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Abstract

A series of manganese—cerium oxide catalysts were prepared by different methods and used for low-temperature selective catalytic redus
tion (SCR) of NQ with ammonia in the presence of excess Ohe Mn—-Ce—Q catalysts showed high activities. The experimental results
showed that the best Mn—Ce mixed-oxide catalyst yielded nearly 100% NO conversion°& 428 high space velocity of 42,000h
As the manganese content was increased from zero to 30% (i.e., the molar ratig(Mivin Ce)), NO conversion increased significantly,
but decreased at higher manganese contents. The most active catalyst was obtained with a pielar+MBe) ratio of 0.3. The effect
of the calcination temperature was also investigated and the optimum calcination temperature Y¥asTd&3e catalysts are substantially
more active than all other catalysts reported in the literature. 8@ HO (at high concentrations) have slight effects on the SCR activity.

From a steady-state kinetics study, it was found that the low-temperature SCR reaction was zero order with respeahtbfiéit order

with respect to NO. Compared with the other catalysts reported for low-temperature SCR of NO with ammonia, based on the first-order rate
constants, the MnO-CeQ catalyst was several times more active than other catalysts reported in the literature.,Qatiiéd than NO

was found in the product when the temperature was below €56t higher temperatures, trace amounts gfNvere detected.

0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction is as follows:

i i . : 4NO+ 4NH3 + O2 — 4Nz + 6H0.
Nitrogen oxides (NO, N@ and NO) remain a major 3 T L2 = 4IN2 2

source of air pollution. They contribute to photochemical Many catalysts have been reported to be active for
smog, acid rain, ozone depletion, and greenhouse effects [1]the above reaction [1]. The commercial catalysts for this
Nearly all NO; (95%) derives from transportation (49%) and process are »Os/TiO2 (anatase) mixed with W or
power plants (46%) [2]. In recent years, many methods have MoO3 [10-17]. Although the vanadium-based catalysts are
been used to reduce the emission of nitrogen oxide. Catalytichighly active and resistant to S(here are also some disad-
technologies are attractive because of their low cost and highvantages. This catalyst is active within a narrow temperature
efficiency [1]. In the case of automotive catalytic converters, window of 300-400C, while this temperature range also
CO acts as the main reducing agent for NO [3,4]. Hydro- helps to avoid pore plugging from the deposition of ammo-
carbons such as methane, propane, or propylene can also bgium sulfate salts such as NHSOy and (NH;)2S,07 on
used as reductants [5-9]. However, highly active and stablethe catalyst surface. Consequently, it is necessary to locate
catalysts have not been found for hydrocarbon SCR. the SCR unit upstream of the desulfurizer and electrostatic

The major technology for reducing nitrogen oxide emis- Precipitator in order to avoid reheating of the flue gas as well
sions from stationary sources is selective catalytic reduction @s deposition of dust on the catalyst [1].

(SCR) of NQ (X — 1’ 2) by ammonia. The genera| reaction For the above reasons, there has been Strong interest in
developing highly active catalysts for low-temperature SCR.

Such a catalyst would be placed downstream of the desulfur-
* Corresponding author. izer and electrostatic precipitator, and the temperature at this
E-mail address: yang@umich.edu (R.T. Yang). point is 150-160C. Success in developing such a catalyst
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would significantly improve the economics of SCR. More- to the metal components (the total mole of manganese and
over, there is still residual SOremaining after the desul- cerium) was 1.0. The above mixture was stirred at room
furizer. Thus, SQ@ resistance needs to be considered. The temperature for 1 h. The solution was dried at 1GQre-
main disadvantage of low-temperature SCR is its suscepti-sulting in a porous, foam-like solid. The foam-like precursor
bility to ammonium bisulfate precipitation and formation of was calcined in air at a desired temperature for 6 h. The
solid ammonium salts with N&(especially ammonium ni-  obtained solid sample was first dried at 22Din air for
trate). The effect could be minimized by increasing catalyst 12 h and then calcined at 653G for 6 h in air in a tubu-
volume to provide spare surface area for deposition and bylar furnace. Finally, the samples were crushed and sieved
periodic operation at higher temperatures to evaporate theto 60-100 mesh. Pure manganese oxide and ceria catalysts
deposited ammonium bisulfate. were prepared by the same procedure. The catalyst is de-
Some transition-metal-containing catalysts have been in-noted as MnQ(z)-CeQ(y), wherez represents the mole
vestigated for the low-temperature SCR reaction, such asratio of Mn/(Mn 4+ Ce) andy denotes the calcination tem-
chromia[2], NiSQ/Al,03 [18], MnO, /Al 203 [19], V20s5/ perature {C), e.g., MnQ(0.3)-CeQ(650).
activated carbon [20], iron—silica aerogels [21], Mn®aY
[22], and other oxides [23]. They showed various SCR activ- 2.1.2. Impregnation method (1M)
ities at below 200C under different conditions. Recently, In this mehod we used incipient wetness impregnation.
we found that Fe—Mn-based transition-metal oxides [24] The desired amount of manganese acetate solution was
were highly active for low-temperature SCR of NO with added to a certain amount of cerium oxide. The obtained
NH3 with 100% selectivity to M at a high space velocity. solid sample was first dried at 12Q in air for 12 h and then
Ceria (CeQ) has been studied extensively for its oxy- calcined at 650C for 6 h in a tubular furnace. Finally, the
gen storage and redox properties. For example, Qa3 samples were crushed and sieved to 60—100 mesh.
been used as an important component of three-way catalysts
(TWCs) [25-27]. The most important property of Ged 2.1.3. Coprecipitation method (CP)
as an oxygen reservoir, which stores and releases oxygenvia Inthis work, a certain amount of salts (nitrate and acetate)
the redox shift between ¢é and C&* under oxidizingand  of Mn, Ce were dissolved in water, and excess urea was
reducing conditions, respectively. Ceria should enhance theadded to the solution and then the temperature was increased
oxidization of NO to NQ, thereby increasing the activity of  slowly to 90°C with stirring. The mixtures were aged for
SCR of NO by ammonia. Long and Yang [28,29] studied the several hours and then filtered and washed with deionized
promoting role of cerium oxide over Fe-Ti-PILC and Fe- water. The obtained solid samples were first dried at’T20
ZSM-5 catalysts for SCR of NO with Ngand concluded in air for 12 h and then calcined at 650 for 6 h in a tubu-
that the doping of cerium oxide enhanced the activity result- lar furnace. Finally, the samples were crushed and sieved to
ing from an increase of NO oxidation to NO 60-100 mesh.
This paper describes work performed in our labora-
tory [30,31] in developing active catalysts for the low- 2.2. Catalyst characterization
temperature SCR of NO with NdH(< 150°C). The results
show that MnQ—CeQ is a superior catalyst for NO reduc- A Micromeritics ASAP 2010 micropore-size analyzer
tion by NHs in the low-temperature window of 80—15G. was used to measure the, Mdsorption isotherms of the
The catalyst yielded 100% ANselectivity and complete  samples at liquid N temperature £196°C). The specific
NO conversion at temperatures as low as I20and at surface area was determined from the linear portion of the
GHSV = 42,000 ! (GHSV was based on powder cat- BET plot. The pore-size distribution was calculated from the
alyst). Although much work has been performed on the desorption branch of the Nadsorption isotherm using the
catalytic performance of the manganese catalyst, no fun-Barrett—Joyner—Halenda (BJH) formula. Prior to the surface
damental work has been performed to elucidate the kineticsarea and pore-size distribution measurements, the samples
over manganese—cerium oxide catalysts. Therefore, in thiswere degassed in vacuo at 3%Dfor 24 h.
paper, we also report the results of activities and kinetics of  The powder X-ray diffraction (XRD) measurement was
the MnQ,—CeQ catalyst for the low-temperature SCR of carried out with a Rigaku Rotaflex MMax-C system with
NO with NHs. Cu-K, (A =0.1543 nm) radiation. The samples were loaded
on a sample holder with a depth of 1 mm.

2. Experimental 2.3. Catalytic activity measurement

2.1. Catalyst preparation The SCR activity measurement was carried out in a fixed-
bed quartz reactor. The typical reactant gas composition was

2.1.1. Citric acid method (CA) as follows: 1000 ppm NO, 1000 ppm NH2% O, and bal-

Manganese nitrate, cerium nitrate, and citric acid were ance He. A 200-mg sample was used in each run. The total
mixed in desired proportions. The mole ratio of citric acid flow rate was 100 mimin (under ambient conditions). Thus,
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a very high GHSV (gas hourly space velocity) referred to as Table 1
powder catalyst was obtained 24 10* L /h). The premixed ~ Characterization of the catalysts

gases (1.01% NO in He, 1.00% Nkh He, and 0.99% S® Sampled BET surface Pore volume Average pore
in He) were supplied by Matheson. Water vapor was gener- area (crd/g) diameter
ated by passing He through a heated gas-wash bottle contain- (m?/g) (nm)

ing deionized water. The tubing of the reactor system was MnOx(0.3)-CeQ(400) 76.75 0.148 16
hgat-traced tq prevent formation gnd d-eposition of ammo- m:g&g:gg:gggggg; 2@:‘312 8:(1)22 Zgg
nium sulfatgbisulfate and ammonium nitrate. The NO and  pyre ceg(650) 2714 0.071 186

NOs concentrations were continually monitored by a chemi- Pure MnQ,(650) 27.16 0.071 1@5
luminescent NQNO, analyzer (Thermo Electron Corpora- MnOx(0.1)-CeQ(650) 56.37 0.118 81

tion, Model 10). To avoid errors caused by the oxidation of mg"gg'g:gggggggg gg'gg 8'12; '2471
ammonia in the converter of the NGO, analyzer, an am- i (0'4)-Ceqy(650) 32.78 0076 a7
monia trap containing phosphoric acid solution was installed mMno,(0.5)-CeG(650) 30.59 0.075 02
before the sample inlet to the chemiluminescent analyzer. MnO,(0.3)-CeQ(650) (CP§ 8255 0.184 B0

The products were also analyzed by a gas chromatographn©x(0-3)-CeQ(650) (IM)®  32.89 0.118 134
(Shimadzu, 8A) at 50C with 5 A molecular sieve column @ The number in the first parentheses denotes mole fraction ((Wim-+-
for N, and Porapak Q column for4O. Ce)). That in the second parentheses denotes temperature of calcinations

. °Q).
Nitrogen mass balance was made at steady state based 051 b prepared by the coprecipitation method,

the inlet and outlet concentrations of NO®, NO,, and ¢ prepared by the impregnation method.
N2 (i.e., inlet [NO] = outlet [NO] + [N2] = [N20]). For all
the experiments in this work, the nitrogen balance exceededs Regiits
95%.
3.1. Characterization of catalysts
2.4. Seady-state kinetic measurement
The BET surface areas, pore volumes, and pore sizes
of manganese—cerium mixed-oxide catalysts are summa-
Steady-state kinetics studies were carried out in a fixed- rized in Table 1. From Table 1 we can see that the sur-
bed, quartz flow reactor. The reaction temperature was con-face areas and the pore volumes of the pure manganese and
trolled by an Omega (CN-2010) programmable temperature cerium oxides are smaller than that of the mixed oxides. The
controller. Forty mg of catalyst was used in each run. The surface area apparently decreased as the content of man-
flue gas was simulated by blending different gaseous reac-ganese increased, except for Mr(@.3)-CeQ(650). The
tants. The typical reactant gas composition was as follows: surface area also decreased at a higher calcination temper-
400-2000 ppm NO, 400-2000 ppm dH% O, and bal- ature, MnQ(0.3)-CeQ(400) > MnO,(0.3)—CeQ(500) >
ance He. The total flow rate was 500/miin (under ambient ~ MnO,(0.3)-CeQ(650) > MnO,(0.3)-CeQ(750). The av-
conditions). The instrumentation was the same as that usecerage pore diameters in these catalysts were 7.02-10.46 nm.
for the catalytic activity measurement described above. From Table 1, we can see that the preparation method can af-
fect significantly the surface area of the catalyst. The catalyst
o prepared by the coprecipitation method had the highest sur-
2.5. NO oxidation to NO, face area. The catalyst prepared by the impregnation method
had the lowest surface area.

The experiment of NO oxidation to NOwas also per- .
formed in the fixed-bed quartz reactor. A 200-mg sample -2 Effect of the composition of MnO,—CeO; catalyst
was used and the conversion at each temperature was ob- . .
tained after 1 h at steady state. The reactant gas composition Results 9f th? NO conversion as.afunct|on of temperature
was as follows: 1000 ppm NO, 2%,0and balance He; the are shown |n'F|g. 1 for Ce—Mn oxide catally:';ts with differ-
total flow rate was 100 nimin (ambient conditions). The ent molar ratios of Mii(Mn + Ce). The activity was very
NO concentration was continually monitored by the chemi- low on the pure Ce® (not shown). After manganese ad-

luminescent NONO, analyzer. NO conversion to NGvas d|t|9r_1 .the activity mcreased.sharplly. Clearly, high catalytic
: K ) activities were already achieved in the lower temperature
obtained by using the equation:

region. At 80°C, 82% NO conversion was obtained at a
space velocity of 42,0001 on the MnQ.(0.3)-CeQ(650)

. _INO] - [NO] 0 catalyst. At higher temperatures, NO conversion increased
NO conversion to N@= [NO, ] x 100% significantly and reached nearly 100% at above X20GC
analyses showed that all of the products wepeaNd HO.

where NQ represents NG- NOa. N>O formation was not observed when the reaction temper-
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Fig. 1. NO conversion on various MnGCeQ mixed-oxide catalyst pre-
pared by the citric acid method (all calcined at 6% in the absence of
SO, and HO. Reaction conditions: [NOE [NH3] = 1000 ppm, [Q] =
2%, GHSV= 42,000 1.

ature was below 15TC. At > 150°C, very small amounts
of nitrous oxide formation were observed beside Ng. 1
also shows the effect of the MMn + Ce) ratio on the ac-

437

920
80

W b 01 ® =
o O O o ©

NO conversion (%)

ho
(=]

-
(=]

o

120 140

Temperature (°C)

80 100 160

Fig. 3. SCR activity of MnQ(0.3)-CeQ(650) mixed-oxide catalyst pre-
pared by different methods. Reaction conditions: [NS][NH3] =
1000 ppm, [Q] = 2%, He balance, 0.2 g catalyst, total flow rate
500 ml/min, GHSV = 210,000 1. CA, citric acid method; CP, copre-
cipitation method; IM, impregnation by incipient wetness.

tivity. The SCR activity at low-temperatures decreased in the i, the order of MnQ(0.3)-CeQ(650) > MnO,(0.3)-CeQ

following sequence: Mng0.3)-CeQ(650) > MnO,(0.4)—
Ce(650) > MnO,(0.5)-CeQ(650) > MnO,(0.2)-CeQ
(650) > MnO,(0.1)-CeQ(650).

3.3. Effect of calcination temperature

Fig. 2 shows the activities of MNEG-CeQ mixed-oxide

(500) > MnOx (0.3)-CeQ(400) > MnO; (0.3)-CeQ(750).

3.4. Effect of different preparation methods

The catalytic performance for SCR reaction over MrO
CeQ catalysts prepared by different methods is shown

catalysts calcined at different temperatures. The result in-in Fig. 3. Under a very high space velocity (GHSY
dicates that the calcination temperature influenced the SCR210,000 1), these catalysts still show high NO conver-
activity significantly. From Fig. 2 we can see that the cat- sjons, especially the catalysts prepared by the citric acid

alyst calcined at 6580C had the highest activity. The NO

method. The maximum NO conversion decreased in the

conversion on the Mn—Ce mixed-oxide catalysts decreasedsequence of Mn@-CeG (CA) > MnO,—CeQ (CP) >
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Fig. 2. SCR activity of MnQ(0.3)-CeQ mixed-oxide catalyst calcined at
different temperatures. Reaction conditions: BjJH= [NO] = 1000 ppm,
[O2] = 2%, GHSV = 42,000 h'1. Catalysts were prepared by the citric
acid method.

MnO,—CeQ (IM). From the results of surface area for these
catalysts (also shown in Table 1), the order of the surface
area for these catalysts is Mp&CeQ (CP)> MnO,—CeQ

(CA) > MnO,—CeQ (IM). As noted above, the MnG-
CeG (CA) catalyst showed much higher NO conversions
than MnQ.—-CeQ (CP) and MnQ-CeQ (IM); hence, it
seems that the SCR activity does not correlate with the sur-
face area.

3.5. Activity of NO oxidation to NO;

The oxidation activities of NO to N@by O, on MnO,
(650) and MnQ(0.3)-CeQ(650) were also measured
(Fig. 4). The oxidation activity of NO to N©®on MnO;
was very low, especially at lower temperatures (only 0.7%
conversion at 80C). After ceria addition to Mn@, the NO
oxidation activity increased significantly. This suggests that
the addition of cerium oxide increased the rate of the oxida-
tion of NO to NGp.
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Temperature (°C) Fig. 6. Transient response on Mp(.3)-CeQ(650) upon switching off

and on Q at 120°C. Reaction conditions: 200 mg catalyst, [N&]
[NH3] = 1000 ppm, [@] = 0-4%, He balance, total flow 100 pmhin,
GHSV = 42,000 1. Catalysts were prepared by the CA method.

Fig. 4. Oxidation activity of NO to N@ by O, on MnO, (0.3)-CeQ(650)
and MnGQ;, (650) under the conditions of 0.2 g sample, 1000 ppm NO, 2%
0o, and 100 mimin total flow rate. Catalysts were prepared by the CA
method.

experiment. Transient behavior of the catalyst was tested by

3.6. Effect of O, turning the oxygen off and on in the gas phase. The tran-
sient NO conversion is shown in Fig. 6. The NO conversion

Previous studies of SCR catalysts have shown the impor-declined quickly after @was turned off, followed by a slow
tance of oxygen in SCR of NO with NH{1]. The effect of decline. Switching @ back on resulted in an immediate in-
oxygen on catalytic activity was also studied in this work. As crease in NO conversion, and the original conversion was
shown in Fig. 5, MnQ(0.3)-CeQ(650) showed low activ-  restored quickly. Similar transient behaviors were observed
ity for the reduction of NO by NHat 120°C in the absence ~ for V20s- and CpOs-based catalysts [32-35], indicating
of oxygen. However, when a small concentration efulas ~ that the lattice oxygen was participating in the NO reduc-
introduced to the reactants, the NO conversion increasedtion reaction when @was shut off.
sharply. When the @concentration was more than 0.5%,
the NO conversion showed nearly no change. This indicated 3.7 Effect of H>0 and SO,
that O played a significant promoting role in the SCR re-

action. The importance of Owas also verified by another Water vapor is one of the main components in flue gases
and often leads to catalyst deactivation. Therefore, resistance

120 of DeNOQ;, catalysts to deactivation by water vapor is very
important for industrial application. We further studied the
100 effect of O on the SCR activities of the Ce—Mn mixed-
oxide catalyst. Before adding water the SCR reaction had
been stabilized for 1 h at 12€. When 2.5% HO was
added to the reactants, the NO conversion showed only a
barely detectable decrease. Upon switching off the water va-
por, the activity was rapidly restored to 100% of its original
level. The inhibition by water vapor became appreciable at
40 high water vapor concentrations, as shown in Fig. 7. When
19% H,O was added, the NO conversion decreased to about
20 98%. Upon removal of the water vapor supply, however, the
activity was rapidly restored to its original value again.
0 . Effect of S on the SCR activity is also important for
0 1 2 3 4 5 the low-temperature SCR catalyst though the feed gas has
0, Concentration (%) passed through the desulfurizer. The effect o, SOH,0
o 5 Eftect of ot v p on SCR activity of the Ce—Mn catalysts is also illustrated
1g. . ect O concentration on catalytic errormance on H H H H

Mgox(0.3)—CeQ(650?catalyst at 120C. Reactiorz/tconZitions: 200 mg in Fig. 7. Our results indicated that W.hen 100 ppm,SO
catalyst, [NOJ— [NH] = 1000 ppm, [G] = 0-49%, He balance, total flow anql 2.5% HO were added to the reaction gas and the re-
100 mymin, GHSV = 42,000 2. Catalysts were prepared by the CA ~ action temperature and space velocity were kept at’ €20
method. and 42,000 ht, respectively, the NO conversion on Ce—Mn

80

60

=3

Rate of NO Conversion
(10 mmol/g.min)
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Fig. 7. Effects of on-stream time on SCR activity with® + SO, and Fig. 8. Dependence of NO conversion rate on NO concentration on
without HoO + SO,. Reaction conditions: 120C, [NH3] = [NO] = MnO; (0.3)-CeQ(650) at 120°C. Catalysts were prepared by the CA
1000 ppm, [@] = 2%, GHSV = 42,000 hl. Catalyst: MnQ(0.3)— method. Reaction condition: 40 mg catalyst, [§JH= 1000 ppm, [Q] =
Ce,(650) prepared by the CA method. 2%, He balance, total flow 500 pirhin, GHSV = 1.05 x 106 h—1.
) , , i 140
oxides was decreased to 95% at $20n 4 h. This was still
a very high level of activity. Moreover, the activity was re-
120 -
stored after S@+ H,0O was stopped. g
R . - E 100 - - s 2 o
3.8. Seady-state kinetics studies E 3
. . . S3 80
For determining the order of reaction with respect to NO, ) S
the concentration of Nklwas kept constant at 1000 ppm, .«
while the concentration of NO was varied from 200 to g o °©°
1000 ppm. Similarly, in determining the order with respect & ~
to NHs, the concentration of NO was kept at 1000 ppm, 44
while the concentration of Nfiwas varied between 400 and
1000 ppm. Since the flow rate was 500/min and only 20 ;
40 mg of catalyst was used, less than 15% NO conversion 200 400 600 800 1000 1200
was obtained at 120C in these experiments. Therefore, the NH; Concentration (ppm)

reactor may be treated as a differential reactor. The exper-_. . .
. tal results on the rate of NO conversion as a function Fig. 9. Dependence of NO conversion rate on g\NEbncentration on
Imer_‘ : . . . MnO; (0.3)-CeQ(650) at 120°C. Reaction conditions: 40 mg catalyst,
of nitric oxide and ammonia concentrations are presented|noj = 1000 ppm, [Q] = 2%, He balance, total flow 500 ghin,
in Figs. 8 and 9, respectively. The rate of NO conversion in- GHSV=1.05x 10° h—1. Catalysts were prepared by the CA method.

creased with NO concentration, but it was almost unchanged
with an increase in the Nitoncentration. Assuming the re-  pjayed a significant promoting role in the SCR reaction. Ac-
action was free of diffusion limitation, the intrinsic rate of cording to Eq. (1) and the above data, the reaction orger (
NO conversion as a function of reactant concentrations canyith respect to @was calculated to be 0.56 at 120 when
be expressed as the oxygen concentration is below 1%, thus it is approxi-
. N mately one-half order with respect to, By comparison,
rate of NO conversios: k[NOI" [NHs]*[O]". (1) previous results showed that the reaction order with respect
The reaction order with respectto NO was calculatedto  to O, was one-half order for the M®3—WOz/y -Al 203 cat-
be nearly 1, while the reaction ordemwith respect to NH alyst [36].
was nearly zero at 12(C.
As shownin Fig. 5, MnQ(0.3)-CeQ(650) showed a low
activity for the reduction of NO by NElat 120°C in the ab- 4. Discussion
sence of oxygen. However, when a small concentration,of O
was introduced to the reactants, N@onversion increased The present work has shown that the Mif@3)-CeQ
sharply. When @concentration was more than 2%, the NO  (650) catalyst is more active than all known catalysts for
conversion showed nearly no change. This indicated that O low-temperature SCR reactions of NO with jlHNearly
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Table 2 to the sintering and Cesegregation from the catalyst. The
Catalytic performance of MnE-Ce(y catalysts prepared by different  manganese oxide phase was not detected by XRD for all
methods in the absence 0b8 and SQ° the catalysts studied. This further indicated that the man-
Catalyst Preparation ~ Temperature NO kP ganese and cerium oxide have strong interactions. Kapteijn

method {®) conversion  (cr/(gss)) et al. [37] investigated the activity and selectivity of pure
() manganese oxides for SCR of NO by ammonia and found

MnO,(0.3)- CA 80 21 1863 that the activity and selectivity of Nof the unsupported
Ce0(650) 1128 ?g ;‘g? manganese oxide were determined by the oxidation state
150 87 12066 and the degree of crystallinity, and that Mdy exhibited

the highest selectivity for nitrogen. It is well known that dif-

M%oe’“(o(':és) cp 1(?8 j?? zlzgi ferent calcination temperatures result in different oxidation
e 120 56 4511 states of manganese, so the calcination temperature affects
150 74 7966 the activity and selectivity of SCR of NO by NH
MnOx (0.3) M - 13 &85 The re§ult§ above also inqli(_:ated that t.he _addition of
CeOy(650) 100 34 266 cerium oxide increased the activity of NO oxidation to NO
120 46 3386 significantly. Koebel [38] investigated the low-temperature
150 63 5880 behavior of the SCR process with feed gases containing both
a Reaction conditions: 0.2 g catalyst, [NG} [NH3] = 1000 ppm, NO and NQ and concluded that the partial conversion of
[02] = 2%, He= balance, total flow rate= 500 ml/min, and GHSV= NO into NO; may be helpful in increasing the performance
210,000 L/h. of SCR system, especially in the range of lower tempera-
° First-order rate constant, as defined in the text. tures. Long and Yang [39] also reported that an increase in

NO oxidation to NQ on Fe-ZSM-5 would result in a signif-
100% NO conversion was obtained under a high spaceicantimprovementin the SCR activity, and the reaction rate
velocity (GHSV = 42,000 hY) (Fig. 1 and Table 2).  of NHsz with NO, + NO was much higher than that with
NO conversions on Mn@-CeQ catalysts were much NO alone. Therefore, it is expected that a high activity for
higher than that on pure CeCand MnQ. (not shown). NO conversion to N@at low temperature may contribute to
This indicated that there existed strong interaction be- high SCR activity. The addition of cerium oxide enhanced
tween the manganese and the cerium oxide which resultedthe activity of NO to NQ, thereby increasing the SCR ac-
in the high activity. The SCR activity at low tempera- tivity.
tures decreased in the following sequence: N(QCB)— According to the foregoing results, the SCR reaction can
Ce(650) > MnO,(0.4)—-CeQ(650) > MnO,(0.5)-CeQ be considered to be approximately first order with respect to
(650) > MnO,(0.2)-CeQ(650) > MnO,(0.1)-CeQ(650). NO, zero order with respect to Nt{and one-half order with
Kapteijn et al. [19] investigated the manganese oxide sup- respect to @in the low concentration{ 1%). The reaction
ported on alumina extensively and found that the alumina- rate of NO consumption is expressed as
supported manganese oxides exhibited a high selectivity for 05
N2 formation below 425 K, although some,® formation No = K[NOJ[O] ™. (@)
was also observed. This amount increased with tempera-The above rate equation is valid only when the oxygen par-
ture and with manganese loading. It has been suggested thagial pressure is below approximately 1% atm. In experiments
the N;O formation occurs especially on well-ordered man- |isted in Table 2, the partial pressures were all 2% atm. Un-
ganese oxide crystalline planes due to the presence of highlyder such conditions, the following rate equation applies:
reactive oxygen. A similar conclusion has been drawn for
crystalline chromia [32] and crystalline [33] and polymeric 7No = k[NO]. 3)
vanadia species [34]. In our work, we also found that the  gince the amount of oxygen is excessive, if the reaction
more manganese oxide, the morgNwas produced, espe- s free of diffusion limitation, the apparent rate constant (

The above result also indicates that the calcination tempe- A
0

rature influenced the SCR activity significantly. From Fig. 2  — —
we can see that the catalyst calcined at 85®as the high- [NOJoW

est activity. The NO conversion on the Mn—Ce mixed-oxide whereFy is the molar NO feed rate, [N@]Js the molar NO
catalysts decreased in the order of Mif@3)—-CeQ(650)> concentration at the inlet (at the reaction temperature), and
MnQO, (0.3)-CeQ(500)> MnO,(0.3)-CeQ(400) > MnO, W is the catalysts amount (Q).

(0.3)-CeQ(750). Based on the results of surface area and A comparison has been made for the Mr@eQ cat-

the XRD study (not shown), we see that after the catalyst wasalysts prepared by different methods, given in Table 2. In
calcined at 750C, the surface area decreased sharply and order for a fair comparison, the first-order rate constants,
the CeQ phase was detected from XRD. The decrease of were calculated by Eqg. (4), assuming diffusion-limitation
activity of the catalyst calcined at 75C may be attributed  free. The rate constants at 18D are 120.66, 79.66, and

In(1— X), (4)
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Table 3
Performance of various catalysts for low-temperature SCR of NO with NH
Catalyst Feed composition t Xno© SV k2 Ref.
NO (ppm) NH; (ppm) O (%) 0 (%) () (cm?/(gs))

5% V,05/AC 500 560 K<) 250 797 90,000 6996 [20]
Fe—Mn 1000 1000 2 100 97 1800 1463 [24]
MnOy /Al,03 500 550 2 150 63 2000 940 [19]
Mny03-WO3/y-Al203 500 550 10 150 45 9200 2154 [36]
15MnNaY77% 1000 1000 5 170 82 4800 3398 [22]
MnO, (0.3)-CeQ (650 1000 1000 2 100 54 21000 4049 This work

120 75 7617

150 87 1206

2 First-order rate constant.

P The feed contained 7%40.

¢ NO conversion.

d Prepared by citric acid method.

58.80 cni/(g s) for MnO,—CeQ catalyst prepared by CA,
CP, and IM methods, respectively. Obviously, the catalyst
prepared by the citric acid method had the highest activity.

A summary comparison has been made for the Ce—Mn
catalyst with other high-activity catalysts that were reported
in the literature, given in Table 3. The vanadiarbon sys-
tem had a high activity [20], but it was at a higher tem-
perature (250C) and clearly some carbon combustion was
involved. The results show that the Ce—Mn catalyst is sub-
stantially more active than all other catalysts.

5. Conclusions

The manganese cerium mixed-oxides prepared from
the citric acid method were highly active for the low-
temperature SCR of NO with NfHn the presence of excess
oxygen. More than 99% of NO conversion was obtained on
the MnQ; (0.3)-CeQ(650) catalyst at 120C under the con-
dition of GHSV = 42,000 i1,

Steady-state kinetics experiments showed that the reac-

tion order for NO was near one and that for fitas zero.

In conclusion, a new highly active,J@- and SQ-resistant
catalyst has been developed for low-temperature SCR of NO
with NH3 in excess Q. Further studies are in progress for an
understanding of the mechanism of the catalytic system.
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