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A diesel oxidation catalyst was prepared from several high performance materials: the new rare
earth oxygen storage compound Ceo7sZro2s02-Al203, the composite oxide TiooZro102 and chromi-
um-modified 8 molecular sieve. These component materials were characterized and used to pre-
pare a Pt-based catalyst designed to reduce diesel engine exhaust emissions. The results of low
temperature N: adsorption-desorption and oxygen storage capacity tests demonstrated that
Ceo.75Z102502-Al203 exhibits a large specific surface area and excellent oxygen storage capacity, and
that TiosZro102 exhibits superior textural properties. Evaluations of catalytic activity showed that
the catalyst prepared from these materials has reduced capacity for the oxidation of SOz but high
catalytic activity towards the oxidation of hydrocarbons (HC) and CO, and is also able to convert the
exhaust soluble organic fraction at temperatures as low as 140 °C. Tests using a domestic YC4F-type
diesel engine found that exhaust treated by the catalyst prepared in this research is capable of
meeting the HC and CO emission requirements of the Euro V standard.
© 2013, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

The significant progress in diesel engine technology to date
has resulted in rapid development of the diesel vehicle indus-
try. Diesel vehicles have become increasingly popular, partly
because of their superior fuel economy, but also because they
are durable and provide excellent performance. Diesel engine
exhaust, however, contains a number of toxic or otherwise
harmful compounds, including particulate matter (PM), nitrous
oxides (NOx), hydrocarbons (HC), CO and SO2. There may be as
many as 14 different harmful compounds in the PM exhaust

fraction and carcinogenic pollutants can also be formed from
atmospheric photochemical reactions in which NOx can be
converted to surface O3 and peroxides. In addition, NOx con-
tributes to the formation of acid rain, while HC and CO are both
potential health hazards. As a result of these harmful exhaust
components, as the number of diesel vehicles continues to in-
crease, the associated increase in exhaust emissions has be-
come a threat to the health of both humans and the environ-
ment [1,2].
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There are two general approaches to the reduction of
harmful diesel emissions: in-engine and out-of-engine treat-
ments. The out-of-engine treatments have thus far been fa-
voured, because they are typically more convenient and less
costly, and include diesel oxidation catalysts (DOCs), diesel
particulate filtration (DPF), NOx selective catalytic reduction
(SCR) and four-way catalysts (FWCs). These technologies can
be used together or singly depending on the composition of the
diesel exhaust and the regulatory requirements which must be
satisfied [3]. DOCs are primarily used to remove HC, CO and the
soluble organic fraction (SOF) of the PM [4]. These same cata-
lysts, however, can oxidize SOz contained in the exhaust to SOs3,
which will subsequently react with moisture to produce either
sulfurous or sulfuric acid, which in turn will deactivate the cat-
alyst and thus increase PM emissions [5,6]. Because the quality
of the diesel fuel available in China is generally poor [7,8], such
that 87% of these fuels have SOz concentrations in excess of
0.035%, the exhaust of diesel engines operating in China will
typically have levels of SOz2. As a result, DOCs used in China
must be both highly active and highly selective, with high cata-
lytic activities for the destruction of CO, HC and SOF, but low
activity in terms of SOz oxidation.

At present, DOC technology is most advanced in Europe, the
United States and Japan, and research and development con-
cerning this technology is primarily performed by a small
number of multi-national corporations, including Engelhard in
the United States, Johnson Matthey in the United Kingdom,
Umicore in Belgium and BASF in Germany. In a typical DOC, a
precious metal such as Pt or Pd is the active component and is
loaded on the surface of a support material. The particular ac-
tive component and support material employed in making the
catalyst, as well as the working conditions of the engine, the
sulfur content of the fuel and the rate of exhaust flow are the
main factors which influence the efficiency of the DOC.

Initially, DOC technology was based on the use of Pt loaded
on an alumina support. As emissions regulations became more
stringent, however, both oxidation activity towards the SOF at
low temperatures and reduced oxidation of SO2became neces-
sary aspects of DOC technology, and cerium-based catalysts
which enabled the low temperature oxidation of the SOF be-
came common, along with composite supports made from ma-
terials such as SiOz, TiO2 and ZrOz, because these substances
exhibit low SOz adsorption. In addition, DOCs incorporating
molecular sieves were developed, to improve the oxidation of
HC, CO and the SOF under cold start conditions. Considering all
the above developments in catalyst composition, as well as
other improvements in the preparation processes, the current
state of DOC technology has become quite complex [9-11].

In the study reported herein, a new type of
high-performance diesel oxidation catalyst was prepared and
its performance investigated using a domestic IV YC4F-type
diesel engine. The results show that treatment by the new cat-
alyst allows the engine exhaust to meet the HC and CO emission
requirements of the Euro V standards. In addition, the catalyst
exhibits high oxidation activity towards the SOF and low oxida-
tion activity with regard to SO2.

High performance DOCs developed in recent years have

been primarily based on three components [12,13]: ceria-based
materials, Pt-loaded sulfur-tolerant supports and molecular
sieves. The oxygen storage material investigated in this work,
Ceo.75Zro.2502-Al203 (3:1 mass ratio of Ceo.75Zro2s502 to Al203),
was prepared using a co-precipitation technique. In this meth-
od, zirconyl carbonate is first dissolved in an appropriate quan-
tity of concentrated nitric acid, following which aqueous solu-
tions of Ce(NO3)3:6H20 and AI(NO3)3-9H20 are added in the
appropriate stoichiometric ratios. Subsequently, H202 is added
and the solution is stirred for 30 min, after which the reaction
product is removed from solution by co-precipitation resulting
from the addition of an ammonia/ammonium carbonate solu-
tion. Following co-precipitation, the solution is subjected to
sequential heat treatment, stirring, washing and filtration. The
precipitate is dried at 70 °C for 24 h and then calcined at 600 °C
for 5 h to produce the final product. The composite support
material TiooZro.102is also prepared using essentially the same
co-precipitation method as above. Zirconyl carbonate is dis-
solved in an appropriate quantity of concentrated nitric acid
and an aqueous solution of titanyl sulfate is mixed in, after
which the co-precipitated with
nia/ammonium carbonate solution. After co-precipitation, the

solution s ammo-
solution obtained is subjected to heat treatment, stirring,
washing and filtration, and the precipitate is dried at 70 °C for
24 h and then calcined at 550 °C for 5 h to obtain the composite
oxide. Lastly, the Cr-modified  molecular sieves are prepared
by equivalent-volume impregnation, involving the impregna-
tion of -molecular sieves (Si/Al = 25) with the necessary
quantity of chromium nitrate solution. The resulting product is
dried at 110 °C for 6 h and calcined at 550 °C for 5 h to obtain
Cr-p molecular sieve powder (1 wt% Cr).

Nitrogen adsorption testing using a QUADRASORB SI auto-
mated surface area and pore size analyser (Quantachrome In-
struments, USA) was employed to characterize the textures of
the synthesized materials. In addition, an oxygen storage ca-
pacity (OSC) measurement device was used to determine the
0SC of the materials at 200 °C. The results of both series of tests
are presented in Table 1, where it can be seen that
Ceo.75Zr0.2502-Al203 exhibits a large specific surface area and
excellent low temperature OSC, a capability which facilitates
the removal of the SOF [14].

According to some reports, both TiO2 and ZrO: have only
limited capacities for SOz adsorption [15,16], and therefore
using composite oxides composed of Ti and Zr-based materials
as DOC support materials is anticipated to inhibit the adsorp-
tion of SOz by the catalyst and accordingly reduce the oxidation
of SOz over the Pt component, increasing the catalyst’s re-
sistance to the deleterious effects of sulfur in diesel fuel. Both
TiO2 and ZrO2, however, have relatively low specific surface
areas, and thus are not suitable for application as support ma-

Table 1

Textural properties and OSC of catalyst samples.

Sample Ager/(m?/g) Vy/(ml/g) 0SC (umol/g)
Ceo.75Z1r02502-Al203 169 0.39 400
Tio9Zro102 94 0.33 —

Cr-B molecular sieves 424 0.46 —

3 molecular sieves 429 0.46 —
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terials in their natural form [17]. In contrast, the specific sur-
face area of Tio9Zro102, the composite oxide prepared in this
work, is measured at 94 m2/g, suggesting that it is a viable can-
didate for use an acidic support for Pt. As well, the combination
of Pt with Tio.9Zro.102, when used for the removal of HC and CO,
has been shown to simultaneously exhibit both excellent cata-
lytic activity and sulfur resistance [8]. B molecular sieves are
primarily used for the adsorption of HC at low temperatures,
which improves catalytic efficiency during diesel engine cold
starts. As the data in Table 1 show, the surface area and pore
volume of the Cr-modified sieves are essentially unchanged by
the modification process. Previous studies have demonstrated
that the surface acidity of f molecular sieves is enhanced after
the sieves are modified by the addition of Cr [18,19]. Because
increased acidity in these materials tends to inhibit SOz adsorp-
tion, the modification of § molecular sieves by Cr addition tends
to result in reduced SOz oxidation by the DOC. Therefore, the
above three materials are all well suited to form the compo-
nents of an oxidation catalyst meant for purifying diesel ex-
haust.

The catalyst investigated in this work was prepared by an
equivalent-volume impregnation method. Ceo.75Zro.2502-Al203
and TiovZro102 were impregnated with aqueous solutions of
H2PtCle, after which they were dried and calcined at 550 °C for
5 h to obtain catalytic material in the form of a powder. This
powder was then mixed with the Cr-f molecular sieves, added
to an appropriate quantity of water, and made into a slurry by
ball-milling of the aqueous dispersion. Cordierite honey-
comb ceramic substrates (400 cpsi, Corning, USA) were im-
mersed in this slurry then withdrawn, following which excess
slurry on the substrates was removed using a stream of com-
pressed air. The substrates were subsequently dried and cal-
cined at 550 °C for 5 h to produce the finished catalyst test
specimens. The measured Pt, Tio9Zro102, Ceo75Zro.2502-Al203
and Cr-modified  molecular sieve contents in the final catalyst
samples were 1, 72.6, 36.3, and 12.1 g/L, respectively. Artifi-
cially aged catalyst specimens were obtained by placing freshly
prepared catalyst samples in a tube furnace and heat treating
the material at 750 °C for 30 h in a N2 atmosphere containing
0.02% SOz, 10% Oz and 10% H:O0.

Catalytic activity was measured using a continuous flow mi-
cro-reactor. A mixture of CO (0.112%), CzHs+ (0.056%), NO
(0.07%), SOz (0.02%), COz (6%), Oz (10%) and Hz0 (10%),
with the balance being N, at a space velocity of 30000 h-1, was
used to simulate the exhaust output of a diesel vehicle. The
temperature of diesel exhaust is normally in the range of 200 to
400 °C, and the oxidation of SO2 to SOs3 is constrained by ther-
modynamic effects, such that the oxidation reaction rate gener-
ally decreases above 450 °C [20]. For this reason, an infrared
analyser was used to follow the conversion of SOz at 350 °C to
evaluate the inhibition of the oxidation reaction, because a low
SOz conversion rate is correlated with increased inhibition of
the catalytic oxidation process. Variations in CO concentration
over the course of the catalytic reaction were evaluated with an
FGA-4100 automobile exhaust gas analyser (Foshan Analytical
Instrument Co., Ltd.), while a GC-2001 gas chromatograph in-
corporating a Porapak T column and a flame ionization detec-

tor was employed to measure changes in HC concentration. The
results of the catalytic activity trials are listed in Fig. 1 and Ta-
ble 2, in which Tso is the light-off temperature (the temperature
at which 50% conversion is achieved), Too is the total conver-
sion temperature (at 90% conversion) and AT1= Too - Tso.

Prior studies of domestic IV YC4F-type diesel engines with
DOC have shown that the SOF primarily originates from engine
lubricating oil, as well as from small amounts of unburned die-
sel fuel [21]. In many studies, lubricating oil is accordingly used
as a substitute for the SOF, and the catalytic and oxidative pro-
cesses in the DOC are simulated by thermogravime-
try-differential thermal analysis (TG-DTA) [14,22]. In our work,
diesel lubricating oil uniformly distributed on the catalyst
powder was also used to simulate the SOF, applying an oil to
catalyst mass ratio of 1:10, and the TG-DTA method was em-
ployed to determine the extent of SOF conversion. TG-DTA
analyses were performed using a HCT-2 thermogravimetric
analyser (Beijing Scientific Instrument Factory, China), under
air at a flow velocity of 40 ml/min and at a heating rate of 10
°C/min. The TG-DTA plots obtained for the catalytic oxidation
of SOF on both fresh and aged catalysts are shown in Fig. 2,
while the catalytic activity results calculated from these plots
are presented in Table 3, where Ti is the temperature at which
SOF conversion begins, Tm is the temperature at which the
highest rate of mass loss is observed, Tt is the temperature at
which the reaction ends and ATz = T¢-Ti. The exothermic peak
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Fig. 1. Catalytic activity of fresh and aged catalyst. Conditions: NO

0.07%, C2H4 0.056%, CO 0.112%, SO2 0.02%, CO2 6%, 02 12%, H20 10%,

balance Ny, catalyst 140 g/L, GHSV = 30000 h-.

Table 2
Catalytic activity towards C2Hs, CO, and SO2.

CcO C2Ha
Catalyst  Tso Too AT Tso Too ATy

SOz conversion

o oo O o A at 350 °C (%
(0 (0 (0 (0 (0 () (%)
Fresh 192 203 11 203 224 21 22.5
Aged 224 235 11 229 241 12 132

a ATy = Too - Tso.
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Fig. 2. TG-DTG-DTA curves for simulated SOF combustion over fresh
and aged catalyst.

Table 3
TG-DTG-DTA data for the conversion of SOF.
0, () () a/o A
Sample Ti/°C  Twm/°C T:/°C AT22/°C (UV-°C/ (Mo MEsamie))
Blank 288 335 650 362 63.7
Fresh 140 265 550 410 265.1
Aged 180 303 446 266 231.0

aAT,=Ti- T

area (in units of pV-°C) is determined in each case by integra-
tion of the DTA curve. The relative exothermic peak area
[uV-°C/mgoil] is obtained by dividing the peak area by the mass
of lubricating oil applied to the catalyst, and this value is further
divided by the total mass of the test sample to give the stand-
ardized exothermic peak area, A pV-°C/(mgoi-mgsample). Ac-
cording to research by Zhang et al. [14], a large standardized
exothermic peak area is associated with a reduced probability
that the lubricating oil will be volatilised, meaning that catalytic
combustion is more likely and the overall catalytic effect is
greater.

The durability of DOCs is another important factor used to
evaluate their performance. According to research by Anders-
son et al. [23], treating a catalyst by hydrothermal aging at 670
°C for 15 h, followed by heating at 250 °C for 15 h in 0.005%
S0z, simulates an aged catalyst which has been used in a diesel
vehicle with exhaust gas containing 0.001% S over a distance of
160000 km. These aging conditioning can therefore be rea-
sonably applied as suitable parameters when evaluating DOCs
in the laboratory. However, because the diesel fuel commonly
used in China typically has very high sulfur content, more de-
manding ageing conditions are appropriate and so, in this

work, catalysts were evaluated using a N2 atmosphere contain-
ing 0.02% SOz, 10% 02 and 10% H20 at 750 °C for 30 h.

The activities of both the aged and unaged catalyst are
summarized in Fig. 1 and Table 2. The Tso values of the fresh
catalyst with regard to the oxidation of CO and CzH4 are 192
and 203 °C, respectively, and its Too values are 203 and 224 °C.
These results demonstrate that the catalyst exhibits high activ-
ity at relatively low temperatures, such that its activity will
increase rapidly after engine ignition, allowing complete con-
version of the exhaust.

In the case of the aged catalyst, the Tso values for CO and
C2H4 are 224 and 229 °C, and the T9o values are 235 and 241 °C,
respectively. Compared with the fresh catalyst, these values
indicate relatively little increase in either T9o or Tso, and thus
complete conversion can still be rapidly achieved after ignition.
These results indicate that the catalyst possesses both high
catalytic activity and excellent aging resistance.

The conversion of SOz to SO3 over the catalyst at 350 °C was
also investigated, and the results show that these conversions
are 22.5% for the fresh material and 13.2% for the aged cata-
lyst.

As noted above, DOCs can also be used to remove the SOF in
the exhaust of diesel vehicles, and the results concerning the
catalytic conversion of the SOF over fresh and aged catalyst are
presented in Table 3. The standardized exothermic peak areas
in this table show the catalyst exhibits greatly improved activi-
ty for the catalytic combustion of the SOF at significantly de-
creased temperatures. The data show that the catalyst may
begin to convert SOF at temperatures as low as 140 °C and also
that the catalyst exhibits generally high performance.

The test results obtained using the diesel oxidation catalyst
in a domestic IV YC4F-type diesel engine are presented in Table
4. Comparison of these data with the Euro V emission standard
shows that 99% CO conversion is achieved, resulting in a CO
level approximately 1000 times lower than the Euro V emission
standard, and almost 100% conversion of Cz2Hs is achieved,
equal to a level about 100 times lower than the Euro V stand-
ard.

The excellent catalytic properties exhibited by this catalyst
are closely associated with the higher specific surface of the
support material and the outstanding oxygen storage perfor-
mance of the ceria-zirconia alumina material. As a result, the
oxidation catalyst prepared in this study possesses both high
activity and high selectivity, and its application in diesel en-
gines will allow exhaust emissions of vehicles in China to meet
higher standards.

Table 4
Diesel engine emission results with and without DOC, compared with
Euro V emission standards.

Emissions (g/kWh)
Test co HC
Euro IV emission standards 0.5 0.23
Emissions without DOC 0.74 0.20
Emissions with DOC 0.004 0.002
Conversion with DOC (%) 99% ~100%

Test conditions: domestic IV YC4F-type diesel engine, emissions 2.659 L,
ESC-13 operation mode cycle.
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A high performance diesel oxidation catalyst was prepared which demon-
strated the ability to meet the Euro V standard for HC and CO exhaust
emission content requirements.
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J& T %F SOF HLAG I 76 14 1 Ce B i AL 77 20 43, XF SO, -
AR B 2 BE 125 SO, TiOL A1 ZrO, i & & s Ak AR
HC, COFISOF Ja shF Ak 1 BE ) 7 T 28 73, MRk 1 H
AT DOCAHEA I R JAilh, R 3 A £ HR C AR AH 4 &
;J%[gNll]l

ARG T — P vy 1 B S i 2 S 2 A7) B L
FEYCAFEIVEEMIPL Erialie g 5. 45 K0, bH 511

TR A S BRVHE B AE ST HC, COHEBUR 25Kk, HH
A 151 I SOF AL V& M AMIK (1 SO 8 AL TG 2.

H Al 28 SR 85 4 1 DOC 3= By = & 43 41 i %) Ce
e | N T N ] S U R 1 W i A
(R, AR SCR FH SR UTE 1 1] 48 Ceg.752Z10.2502- Al O fit A
B A Cep 75210250, 5 AlL,Oz i i L H3:1), B ek it &
MR EEERTERRMER Y, B —EEN
Ce(NO3);-6H,0F1 AI(NO3);-9H,O [ £h VA W, Ftit Bk &
B157, IINH0, 3530 min, LLEUK-TRBREE TR & 1 N
DUUE R, R HmZd AT Hyiie, il e I A+ |
VeV HhUE, T-70 °CTH5:24 h, 600 °CREEE5 h, 15 FIRE .
K TH R A A R T E BRI, 5 — 2 2=
FR SEAR T IR A 350, LAEUK B BR # TR A IR WU DL
A, K F I AT SR UTUE, PUVE 56 BB 5 A b . ok
B~ HhJE, T 70°C T 4§ 24 h, 550 °C K5 K2 5 h, il 153
TiooZro10 Z A AW Bk, KA EARFIR BESI & T
CrEMRIBA T, FH— & & B H R B IO BB 4 10
(Si/Al = 25), F 110 °C T 46 h, 550 °C % 55 h, B #ll 15
Cr-B4r 1k R (G & Cr 1%).

7F 55 [E JEHE /A 7] I QUADRASORB  SIZUN, H 51
BHASCRAE AL L B SR 14 5, FH i A i (OSC) Il e 2% B T
200 CE fifi E MR i A B, 45 R AR L. R AT 4,
JT 1] Ceg 75210.2502-AlL,O3 I it B A 85 K (1 bb 2 i AL A A1
B IRIR i S RE, AR T £ BRSOF™L BF 7t & B, TiO,
FIZrO, Xt SO I W B fiE e NSO R bk, FTi-Zr 82 &
AR SR A T H0 ] SO AW B, 328 T 411 il PEXsF SO, 1A 41
1, DA s (AL R i B v e 1T B A R TIOL FH ZrO,
BE 2 B /N, AN IE & TR A0, A S 4% 1
TigeZro10, 5 & A4} L 2 1 AL AT 1594 mPg, i& & H T
VE R AP BR LB BT I PYTio oZro 1O AL 1 T T
FLBRHCHICO, EA 1 5 A A3 12 R i s 1k 8. B
T EH TR R THC, AT RT3 & S %
A SN AT BCR. R L, SECrigtfifE, BT
i L R TR R AL TLT- A b, L2 T i ek g 18190,
AT 17 A5 R 3 4 1 SO PR TR B, 62 14 SO AL I H 1.
DR, DA B 3Fp ARG A F T S8 i 42 R S0 b S 1L 2
AT 2H 47

K S FUARRUR Bk ] 4 PUS L. T — e &
[/ HoPtCle 7K 85 ¥ 73 1l 1% 15t F1 Ceg.75Zr0250,-Al,03 Fil
TiooZro10. 8044 I, £, 550 °CRE 55 his H 4k 7 F
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A RN B Cr-Bor TRV & IR N NI & K, BR
JE& 1) J 2% R, X400 cpsi 1) 2 T A W6 55 PR % R A (35
Corning A &)@ NH, B 5 4 2= SR 2 R )
W, 4 THE, 550 °CHE 25 h, 15 38 St 1h 7). %M1k
7 b Pt & BN 1g/L, TigeZro 0, & & N 72.69/L,
Ceo.752r0.250,-Al,03 75 & 936.3g/L, Cr&ififfp4y 1 i &
HON121g/L. KR e E T b, 1
0.02%S0,-10%0,-10%H,0-N, T 5 <, i1 <4 K, T 750
°CZ1£30 h, 15 E 22 LA

TEFE SRR AN AL R B A A AT AL TS ik, S
L4 ZE R R K A N - 0.112%C0-0.056%C,H -
0.07%N0-0.02%S0,-6%C0,-10%0,-10%H,0-N,F- i <,
N 7S T 45 ) 6 30000 h ™t | T SETh 4 R AR E — %
200~400 °C, H.SO, %A iSOz 57 F| # Hy 24 (1 IR il , 75
F-450 °CH 2 S 3% 1 — e 23 BRAR IO (R, AR SO 40 4b
3 BT A (AL 5238 75 BEAGBHEE A 72 BT) K 1 350 °CH SO, 4%
SR8 AL 704 1 SO SR AL K RE 11, SO b % ek
i, M A 700 40 1) SO, S 4k BE ) Bk 5, R 2 N8R,
FGA-41007 /3 ZEHES 0 T A (B 23 FR LR AN Ao i 52 4%
1A PR 2w ) Rar il CORE Js2 7% Ak i B ;. GC-2001 1T 284
A (g TV SRR AR B T T, Porapak T35 T, &k
A (FID)Rr ) I 5 HC I s S AR Ak ik 5. FLis PR 45
SOLEILRIR2, A Too MR SR IR FE (% AL 50% 0 FRIELEE),
Too N 58 A AL TR FE (s 1L 90% T IR ), ATy= Top-Tsp. 4%
THAEE AR 2 B3 )5, 7EY CAFIE A28 AL A I

52 B, SOF 2= B2 - 5838 Hh 1) v vl A 2D
PR (1 S8 3 Bl 2 PY., TR ik, AR 2 BF A S e B AR
SOF, K FH TG-DTARK H v 15 40 i 44 771 44 44 4 {1k SOF )
AR RO S i 7 I T A B SOF 4 47 Hh 611 3% B
FEAGTRRY R L, 5030 v o 5 A TRDR AR i B 2 2 B A
1:10, K H TG-DTAVEAEHCT-22 #1843 HrAX (AL 5 1E A
BEEAGE) B AT E, 23 SR AR (40 mi/min), i
210 °C/min. R IETG-DTAH £, 15 i SOF i {k R 4%
TeRAE, g5 RanE2fR, g R R RS, TohIT
URHEAGIR T, T R B R RORE, T SO 28 1E TR,
AT=TeT;. DTARN B [ R (uV-°C) B LA A6 55
T PR O B SR AR OGS TSCEA U TR (nV-°C/(mg lube)); P
B LA AR RE 0 8 BT B, RIS AR A U T AR

(A)(1V-°C/(mg sample)/(mg lube)). Zhang 2 M () T 5t %
BH, A 7 TS e T ARUBR K, 2 B T T A R B ) L3R
D R A A BRI T LR, R A 77 ) i A R SR A

TR AL AL TRURE S TS PR DL L. B LR R 2
AT, A AL 7% CORC,H, 1 Tso 73 1) 9192411203 °C,
Too 237920371224 °C, AL AT 43 51 911121 °C, %
B A 70) B v PRI e, AR5 v PR BTt
AR SE A Ak T AT VE A DOC I — AN B 2 45
#%, Andersson P (T 7t 2 B, i 46 7 7 285 670 °C K
PE4k15 hJg, 38 A 0.005% SO, T-250 °C/k #v:#1k15 h
P A3 HIMEAL 7, 547 3 7160000 km, S 450.001% S
1) ZE 550 22 A AR A TR ARV BLBE 852 v, R A SR i ) s B 2
DOCE A, SATM, H E S S & =R i, B KR
B 2. R, AR SCR) A 1 A2 0.02%S0,-
10%0,-10%H,0-N,*F-4<,, 750 °CZ 4430 h, %2 )5 &
AL TS M, DRSS R ELFTR. ATLE H, £k
J&, HEAL TR0 CORI CoHa R Tso 73 il 92241229 °C, Too 77
7 N235F1241 °C, AH B[ AT 43 3 N 11F112 °C, L ik
TG Bt v, AR B K, A7) R FE RS R )5 Ik B 5 42
Hefh, XRMEATIANEA S EE, T HAEH
S YT ERE. TR E 5 52 1 (AL 22 4b AT 5 350
°CH SO A B SO 1 e AL %, MRS, R W, LI E
T JE X SO AL 2 73 73 AN 922.5%7113.2%. DOCH]
Ty —AE =2 BR 22 S8 4 RS I SOF, 8 i Al 2 A0 i
T SE AL SOF I RLTE 14 41 T3, BT LAE H, I
F 5, SOF A be i 1 KR BE 52 iy, T 4R 3% A IR FE R
W B I, A (R AL 77 TT (i SOF 7 140 °CHF th 5 4k, R B
HAL ST L PERE.

FIT ] 6 1A 5 9 22 4800 2R (R A R FE Y CAR IR IV 58 3 L
A g5 R AR AP A, FE S BV HEREAT T LG
B SRR, X COMIEAL 2 IE 299%, HERUE A RRV
HETBUbR e 1 5%0 22 A7 X6 CoHy %5 Ak 22 43301 100%, i
EACA RV HERObR HE 1% 25 47, 28 B0 H AR 52 1 i Ak 1k
RE. X5 1% A0 0 BT F AR R B R e ) L R T AR
HCe-Zr-AlE &8 W 7 Ik A RE B UIAH G, itk
AL, A ST 2 PR ST B AR LA v P R e SR R 1,
RN KA B T HE B 2R Sk 2 R ASHE SR B b
HESEIT.



