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Abstract
Metal oxide/active carbon/ceramic (MOx/AC/C) monolithic catalysts were prepared by impregnation method for selective catalytic reduction

(SCR) of NOx with NH3 at low-temperature, and they also had been characterized by elemental analysis, N2-BET, XRD, SEM and NO-TPD. The

adsorption capability of the monolithic catalyst was greatly enhanced due to the attached active carbon. An ultrasonic treatment was used to

improve the impregnation process, and which can increase their catalytic activities. More than 90% NOx conversion could be achieved over the

Mn-based monolithic catalysts at low-temperature, and which could be improved further by doping Ce, from 30% to 78% at 100 8C. Mn–Fe–Ce

and Mn–V–Ce monolithic catalysts had better tolerance to SO2 than Mn or Mn–Ce monolithic catalysts.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The selective catalytic reduction (SCR) of NOx by ammonia is

the major technology to reduce nitrogen oxide emissions from

stationary sources. The common commercialized industrial

catalyst for NOx-SCR are V2O5 + WO3 (MoO3)/TiO2 catalysts,

which are operated under 300–400 8C, and substantial work had

been done to improve the performance of vanadium type

catalysts [1–5]. However, SO2 and the high concentrations of ash,

e.g. K2O, CaO and As2O3, in the flues reduce their performance

and durability. Therefore, the trend is to develop low-temperature

catalysts capable of working downstream of the dust removal

equipment and desulfuration devices for flue gases without the

need for reheating. The present work is focused on the study of

several transition metals oxides (Fe, Cr, Ni, Cu and Mn), which

are among those known to be active in the low-temperature

deNOx SCR reaction (Fe [6–8], Cr [9,10], Ni [11], Cu [6,12–14]

and Mn [7,15–23,29–31]).

Carbon had been studied as the catalyst support for the low-

temperature NOx-SCR by many researchers due to its high

specific area and its chemical stability. These investigations
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included many types of carbon materials, granular active

carbon (GAC) [7], activated carbon fibers (Nomex-based

ACFs) [22,23], A-572 active carbon [24], chars and activated

chars [25], carbonized resin [6,17], fluorinated carbon fibers

[26] and commercial coal-derived semi-coke [27,28].

In this work, an effective method was developed to prepare

active carbon support (AC/C) [29]. Monolithic catalysts were

prepared by impregnation of AC/C with certain aqueous

solutions of nitrate (Mn, Fe and Cu), and ultrasonic treatment

was used to improve this process. Mn-based catalysts showed

good activity for NOx-SCR with NH3 at low temperature, and

they were characterized by elemental analysis, N2-BET, XRD,

SEM and NO-TPD.

2. Experimental

2.1. Catalyst preparation

The ceramic honeycomb support was cut into small column

samples, which were 15 mm in length and 12 mm in diameter.

After pretreatment with nitric acid solution (40 vol.%) and

washing with the de-ionized water, these supports were

immersed into the mixed resin solution (PF resins, polyethylene

glycol and propanone). Then, the support was flushed with

compressed air to remove the excess solution in the channels,
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Table 1

Characterization of the catalysts

Samples BET-surface

area (m2/g)

Pore volume

(cm3/g)

Average pore

diameter (nm)

Bared ceramic 5.08 0.051 4.01

AC/C 101.3 0.078 3.05

MnOx/AC/C 88.71 0.057 2.56

MnOx–CeO2/AC/C 79.61 0.053 2.55

CuO/AC/C 82.77 0.052 2.56
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and cured in air (100 8C, 30 min). The following steps of AC/C

support manufacturing process were described in Ref. [17]. In

our work, the carbon content of the final AC/C support was 12–

14 wt.%. There were four steps in the active components

loading procedure: (i) equilibrium adsorption impregnation of

metal nitrate solution; (ii) use of ultrasonic to enhance the

loading and the dispersion procedure; (iii) washing with the de-

ionized water and drying at 100 8C for 1 h; and (iv) calcining in

N2 at 400 8C for 1 h. The former three steps were adopted in

order to maximize the dispersion and loading of metal oxides,

and the active sites were formed in the final step.

It is well known that the balance between dispersion and

loading of metal oxides is a key factor, which impacts the

catalyst activity directly. Increasing the metal oxide loading

will result in the aggregation of metal oxides to decrease the

dispersion; however, low loading could ensure good dispersion,

but the quantity of the active sites over the support will also be

too little. Preliminary testing about the loading of metal oxides

had been carried out, and the results showed that loading at 8–

10 wt.% is best. All of the catalysts in this work were prepared

by same methodology; the loading of metal oxides was

controlled at 8 wt.%.

2.2. Catalyst characterization

BET-surface areas were measured by N2 adsorption using a

NOVA4000 automated gas sorption system. X-ray diffraction

(XRD) measurements were carried out on D8 Advance X-ray

diffractometer with Cu Ka radiation. Before the XRD test, the

catalyst should be crushed and ground. A scanning electron

microscope (HITACHI, S-450) was used to collect the surface

information of the monolithic catalyst.

Temperature programmed desorption (TPD) experiments of

NO were performed by using a monolithic catalyst. The

desorbed samples were monitored continuously by a Quintox

Flue Gas Analyzer (KM9106, Kane-May). Prior to the TPD-

NO experiment, the catalyst sample was pre-treated in a flow of

3% O2/N2 at 250 8C for 1 h and then cooled down to room

temperature. Chemiadsorption of NO was performed by

passing a flow of 500 ppm NO/N2 through the catalyst at

room temperature for 1 h. Afterward, the sample was purged in

N2 until no NO was detected, and the TPD measurements were

carried out up to 450 8C with a heating rate of 10 8C min�1 in

flowing N2. The gas flow rate was fixed at 300 cm3 min�1. The

amount of NO desorption from catalyst was quantified by

calibrating the peak area against that of a standardized NO

pulse.

2.3. Catalytic activity measurement

Catalytic activity tests were performed in a quartz tube

reactor of 12 mm internal diameter. NOx, O2 and SO2

concentration in the inlet and outlet gases were simultaneously

measured by Quintox Flue Gas Analyzer (KM9106, Kane-

May). At steady state, a gas N2 mixture containing 500 ppm

NO, 550 ppm NH3, 3% O2, 100 ppm SO2 (when used) was

introduced into the reactor. In all tests, the total flow rate was
controlled at 300 cm3 min�1, which corresponded to a gas

hourly space velocity (GHSV) of 10,610 h�1 (based on the

monolith volume). NOx conversion was obtained by following

equation:

NOx conversion ð%Þ ¼
�

1� ðNOþ NO2Þoutlet

ðNOþ NO2Þinlet

�
� 100

2.4. NO oxidation to NO2

Some previous experiments indicated that the oxidation of

NO to NO2 is important to low-temperature SCR [7,18,20].

Increasing the O2 content of the airflow could improve NO

oxidation, which also could be achieved by doping with another

metal element to enhance the oxidizability of catalyst [18]. An

oxidation capability investigation for each catalyst would be

helpful to further the catalytic mechanism study.

The experiment of NO oxidation to NO2 was performed in a

fix-bed quartz reactor. Samples of each metal oxide (0.2 g) were

used and the conversion at each temperature was obtained after

1 h at steady state.

3. Results and discussion

3.1. Characterizations of catalysts

The BET-surface area, pore volume, and pore size of

monolithic catalysts were summarized in Table 1. The surface

areas were 5.08, 101.3 and 88.71 m2/g for bared ceramic, AC/C

and MnOx/AC/C. The results showed that the surface area of

ceramic support is enhanced greatly by attached AC. Due to

calcination, the surface area, pore volume and average pore

diameter of all monolithic catalyst samples decreased after the

active component loading process.

The adsorption of NO was enhanced greatly because of the

attached active carbon, as shown in Fig. 1. The attached AC will

increase NH3 adsorption and activation, and much work had

been done to indicate that it is a key step in the low-temperature

SCR reaction [30–32]. Due to the limited surface area, the TPD

profile of bare ceramic only shows a small peak at 80 8C, and

soon disappears. In case of MnOx/AC/C, one large desorption

peak appears at a relative high temperature, 200 8C. The AC/C

shows a different TPD profile in which two distinct desorption

peaks of NO are observed. The first large peak is centered at

about 180 8C and the second one is centered at 400 8C. The

amounts of NO desorption calculated based on the results of



Fig. 1. TPD profiles of NO on bare ceramic (dash line), AC/C (solid line) and

MnOx/AC/C (dot line). Conditions: TPD measurements were carried out up to

550 8C with a heating rate of 10 8C min�1 in flowing N2. The gas flow rate was

fixed at 300 cm3 min�1.
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Fig. 1 are 1.23, 16.82 and 27.42 mmol g�1 for bare ceramic,

MnOx/AC/C and AC/C. The attached AC over the monolithic

catalyst results in an increase in the amount of NO

chemiadsorption. This is especially obvious over fresh AC/C

supports.

Four samples with different MnOx loading, 2.5, 5, 8 and

15 wt.%, were analyzed by X-ray diffraction. In Fig. 2, the XRD

profiles of the former three samples have no characteristic peaks

of manganese oxides. Until the loading increases to 15 wt.%, the

manganese oxides could be detected, mainly as Mn2O3.

Therefore, in this work all monolithic catalysts were prepared

at an appropriate metal oxides loading value, 8 wt.%, suggesting

that the active sites will be well dispersed on the catalysts.

Further surface information of the catalysts were shown in the

followed SEM photos (Fig. 3). The surface of bare ceramic

(Fig. 3A) was coarse and there were many macropores on its

surface, which would encourage the metal oxides to be dispersed

unevenly. The surface of AC/C (Fig. 3B) was improved by the
Fig. 2. XRD patterns of MnOx/AC/C with different manganese oxides loading.

The manganese oxides loading of monolithic catalysts are 15%, 8%, 5% and

2.5% (wt.%) to sample a, b, c and d. All samples had been crushed and ground

before XRD test.
attached AC, which became smoother than it had been, and the

rate of mesopores and micropores increased. The partially

enlarged photographs of bare ceramic and AC/C (Fig. 3a and b)

show more clearly that the amounts of macropores decreased on

the surface of AC/C. In another catalyst stability test, we found

that the attached AC would be lost by oxidation, at relative high

temperature (>250 8C). As Fig. 3C shows, more macropores

appeared and some slight AC pieces fell out; each of these

phenomena would cause the deactivation of monolithic catalysts.

Furthermore, many small particle materials were observed on the

monolithic catalyst surface after SO2 deactivation testing (as

Fig. 3c showed), which might be sulfate, i.e. (NH4)2SO4. This

indicates that one aspect of the SO2 deactivation of the

monolithic catalyst was due to the active sites on the catalyst

surface were covered by the sulfate particles, and the SCR

reaction could not carried out effectively.

3.2. Effect of ultrasonic treatment

In the preparation of the catalysts, the ultrasonic treatment

was used to improve the impregnation procedure, and which

has significant effect on the catalytic activity of monolithic

catalyst at low-temperature. In case of MnOx/AC/C impreg-

nation without ultrasonic treatment, the best loading of

manganese oxides is only 2 wt.% (Fig. 4), and after this the

activity would decrease as loading increased, especially after

200 8C.

The best loading of manganese oxides was 8 wt.% with aid

of ultrasonic treatment for the impregnation. The low-

temperature catalytic activity improved greatly; the NOx

conversion increased from 52% to 77% at 150 8C (Fig. 5),

but showed almost no variation at high temperature (>200 8C).

This is mainly due to the ultrasonic treatment that enhanced the

metal component dispersion on the catalyst surface during the

impregnation procedure, which results in the increase of active

sites on the catalyst surface.

At low-temperature, the SCR reaction rate is slow, so the

increasing of the amount of the active sites over the catalyst

surface is very important to improve the catalytic activity; but

with the reaction temperature rising, this positive impact will be

weaken due to the reaction rate speedup.

3.3. Catalytic activity

Some catalysts supported on active carbon showed good

low-temperature activity, e.g. PFCu, PFFe [6], V2O5/AC [27]

and MnOx/AC/C [29]. Besides, the MnOx–CeO2 catalyst was

reported for its superior catalytic activity at 100–150 8C, and

doped Fe or Pr could improve its resistance to SO2 [18]. So, in

this work we prepared series of metal oxide monolithic

catalysts, besides above-mentioned metal elements, also

investigated noble metal, Pd and Pt. The activity data are

summarized in Fig. 6.

As shown in Fig. 6, in single metal oxide catalysts, Mn/AC/

C has better low-temperature activity than others (Cu, Fe and

V). More than 90% NOx conversion could be achieved at

180 8C over the Mn/AC/C catalyst, but only 51%, 35% and



Fig. 3. SEM photos of monolithic catalysts. (A) Bare ceramic support; (B) fresh MnOx/AC/C catalyst; (C) MnOx/AC/C after stability activity test; (a) part of A; (b)

part of B; (c) MnOx/AC/C after SO2 test.
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38% over the Cu/AC/C, Fe/AC/C and V/AC/C catalysts,

respectively.

In order to decrease the loss of the active carbon, we tried to

improve the low-temperature activity of the catalyst. The low-

temperature activity of the Mn-based monolithic catalyst is

enhanced by doped cerium, as showed in Fig. 6. Near 80% NOx

conversion could be achieved at 100 8C and more than 90%

conversion occurred in a broad temperature range. Besides,

noble metal is also considered to improve the SCR catalytic

activity of MnOx–CeO2/AC/C at even lower temperature. The

impact of Pd and Pt are reverse. Pd component doping can
Fig. 4. Activity test of MnOx/AC/C with different MnOx loading (without

ultrasonic treatment). Conditions: 500 ppm NO, 550 ppm NH3, 3% O2, N2 to

balance, GHSV = 10,600 h�1.
improve the low-temperature catalytic activity (100–150 8C),

but the promotion is slight. Contrary, when Pt doped, the

catalytic activity is abated obviously, which may due to the NH3

oxidation was promoted extremely by Pt component.

More than 90% NOx conversion can be achieved over MnOx-

based monolithic catalysts (except Pt–MnOx–CeO2/AC/C), and

their low-temperature (<200 8C) SCR activity decreased in the

following sequence: Pd–MnOx–CeO2/AC/C > MnOx–CeO2/

AC/C > MnOx/AC/C.

Though high NOx conversion also could be achieved over

CuO and V2O5 monolithic catalysts, the operating temperature
Fig. 5. Catalytic activity comparison of two monolithic catalysts. One was

prepared by normal impregnation method, and the best loading of MnOx is

2 wt.%. Another was prepared by improved impregnation method (with ultra-

sonic treatment); the best loading of MnOx is 8 wt.%. Conditions: 500 ppm NO,

550 ppm NH3, 3% O2, N2 to balance, GHSV = 10,600 h�1.



Fig. 6. Catalytic activity comparison of different metal oxides supported on

AC/C cellular monolithic catalysts. Conditions: 500 ppm NO, 550 ppm NH3,

3% O2, N2 to balance, GHSV = 10,600 h�1.

Fig. 8. Oxidation activity of NO to NO2 by O2 on different metal oxides

catalysts. Conditions: 0.2 g samples, 500 ppm NO, 3% O2, N2 to balance,

GHSV = 70,700 h�1.
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were relative high (>300 8C). High temperature is adverse to

the catalyst durability; because the attached AC will be

oxidized into CO2/CO, a reaction accelerated at high

temperature.

3.4. Effect of O2

O2 is important in the SCR reaction, especially at low-

temperature. The prior research about the SCR mechanism over

MnOx–CeO2 [20] indicates that the NO oxidation to NO2 and

NH3 activation to NH2/OH are the key steps in the SCR

reaction. Increasing O2 content or enhancing the oxidizing

capability of the catalyst both can improve these two steps. The

following experiments were carried out to investigate the effect

of O2 at different temperature over MnOx/AC/C catalyst.

As Fig. 7 shows, the promoter action of O2 was obvious at

low temperature, 100–150 8C. The NOx conversion was only

17.1% at 100 8C when the O2 content was 1%, however, it could

achieve 46.3% with 7% O2. But the improvement of O2 will be

slight as the reaction temperature rises. At 200 8C, the profiles

show almost no change with different O2 content.
Fig. 7. Effect of O2 concentration on catalytic performance on MnOx/AC/C.

Conditions: 500 ppm NO, 550 ppm NH3, 1–7% O2, N2 to balance, GHSV =

10,600 h�1.
The importance of O2 was also verified by a similar

work of Qi and Yang [18]. Transient behavior of the catalyst

was tested by turning the O2 off and on in the gas flow. The

test showed that the NO conversion declined quickly after

O2 was turned off, but it could be restored by switching the O2

back on.

3.5. NO oxidation to NO2

The oxidation activities of NO to NO2 by O2 on certain

metal oxides (powder) were measured (Fig. 8), and all samples

were prepared by the citric acid method [18]. On MnOx-based

catalysts, though, the oxidation activities of NO to NO2

were limited at low temperature, but quickly increased with

rising temperature. As Fig. 8 shows, after Ce and Pd were

doped, the oxidization of NO to NO2 was greater than before.

However, the oxidizing capability of CuO and CuO–CeO2 are

very low, and almost no variation occurred with changing the

temperature.

3.6. SO2 deactivation

In order to evaluate the effect of SO2 on catalytic activity,

catalytic tests in which SO2 100 ppm was added to the feed gas

were performed at 200 8C.

The results of experiments are plotted in Fig. 9, in which the

bars indicate the ratio of NOx conversions (X, SO2 were added)

to the initial conversion (X0, without SO2). In our tests, the

catalytic activity of all monolithic catalysts was decreased, and

only V2O5/AC/C performed better. Though MnOx/AC/C and

MnOx–CeO2/AC/C had good low-temperature activity, both

were easily deactivated by SO2. Doping the MnOx-based

monolithic catalysts with Fe or V improved the resistance to

SO2, but the value of X/X0 was still not ideal, only 51% when

doped with Fe and 56% when doped using V. Furthermore, their

activity could not be restored when SO2 was turned off.

When these observations were combined with the SEM

photo, Fig. 3c, the SO2 deactivation of catalysts might have two

causes. On one hand, the metal oxides on the supports, acting as



Fig. 9. Effect of SO2 on activities on different monolithic catalysts. Conditions:

500 ppm NO, 550 ppm NH3, 100 ppm SO2, 3% O2, N2 to balance, 200 8C,

GHSV = 10,600 h�1.
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active sites of the monolithic catalyst, were sulfated by SO2 and

lost activity. Alternatively, the reductant (NH3) reacted with

SO2 and produced (NH4)2SO4. Along with the reaction, more

and more (NH4)2SO4 particles formed and deposited on the

catalyst’s surface, covering many active sites, which resulted in

a blocking of the SCR reaction. The first effect of SO2 was

irreversible, but subsequent impacts could be eliminated by

washing to remove the deposited (NH4)2SO4 or heating at

relative high temperature to decompose it.

In other investigations [16,17,33,34], the results indicated

that the deactivation of SO2 will be weak with increasing

temperature, and interestingly, adding SO2 could improve the

SCR reaction after 300 8C, but not at low temperature

(<200 8C).

4. Conclusion

The present work has shown that the MnOx-based

monolithic catalysts are more active than other metal oxide

catalysts for low-temperature SCR reactions of NO with NH3

in the presence of excess oxygen. More than 90% NOx

conversion was obtained over the range of 150–250 8C under

the condition of GHSV = 10,600 h�1. During the catalyst

preparation, ultrasonic treatment can promote the dispersion

of metal oxides on the surface of the AC, and improve the low-

temperature catalytic activity, especially at 150 8C (Fig. 5).

The investigation of O2 effect and the oxidation of NO to NO2

on monolithic catalysts both indicate that NO oxidation is one

of the essential factors of low-temperature SCR reaction.

Doping with Ce and Pd can improve the MnOx-based

monolithic catalysts, and result in the SCR reaction being

performed more effectively. The tolerance to SO2 of MnOx-

based catalysts could be enhanced by doping with Fe and V,

and more than 50% of the catalytic activity could remain

under conditions of 100 ppm SO2 in the flue gas. The

deactivation of SO2 might be caused by two reasons, metal

oxides sulfuration which is irreversible or (NH4)2SO4

deposition.
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