the dispersion of catalysts and the
formation of Cu—Ce solid solutions. This behavior leads
to twice the adsorption capacity of CO for Cu*—[CO]—
Ce3* and Cu' ions and induces a shift of both o and g
peaks towards the low temperature directly.
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Fig.3 H,-temperature-programmed  reduction (a) and CO-

temperature-programmed desorption (b) profiles of catalysts.

3.3 CO catalytic ignition experiment

The CO conversions over the catalysts during the heating
and cooling operation are depicted in Fig. 4. Consider the
CuO, which has three major phases in the heating feed
condition: The first stage is an induction process with a
slow transition from 90 to 105 °C; the second stage is the
ignition process which occurs at the catalyst surface
under a transient state (105-110 °C); and the final stage is
the temperature zone (above the ignition temperature, >
110 °C) where the CO conversion reaches its maximum.
The catalytic reactivity of the CO ignition process, which
is negatively correlated with the ignition temperature (T,
the temperature at which CO conversion reaches 30%),
follows the order: Cuy;Ce, O, (74 °C) >Cu,,5Ce 550,
(75 °C) > Cuy 75Cey 550y (84 °C) > CuO (105 °C) > CeO,
(500 °C). It should be noted that for the inactive CeO,,
5% content of CO fails to achieve self-sustaining combus-
tion. Furthermore, as compared to the heating curve, the
cooling curve of CO conversion changes towards the low
temperature direction. This hysteresis, caused by the
exothermic effect of CO combustion on the catalyst bed
and heat buildup, allows the control temperature to drop
below the ignition temperature without altering the
reaction rate.

3.4 Determination of minimum fluidization and bubbling
flow rate

To investigate the influence of fluidization states on CO
self-sustained catalytic combustion, the minimum fluidiza-
tion and bubble flow rates should be determined. The
minimum fluidization flow rate Q. is often defined as
the rate at which the pressure drop line of the fixed bed
intersects with the horizontal line of the whole fluidized
bed. When Q is increased to fluidize the particles, the AP
curve measured in the Q-ascending run shifts to higher
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Fig. 4 Ignition curves of CO and the temperature fields in micro-

fluidized bed reactor under 5% CO/air atmosphere and 2000 mL/min
flow rate.
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values than theAP curve measured in the Q-descending
run. This phenomenon is attributed to the different
compactness degree of initial filling in the particle bed
and the need to overcome the additional adhesion force
among the catalyst particles. Therefore, as shown in curve
b of Fig. 5, the O, in the O-descending run may be
determined using Richardson’s classical method
(Benyahia, 1994; Zukowski and Berkowicz, 2019b). The
minimum bubble flow rate O, is generally assessed with
the naked eye, but in micro fluidized beds, this approach
is difficult to estimate. According to Liu et al. (2008), the
standard deviation o}, derived from pressure fluctuations
increased significantly with bubble formation. Thus, O,
is defined as the point at which o, begins to increase
continuously and rapidly as Q increases.

3.5 CO self-sustained catalytic combustion experiment

Fig. 6 depicts the equivalence ratio (¢) limit and the
corresponding bed temperature profile for CO self-
sustained combustion under lean CO conditions. In this
case, ¢ is defined as the ratio of CO to oxygen in the inlet
gas divided by the oxygen required for the complete
combustion of CO. As expected, Cu,sCe, 5O, performs
the best among the Cu,Ce,_,O, catalysts, with the lowest
lean stability limit found, followed by Cu,,;Ce ;50, and
then Cuy ;5Ce ,50,. The Cu,Ce,;_,O, catalysts exhibit a le-
an limit with a local minimum value of about 1000 mL/min
(bubbling bed stage), after which the values slightly
increase with the fluidization (flow rate). The quantity of
CO is insufficient to achieve self-sustained combustion at
low flow rates. At the same limit, increased gas flow rates
may blow away hot patches on the catalyst surface due to
heat loss. Because the particles are in a fluidized state,
this phenomenon is not as pronounced as it is in fixed
beds. However, for CuO and CeO, (Fig. 6(a)), the ¢
values decrease gradually with flow rate since the heat
received by the gas stream from the surface of catalyst
particles at high temperatures is overcome by the heat
generated from CO combustion, particularly for CeO,.
However, there is a limit to such a decreasing tendency
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(Dt =20 mm, dp =0.2—-0.3 mm and Hs =100 mm).

which is considered as the convergence ¢ of 0.07 between
the curves of CuO and Cu ;5Ce ,50,. Fig. 6(b) shows the
bed temperature at the flow rate associated with a steady
combustion limit. Except for CuO, where the minimum bed
temperature was reached at a flow rate of 1000 mL/min,
the bed temperature increases as the flow rate increases
for other catalysts. Fig. 6(c) shows the spatial temperature
distributions of CeO,, Cu,CeO,, and CuO for the
micro-fluidized bed when the self-sustained combustion
runs at the lean limit corresponding to the 3000 mL/min
flow rate. The high temperature zone is detected below
the middle of the micro-fluidized bed, and the upper
quartz bed has a higher temperature than the bed wall
since it receives more convective and radiative heat
transfer from the high temperature gases. Particularly, the
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Fig. 6 Lean limits of CO self-sustained combustion (a), corresponding bed axial (b) and wall (c) temperatures.
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right wall is close to the electric furnace and dissipates
less heat, thus being warmer than the left wall.

The temperature along the axial wall of the reactor
(Fig. 7) is measured using the 2-D temperature field of
CO self-sustained catalytic combustion (Fig. 6(c)). The
corresponding ratios of each line are ascertained by the
combustion limits shown in Fig. 6(a). Axial distance 0—
8 mm for high temperature zone, corresponding to the
height of catalysts in the fluidized state, and the highest
temperature zone for each catalyst gradually shifted
upward with the flow rate, because catalyst particles can
be blown to a higher level with flow rate (Girimonte and
Formisani, 2009). The maximum temperature zone in
both spatial distributions of catalyst particles in the
fluidized bed is consistent for all the catalysts tested.
However, at the fluidized bed state (3000 mL/min),
because the particles of all the catalysts tested belong to
Geldart-B (Q,,s decreases with increasing temperature),
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Fig. 7 Axial wall temperature along the combustion chamber.

the CO self-sustained combustion should run at the higher
temperature zone than others over the inactive CeO,,
causing the CeO, particles blown to the higher positions.

3.6 Flame combustion induced by catalytic combustion

Fig. 8(a) shows the experimental setup: a pair of platinum
electrode lines are placed parallel to the top middle of the
fluidized bed forming a circuit with a 24-volt DC power
source and an ammeter. The flow rate is set to 3000 mL/min,
and the environment contains between 5% and 30%
CO/Air. As shown in Figs. 8(b) and 8(c), as the CO
concentration increased from 5% to 19%, the catalyst
particles progressively transitioned from black to dark red
and dazzling white, while the bed temperature rose from
266 to 866 °C. When the CO concentration increased
above 19%, the rise in bed temperature began to slow.
The clear flame pattern was difficult to capture with the
naked eye, while the current expression bounced between
0 and extremely tiny values, indicating less stable flame
combustion caused by catalytic combustion. When CO
concentration exceeded 24%, the rise of bed temperature
nearly stopped. The current expression steadied around a
readable value, and a distinct columnar blue-purple flame
could be observed in the upper part of the fluidized bed,
suggesting that the flame was essentially stable. The
flame generation may be explained by the upper limit of
the migration rate of bulk phase lattice oxygen at high CO
concentrations, while the heat generated by catalytic
combustion is sufficient for the heat absorption reactions
in the chain reaction of flame combustion (Lazarovici
et al., 2004). It is worth noting that in the whole
experiment, the CO conversion rate could reach 100%.
Such a coupled combustion approach has a potential
application background, and our future work will focus
on it.

3.7 Numerical simulation of the self-sustained combustion

To validate the CO self-sustained catalytic combustion
under different conditions, the gas-solid two-phase flow

o
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Fig. 8 Detection of induced flames at high CO concentration experimental sketch (a), bed temperatures and electricity (b),

photograph of CO concentration of 10%, 15%, 20% and 25% (c).
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in the fluidized bed is simulated by Ansys Fluent using
the Eulerian two-fluid model (TFM). It considers 16000
cells that have been determined by the grid independence
test for the 3-D simulation. The diffusion/kinetic-limited
reaction model is also applied since the catalytic combus-
tion follows the principle of heterogeneous reaction. As
illustrated in Fig. 9, the numerical simulation is validated
first. The radial line-average values of estimated tem-
peratures along the axial direction of the reactor are
utilized to compare with the experimental data from
Fig. 7. Except for the reactor outlet, the calculated
temperatures match the experimental measurements. The

quartz has been heated up during self-sustained
150
— 3000 mL/min-Sim
—— 2000 mL/min-Sim
— 1000 mL/min-Sim
1204 @ 3000 mL/min-Exp
o @ 2000 mL/min-Exp
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=
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Axial distance (mm)
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Fig. 9 Measured vs. simulated temperature along the axial direction
of the reactor with Cu, sCe, 5O, being catalyst.

combustion (shown in Fig. 6), which can then heat the
gas near the outlet. This is not considered in the
simulation as a pure pressure outlet. Compared to the
measured temperature, the high temperature zones from
the simulation under different fluidization gas velocities
are in similar positions. The errors between the measured
peak temperatures and the predicted peak temperatures
are within 5%, confirming the rationality of the kinetic
model used in this simulation.

Fig. 10 shows the spatial distributions of the catalyst
volume fraction, gas velocity, CO, concentration, and
temperature under different fluidization gas flow rates.
The fluidization becomes increasingly visible as the
fluidization gas flow rate increases, resulting in an uneven
flow field of gas. Moreover, the greater gas flow rate
allows the gas to flow more easily through the bed
materials, resulting in the CO self-sustained catalytic
combustion occurring in multiple locations inside the
reactor. This could enlarge the high temperature zone,
increasing the probability of collecting the energy from
low CO concentrations emitted gas. In this instance,
additional heat may be recovered from the released gas.

4 Conclusions

Using a micro fluidized-bed reactor, the self-sustained
catalytic combustion of CO was investigated over the
Cu,Ce O, catalyst. Cu, sCe, 5O, has the lowest ignition
temperature and the lowest lean ignition limit. The well-
dispersed Cu—Ce solid solution structure is responsible
for the remarkable reduction performance demonstrated
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Fig. 10 Self-sustained catalytic combustion at the corresponding lean combustion limit conditions of 1000, 2000 and 3000 mL/min
(from left to right): (a) particle volume fraction, (b) gas velocity, (c) CO, concentration and (d) combustion temperature distribution.
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by H, temperature programmed reduction. XPS results
also show that the presence of oxygen vacancies
(Cu™[0O,]-Ce*") increases the adsorption and activation
of CO, namely, the reaction between adsorbed CO and
lattice oxygen, which follows the M-K mechanism. To
simulate the combustion processes within the reactors, a
CFD program is used coupled with a diffusion/kinetic-
limited reaction model. Results suggest that the catalytic
combustion in the fluidized state performs better (lower
lean burn limit and wider elevated temperature zone) than
that in the bubbling and fixed states. More importantly,
when the CO in feed gas reaches a critical level, the self-
sustained catalytic combustion of CO induced by the
fluidized bed could trigger flame combustion, thus
broadening the scope of purification of CO-containing
exhaust gases.
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