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Low Temperature Catalytic Combustion of Cooking Fume over
Pt/y-Al,0:/Ce,Zr, 0, Catalyst
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Abstract: Pt/y-Al,0,/CeZr,_0, (x=1, 0.75, 0.5, 0.25, 0) catalysts were prepared using Ce,Zr,_O, solid solution as support.
The prepared catalysts were characterized by Brunauer-Emmet-Teller (BET) specific surface area analysis, X-ray diffraction
(XRD), and H,-temperature programmed reduction (H,-TPR). Catalytic performances for the catalytic combustion of
cooking fume were systematically investigated. Gas adsorption measurements showed that the BET surface areas of
the as-prepared catalysts decreased as the Ce/Zr molar ratio decreased in the Ce Zr,_O, solid solution. XRD results
indicated that deposited Pt was well dispersed on the Ce,Zr,_O, and y-Al,O; matrix. H,-TPR results revealed that the
reduction peak area of Pt/y-Al,O,/CeysZr,;0, was the largest and that the oxygen mobility in this catalyst was
noticeably promoted. It was found that the loaded Pt on the Ce Zr, O, solid solution lowered the reaction temperature,
which was favorable for the catalytic combustion of cooking fume. The catalytic activity for the catalytic combustion
of cooking fume changed with the variation of the Ce/Zr molar ratio in the CeZr,_O, solid solution. The order of
catalytic activity for catalytic combustion of cooking fume was: Pt/y-Al,05/Ce,5Zr);0,>Pt/y-Al,Os/Ce 5210750, >Ptly-
AL,O,y/Ce 521y 50:>Pt/y-Al,05/CeO>Pt/y-Al,O4/Z10,.
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Cooking fume is one of the three major pollution sources nowadays. It has been established that the pollutants in the cooking
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fumes could do great harm to environment and human health!,

With the quick development of restaurants in China, the cooking
fume pollution becomes more and more serious. Due to the
complexity of its components, cooking fume is notoriously diffi-
cult to be removed using static method. Conventional approach-
es to remove cooking fumes involve filtration of the fumes by
water scrubbers, various types of filers, adsorption or washing.
However, these methods are inefficient for abatement of particu-
late emissions, particularly in applications where the volume of
particulate emissions is high. Thermal oxidation is also an op-
tion, but the expensive equipment, high operation and mainte-
nance cost, and the production of toxic NO, will offset the bene-
fits of organics removal®™, In this regard, catalytic combustion ex-
hibits some advantages over the above-mentioned methods to
convert the component of cooking fume to carbon dioxides and
water™®., For example, catalytic combustion could work at much
lower temperatures and avoid the formation of toxic NO,. To en-
hance high performance of the catalyst, catalyst is usually de-
posited on a monolithic substrate (known as cordierite honey-

comb)®1%

. Catalytic afterburners based on ceramic monoliths of
long strait channels with three-way noble metal catalyst have be-
come a worldwide standard™". Their outstanding performances
are due to high specific area (4000 m*-m™) and low pressure drop.
Especially comparing to pack beds, monolithic catalyst exhibits
excellent mechanism and thermal resistance.

Ce0,-ZrO, solid solution is one of the most important com-
mercial catalytic supports and has been widely used in three-way
automobile catalysts!'?. This material has been investigated since
the early 1990s and is generally known that the incorporation of
zirconium into the ceria lattice creates a high concentration of
defects, thus improving the O?~ mobility in the lattice!™. It pos
sesses a large oxygen storage capacity (OSC) via a facile Ce* <>
Ce* redox process, and shows excellent ability to promote the
dispersion of noble metals!'*"!. However, few reports about
catalytic combustion of cooking fume on Pt/y-Al,0y/CeZr,_ O,
catalyst are known.

In this article, we present the optimization preparation of Pt/y-
AlLO,/Ce Zr, 0O, catalysts and the bench scale test of these cata-
lysts in honeycomb type. The catalytic combustion of cooking
fume over these catalysts was studied and the effect of different
Ce/Zr molar ratios on the catalytic performance was systemati-
cally investigated. Some characterizations, such as XRD, TPR,
and BET analyses, were also carried out to explain their differ-
ent catalytic behaviors.

1 Experimental
1.1 Catalyst preparation

All reagents of analytic grade were purchased from Chengdu
Kelong Chemical Reagents Factory. Deionized water was used
throughout the experiments.

The Ce Zr,,,0, (x=1, 0.75, 0.5, 0.25, 0) solid solution was pre
pared by coprecipitation method. Ce(NOs); and ZrOCO; with a
nominal composition were dissolved in an aqueous solution;

then NH;*H,0 and (NH,),CO; mixed aqueous solution was added
under constant stirring and the resulting precipitate was filtered,
washed with distilled water until no pH change could be detect-
ed, then calcined in air at 873 K for 4 h in a muffle furnace.

The Pt/y-Al,O; catalyst powder was prepared by impregnating
v-ALO; (Sge=151.8 m?- g™) with an aqueous solution of H,PtCl,.
The resulting powders were dried at 383 K for 2 h and annealed
at 773 K for 2 h, thus formed Pt/y-ALO; with w(Pt)=0.4% (pow-
der A).

H,PtCls solution was deposited on Ce,Zr,_ O, powders by im-
merse method. The resulting powders were dried at 383 K for 2
h, then calcined at 773 K for 2 h, thus forming Pt/Ce Zr, O, with
w(Pt)=0.4% (powder B).

The powders A and B were blended in a mass ratio of 1:1,
and H,O was added, ground and slurry was formed. The slurry
was wash-coated on the monolithic substrate (62 cell-cm™), then
dried at 393 K for 2 h and calcined at 773 K for 3 h. The noble
metal content of all catalysts was 0.5 g+L™. Pt loaded on vy-
ALOyCeO,, y-ALOyCey75Z10250,, y-ALOYCeysZrys0,, y-ALOY
Ceyy5Z10750,, y-ALOS/ZrO,, y-AlO;, and CeysZrysO, was de-
signed as T1, T2, T3, T4, TS, T6, and T7, respectively.

1.2 Catalyst characterization

Surface area of Pt/y-Al,0,/CeZr, O, was determined by the
Brunauer-Emmet-Teller (BET) method using Autosorb-ZXF-05
(Xibei Chemical Institute, China). The sample was degassed for
3 h at 623 K, and then cooled to 77 K using liquid N, at which
point N, adsorption was measured.

Total oxygen storage capacity (OSC) was measured by oxygen
pulse method. Prior to measurement, the sample (200 mg) was re
duced at 823 K under H, flow (40 mL-min™) for 45 min and cooled
down to 473 K under N, flow (40 mL-min™), and then pulse of
oxygen (82 pmol * g~' sample) was injected up to the break-
through point. OSC was evaluated from oxygen consumption.

X-ray diffraction (XRD) data were collected on a DX-1000
X-ray diffractometer with Cu K, radiation (A=0.15418 nm) and
graphite filter. The X-ray tube was operated at 45 kV and 25
mA. Samples were scanned in the 26 range from 10° to 90°. The
X-ray diffraction line positions were determined with a step size
of 0.03°.

H,-temperature programmed reduction (H,-TPR) experiments
were carried out in a conventional system equipped with a ther-
mal conductivity detector. All samples (100 mg) were pretreated
in a quartz U-tube in a flow of pure N, (20 mL+min™) at 723 K for
1 h, and then cooled down to 300 K. The reduction was carried
out in a flow of 5% H,-N, (20 mL -min™) mix gas from 300 to
1050 K under a linear heating rate of 10 K -min™ and the amount
of hydrogen consumed was determined by a thermal conductivi-
ty detector (TCD).

1.3 Activity measurement

The activity measurements were carried out in a conventional
fixed-bed flow reactor. Schematic setup of the equipment was
shown in Fig.1. Pressed air (with oxygen partial pressure around
0.1 MPa) pumped into a three-neck bottle, which was filled with
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Fig.1 Experimental set-up used for the catalytic combustion experiment

(1) air cylinder, (2) rotameter, (3) control valve, (4) switch valve, (5) thermometer, (6) temperature control system, (7) reactor,

(8) gas chromatograph, (9) three-neck bottle

commercial sunflower cooking oil. The flask was sealed with
only inlet for pumped air and outlet for fume brought by air. A
thermal meter was inserted under oil surface to monitor the tem-
perature. The desired flow-rate was maintained by a flow meter.

The cooking oil fume was feed by heating the oil to 553 K in
a fume heater controlled by a CN 76030 heat controller (Omega).
The effluent from this process was introduced to a small column
reactor whose temperature was controlled by a CN 76030 heat
controller and monitored using platinum RTD probes (Omega)
and the probes demonstrated that the reactor was isothermal. To
prevent oil fume condensation, all the connecting pipes were
stainless and were wrapped with the heating belt to keep temper-
ature around 443 K. The small column reactor was packed with
catalyst. The gas hourly space velocity (GHSV) of cooking fume
was controlled by adjusting the flow rate of the pressed air into
the heated oil.

The gaseous products were analyzed by using on-line gas
chromatograph (GC-20001I) with a Porapak T column and ther-
mal conductivity detector (TCD).

The cooking oil fumes effluent from the small column reactor
were collected in an impinger filled with 100 mL CCl, for 10
min continuously and the oil concentrations were measured us-
ing a JDS106-A oil infrared oil meter (Ji Lin Beiguang Inc.).

2 Results and discussion
2.1 Textural and OSC properties

The surface areas of the catalysts were determined by N, ad-
sorption experiments. The effect of different Zr/Ce molar ratios
on the surface area is clearly showed in Table 1. T1 without
ZrO, composition has the highest surface area (ca 105.2 m?-g™).
The substitution of cerium by an increasing amount of zirconium
decreases their surface areas, which are ca 102.7, 99.6, and 87.5
m?- g™ for T2, T3, and T4 samples, respectively. For T5 sample

Table 1 Surface parameters and OSCs of the catalysts

Oxygen consumption
Catalyst Sus/(m? &) Vieo/(cm®g7)  dpoe/am Ve P

(pmol-g™)
Tl 105.2 0.19 3.448 210.5
T2 102.7 0.22 3.567 501.9
T3 99.6 0.25 4.223 532.7
T4 87.5 0.24 3.934 519.1
T5 60.1 0.23 3.636 0.0

without CeO, composition, the observed surface area is the low-
est (ca 60.1 m?-g™). Among these five catalysts, T3 has the largest
pore volume (ca 0.25 cm®-g™) and pore size (ca 4.223 nm).

The different Zr/Ce molar ratios in the catalysts also affect
their OSC properties, which are evaluated by the oxygen con-
sumption. As seen in Table 1, the oxygen consumption in-
creased with increasing ZrO, content to a maximum (532.7
pmol - g™) when Zr/Ce molar ratio is 1.0, above which the oxy-
gen consumption dropped. It is well known that the OSC proper-
ty is closely related to the Ce*«>Ce* redox process. As expect-
ed, TS sample without CeO, composition exhibits no OSC prop-
erty.

2.2 XRD characterization

The X-ray diffraction patterns of the as-synthesized catalysts
are shown in Fig.2. The T1 sample shows well-defined peaks
corresponding to a cubic fluorite structure and y-AlLO; phase.
The most intense diffraction peak of Cey75Z1ry550,, CeysZrys0,, and
Ce25Z10750, slightly shifts to higher diffraction angles, which
could be attributed to the shrinkage of lattice due to the replace-
ment of Ce* with a smaller Zr* cation radius. The diffractograms
corresponding to Ceyz5Z1,50,, CeysZros0,, and CeyasZr, 750, do not
show any diffraction peaks assigned to zirconia as segregated
phases. Based on these obsessions, it is clear that these mixed
oxides are solid solutions. It should be noted here that TS sample
without CeO, component shows intense diffraction peaks corre-
sponding to the monoclinic phase of ZrO,. Of the five samples,
the diffraction peaks of Pt are not detected by XRD, indicating
that the deposited Pt is well dispersed on the CeZr,_O, and 7y-
AlO; matrix.

TS

v S A n
5 N

T2

Il 1 Il 1 Il 1 1
10 20 30 40 50 60 70 80 90
260/(°)

Fig.2 XRD patterns of Pt/y-Al,0;/Ce. Zr, 0,
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Table 2 The average particle sizes of the catalysts

Catalyst Dy /nm
T1 9.1
T2 6.0
T3 4.7
T4 5.4
T5 14.1

The average particle sizes of these samples were estimated
from the width of principal diffraction peaks using the Scherrer
equation: D=0.92A/Bcosf, where D is the average particle size
of the sample, A is the wavelength of the radiation, 6 is the
diffraction angle, and B is the corrected half-width of the diffrac-
tion peak. The results of the average particle size are presented
in Table 2. It is clear that the particle size decreases with in-
creasing of ZrO, content to a minimum (4.7 nm) when Zr/Ce mo-
lar ratio is 1.0, above which particle size increases gradually.
The increased particle size would lead to the sharp decrease of
BET surface area, which is evidenced by the BET surface area
analyses (x<0.5).

2.3 Temperature programmed reduction

Temperature programmed reduction has been widely used to
characterize reductive property of ceria-based materials. Cerium
oxide and PtO, are well known for their facile reducibility com-
paring with other fluorite-type oxides. The TPR profile of ceria
shows a two-peak pattern, which indicates that the reduction of
ceria may follow a two-step process. The peak present at 773 K
is assigned to the reduction of the surface cerium oxide and
PtO,, while reduction of the bulk is proposed as the cause of the
high-temperature signal at 1120 K. In contrast, the TPR profiles
of the mixed oxides essentially show a main broad reduction
feature, which is in agreement with the promotion of the reduc-
tion in the bulk of the mixed oxide upon doping with ZrO,. In-
deed, doping ZrO, into the cubic CeO, would result in the distor-
tion of the cubic fluorite lattice, which is revealed by XRD anal-
ysis. As a consequent, reduction process is no longer confined to
the surface but extended deep into the bulk. Fig.3 clearly shows
the change of the reduction behavior of CeO, as main hydrogen
consumption shifts to lower temperatures!!®!”.,

The reduction process of a cerium atom in a ceria-zirconia

mixed oxide occurs according to the following equation:

CeZr,_O+6H,—Ce Zr,_ O, s+0H,0+5V

Where the elimination of the capping oxygen anion as water
molecules involves the appearance of an oxygen vacancy (Vo).
The presence of those vacancies considerably promotes the mo-
bility of oxygen from the bulk to the surface. Therefore, the area
of peak is proportional to the amount of Ce* formed, and also is
proportional to the amount of oxygen vacancies, which is relate

181 For T3, the reduction degree is the

to the oxygen mobility
largest. The oxygen mobility in this catalyst is noticeably pro-
moted, which is in good harmony with the catalytic activity, as
discussed below.

2.4 Catalytic performance

Ignition or light-off curves are the most widespread way to e-
valuate the catalytic activity in cooking fume complete oxidation
studies. These curves simply depict the cooking fume conver-
sion versus reaction temperature. The conversion can be calcu-
lated by measuring the extent of cooking fume removal that
takes place in the gaseous stream as reaction temperature in-
creases. The activity of the series of Pt/y-Al,0y/CeZr,_ O, cata-
lyst in the catalytic combustion of cooking fume is plotted in
Fig.4. These curves are frequently characterized by two parame-
ters, Ts, and Ty. Ty is the temperature at which conversion is
50% , and is often used as an indicator of relative activities of
the catalysts; while Ty, is the temperature at which conversion is
90% .

It can be seen from Fig.4 that the catalytic activity for the oxi-
dation of cooking fume over T7 is quite low. The temperature at
which the cooking fume conversion reached 50% (7) is 673 K.
For T6, Ty, is 560 K and Ty, is 673 K. By the use of y-Al,0; and
Ce,Zr,_ O, as support, the catalytic activity could be greatly pro-
moted. In general, the catalytic activity of Pt/y-Al,0,/CeZr,_O,
(1> x> 0) is better than that of T1 (x=1) and T5 (x=0). Com-
pared with pure CeO, and ZrO,, the presence of Ce Zr,_ O, (1>
x> 0) in the catalysts leads to a significant reduction in 75, by 30
to 70 K. The order of catalytic activity is T3 (479 K)> T4(500
K)> T2(510 K)> T1(549 K)> T5(559 K), the values in brackets
are the corresponding T, values.

The catalytic activities of mixed oxides are noticeably higher
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Fig.3 H,-TPR profiles of Pt/y-Al,0;/Ce,Zr;_.0:
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Table 3 T (K) values for the combustion of cooking fume in

the presence or absence of oxygen

T1 T2 T3 T4 T5
air 549 510 479 500 559
N, 609 583 562 578 613

than that of pure ceria and pure zirconia. It can be speculated
that Zr incorporated into CeO, lattice forms a solid solution in-
fluence the catalytic activity for cooking fume oxidation. Thus,
the catalyst with an equimolar composition seems to be the most
active mixed oxide for the abatement of cooking fume. This cat-
alyst is appropriately associated with relatively accessible lattice
oxygen species. As mentioned above, these structural changes
are attributed to the incorporation of ZrO, into the CeO, lattice.

To further study the role of oxygen in the reaction, cooking
fume destruction was also evaluated in the absence of oxygen by
replacing flowing air with flowing nitrogen. Prior to the experi-
mental run, the reaction environment was purged with nitrogen
to remove traces of oxygen. Although reaction is still noticeable,
catalytic activities in nitrogen is worse than that in air. The ob-
served conversion in nitrogen is assigned to the involvement of
oxygen species from the mixed oxide in the reaction mechanism,
which diffuses from the bulk of catalyst to the surfacel'?”, Based
on the different activity in different atmosphere, it can be specu-
lated that oxygen from the gas-phase is needed to form elec-
trophilic oxygen species, and therefore, catalyst can achieve
high catalytic activity in air. T3 is the most active catalyst due to
its excellent oxygen mobility as revealed by H,-TPR.

Table 3 lists the T5, values of the combustion of the cooking
fume under oxidizing (21% O,/N,) and inert (pure N,) condi-
tions. An eventual time-on-stream behavior of all catalysts at
constant temperature under inert conditions would result in a
gradual loss of activity due to the continuous participation of
oxygen species.

Apart from the catalytic behavior of mixed oxides, the prod-
uct distribution of combustion reaction was also analyzed. The
CO, is the only gaseous product as detected by TCD.

3 Conclusions

The catalytic activities of a series of Pt/y-Al,O,/Ce Zr, O, cat-
alysts with varying Ce/Zr molar ratio have been evaluated for
the combustion of cooking fume under dry conditions. The order
of catalytic activity is Pt/y-ALOyCesZ1psO,>Pt/y-ALOyCey 2571, 750,>
Pt/y-A1,05/Ce;5Z1250,>Pt/y-Al,05/CeO,>Pt/y-Al,05/ZrO,. Incor-
poration of ZrO, into the CeO, lattice noticeably decreases the

reaction temperature and would favor the oxygen mobility in the
solid solution, which is responsible for controlling the catalytic
activity. The major combustion product is carbon dioxide. Fur-
ther attention should be focused on the action atmosphere.
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