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Abstract

The effects of catalysts prepared from different calcined iron ores on low-temperature selective catalytic reduction of
NO was studied in this paper. The research produced following two key findings: The active ingredient of the
hematite is a-Fe,03, and the NO conversion using this iron ore as catalyst is over 90% at 240-300 ‘C. The main
active ingredients of the calcined ferro-manganese ore are Mn,O5 and Fe,0Os, and the NO conversation of this kind of
catalyst calcined at 450 ‘C can maintain more than 97% at 90-270 ‘C and show high SO, durability for the SCR
reaction. Hence, it is a new kind of catalyst with high efficiency and stable catalytic activity for low-temperature
selective catalytic reduction of NO with NH3.
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1. Introduction

Selective catalytic reduction (SCR) of NO, with NH; is a widely used process for removing NOx from
stationary sources, whereas most commercial catalysts for this process are V,05/TiO, promoted by WO;
or MoOs. However, these vanadium-based catalysts are not environmental friendly as the vanadium is
harmful to ecological environment. Moreover, high SCR reaction temperature range and high cost are
also the disadvantages of these catalysts. Therefore, an urgent demand for developing
environmentally-benign deNO, catalysts with wide raw material sources, low cost and low SCR reaction
temperature range is put forward. Gongshin Qi et al.[1] found that the reaction temperature of SCR could
be decreased to 200-300 ‘C when a small amount of noble metal (Pt, Rh, or Pd) was added to the
Fe-ZSM-5. The SCR activity follows the order Pt/FeZSM-5 > Rh/Fe-ZSM-5 > Pd/Fe-ZSM-5 at 250 C.
On the Pt promoted Fe-ZSM-5, 90% NO conversion was obtained at 250 “C at GHSV = 1.1x10° h™.
Panagiotis et al.[2] compared a series of TiO,-, Al,0O3-, and SiO,-supported manganese oxide catalysts.
They found that the SCR performance of the supported Mn catalysts decreased in the following order:
TiO, (anatase, high surface area) > TiO, (rutile) > TiO, (anatase, rutile) > y-Al,O3; > SiO, > TiO, (anatase,
low surface area). Leonhard et al.[3], Siva et al.[4] reported that Mng 75Feg 25/ Al,03 and Mng 75F€4 25/ TiO,
catalysts prepared by deposition-precipitation had highly activity in the SCR reaction below the
temperature of 300 C.

Various kinds of iron ore in the nature contain not only metallic element such as Fe, Mn, Cr, Al etc. but
also non-metallic element such as Si, C, etc. Chemical composition and physical structure of different
types of ores changes under the effects of the geological movements which brings the formation of the
unigue chemical property. Hence, to investigate the low-temperature SCR activity of iron ore catalysts,
different kinds of iron ore including limonite, hematite and ferro-manganese ore were tested. The low
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temperature SCR performance, the effects of calcination temperature and the resistance of SO, of iron ore
catalysts were assessed using a fixed-bed reactor system.

2. Experiments

2.1. Catalysts preparation

In order to prepare iron ore catalysts, some mine stone raw material, include limonite, hematite and
ferro-manganese ore stone were selected and smashed by mechanical disruption. The smashed iron
orestone were ground and sieved (35-60 mesh) to obtain homogeneous iron ore powder. Prior to the
reaction studies, the iron ore powder was calcined in a muffle furnace at 350 “C in air for 3 h.

2.2. Activity measurement

The catalytic activity measurement for the reduction of NO by ammonia (NH;-SCR) with oxygen was
carried out at atmospheric pressure in a fixed bed reactor as illustrated in Figure 1. The fixed-bed reactor
was manufactured by a stainless steel tube in 20 mm internal diameter and 800mm in long. The typical
reactant gas composition was as follows: 500 ppm NO, 500 ppm NH3;, 200ppm SO, (when used), 3 vol%
0O, and N, as balance. The reaction was carried out in the temperature range of 100-350 ‘C at a heating
rate of 1 ‘C/min. The concentrations of NO, NO, and NO, in the outlet streams of the reactor were
monitored using an online nitrogen oxides analyzer (Ecom-J2KN, Germany).
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Fig. 1. Schematic diagram of experiment devices.
The NOx conversion is defined as follows:

NO conversion % (x, %)=Mxloo o))

In Eq. (1), Ci, and C,; denoted the inlet and outlet gas concentrations of NO, respectively.

2.3. Catalyst characterization

Specific surface areas of the catalysts were determined using a Micromeritics ASAP 2020 M
Instrument, through nitrogen adsorption at liquid nitrogen temperature (-196 ‘C) after standard evacuation
at 300 C for 3 h.

The crystal phase structure of the catalysts were determined by the XRD spectra (RIGAKU,
D/Max-IIIA, Japan). Cu Ka radiation was employed and the X-ray tube was operated at 40 kV and 30
mA. The XRD spectra were recorded in the 2h range of 20-100<at 0.02 Zintervals. The identification of
the phases was confirmed with the ICDD cards (International Centre for Diffraction Data).

Thermogravimetric analysis (TG) was carried out to investigate the thermal stability of sulfate species
over the iron ore catalysts. TG experiments were carried out in a static N, atmosphere, using a Setsys
Evolution 16 instrument (Setarma France). For each experiment, 12-15 mg of each catalyst was analyzed
between 35 and 1000 C at a rate of 20 ‘C/min.
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3. Results and Discussion

3.1. SCR activity of different iron ore catalysts

Figure 2 shows the NH3-SCR activity of three kinds of iron ore catalysts (hematite, limonite and
ferro-manganese ore). The hematite catalyst and the limonite catalyst exhibit the same variation trend that
the NO conversion increased below 300 °C.The ferro-manganese ore catalyst shows different NO
conversion characteristics. It is higher than 90% from 120 to 230 °C, and the top NO conversion is 99% at
170 "C. This characteristics indicates that ferro-manganese ore catalyst possesses better low temperature
catalytic activity to NO conversion than other two kinds of iron ore catalysts.

100 4

A -—
e B
P ~o \
- AN
80+ ¥ v

60

404

NO conversion (%)

—e— Limonite
—v— Hematite
—&— Fe-Mn ore

20

-9

T T T T T T
100 150 200 250 300 350
Temperature (°C)

Fig. 2. NO conversion over three kinds of iron ore catalysts with 1.5 L/min gas flow, GHSV=7500h", NO=NH=0.05
ppm and O,=3 vol%.

3.2. X-ray diffraction

The XRD patterns of hematite, limonite and ferro-manganese ore catalyst calcined at 350 ‘C are shown
in Figure 3. The most diffraction peaks of hematite and limonite catalysts can be attributed to a-Fe,0s,
while that of ferro-manganese ore catalyst are respectively indexed to SiO,, Mn,03; and Fe,O3. These
XRD patterns indicate that a-Fe,O3 is in a more highly dispersed amorphous state on the surface of
hematite catalyst than that of limonite catalyst, which resulted in a higher NO conversion[5-7]. Otherwise,
it has been proved that Mn oxide has an excellent activity in the low-temperature NH;-SCR process, and
the N, selectivity of Mn,O3 is the highest in all Mn oxides[8]. Moreover, the low temperature catalytic
activity to NO conversion of Mn-Fe mixed oxide is superior that of single metal oxides in
ferro-manganese ore catalyst[9-12]. This is due to the geological process in nature caused the change of
material structure and surface properties of manganese ores, promoted the synergistic effect between Mn,
Fe, and Al metal oxides. Hence, the ferro-manganese ore catalyst exhibits excellent low-temperature SCR
catalytic activity to NO conversion.
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Fig. 3. XRD of three kinds of iron ore catalyst: (1) limonite, (2) hematite, (3) ferro-manganese ore.
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3.3. Influence of calcination temperature

The calcination temperature has a great influence on its physical and chemical properties. Figure 4
shows the NO conversion of NH;-SCR with the aid of the ferro-manganese ore catalyst calcined at 350 C,
450 C and 550 C, respectively. It is obvious that the NO conversion of the ferro-manganese ore catalyst
calcined at 450 C keeps above 97% from 90 to 270 C, while the ferro-manganese ore catalyst calcined
at 550 C exhibits lower activity at the whole temperature range. When calcined at 350 C, the reaction
temperature window to obtain high NO conversion is 150 - 210 ‘C which is narrow compared to that

calcination at 450 C.
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Fig. 4. NO conversion on ferro-manganese ore catalysts calcined at different temperatures with 1.5 L/min gas flow,
GHSV=7500h", NO=NH;=0.05 ppm and 0,=3 vol%.

The results of the XRD analysis of ferro-manganese ore catalysts calcined at 350 ‘C, 450 C and 550 'C
are shown in Figure 5. It can be seen that Fe,O3 and Mn,O5 showed a stronger diffraction peak, indicating
that stable crystalline oxide catalyst was formed after calcination 350 ‘C. However, the oxide diffraction
peaks of catalysts after calcination at 450 ‘C become weak. This result can be analyzed by combined with
the surface characterization expressed in Table 1. It can be found that the crystal structure properties
changed greatly, a several fold increased in the specific surface area and a half reduce produced in pore
size. This illustrates that the Fe, Mn oxide in catalysts exist in amorphous crystalline form after
calcination at 450 ‘C[13-16]. However, the temperature of 550 “C to the calcination of catalyst causes the
amorphous crystalline of Fe and Mn oxides crystallization and Mn,0O5 transforms to Mn;O,4[17-19]. So
the NO conversion of the catalysts decreased largely. In summary, all analysis mentioned above confirms

that 450 “C calcination temperature can promote the performance of the ferro-manganese ore catalyst
significantly.
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Fig. 5. XRD of ferro-manganese ore catalysts calcined at different temperatures.
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Table 1. The physical characteristics of manganese ore catalyst calcined at different temperatures: (1) 350 °C, (2)450 C
and (3)550 C.

Catalyst Surface area (m?g™?)  Pore volume (cm®g™)  Average pore size (nm)
1 6.57 0.0191 11.63
2 66.44 0.1018 6.13
3 7.98 0.037 18.57

3.4. Influence of SO,

The effects of SO, on the NO conversion efficiency of SCR with the aid of the ferro-manganese ore
catalyst were studied for 8 h at 180 ‘C and 270 “C in the presence of 200 ppm SO,, as shown in Figure 6.
When SO, was introduced under 180 ‘C, the activity decreased rapidly (about 60-65%) and then kept
stable. The SCR activity still kept at an extreme low level even if SO, was cut off at 350 min. But when
under 270 ‘C, the activity decreased slightly (about 15%) and above 70% of NO was achieved when it
kept stable. In addition, the NO conversion recovered to 83% when SO, were removed.

The inhibitory effect of SO, on the removal of NOx is mainly due to the forming of ammonium sulfate
substances on the surface of catalysts after the reaction of ammonia and SO,, thereby blocking the surface
of the catalyst pore [20]. In addition, Fe, Mn and other metal elements in active ingredients change to
metal sulfate after sulfuration [21, 22]. On the other hand, the decomposition of ammonium sulfate has
been increased at high temperature (270 "C), so as to inhibit the deposition of ammonium sulfate and
blocking of the active site on the catalyst surface [23, 24]. Therefore, the sulfur resistance of the catalyst
at 270 °C is better than that of the lower reaction temperature (180 C).

The thermal stability of the sulfate species on the ferro-manganese ore catalyst after the reaction under
270 C was evaluated in the TG experiment. As shown in Fig. 7, the TG curve presents three major
weight losses and the DTG curve displays three corresponding valleys. The first one appeares at
approximately 100 °C, which is due to the evaporation of water. The other apparent DTG valley emerges
at 600 C and 800 °C, which is the decomposition of iron and manganese compound. The TG curve
doesn’t show obvious weight losses at the decomposition temperatures of (NH4),SO,4 (230 C) and
NH4HSO, (350 ‘C) as reported in the literature [25, 26], which indicates that fewer sulfate species are
adsorbed on the surface of ferro-manganese ore catalyst after the reaction under 270 °C. This finding
explains the reason of the favorable SO, resistance under 270 °C reaction temperature.
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Fig. 6. SO, toerance under different reaction temperature with 1.5 L/min gas flow, NO=NH;=500 ppm, SO,=200 ppm,
0,=3 vol%, GHSV=7500h"
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Fig. 7. TG analysis after reaction with 270 C reaction temperature, 1.5 L/min gas flow, NO=NH3=500 ppm,
S0,=200 ppm, 0,=3 vol%, GHSV=7500h™.

4. Conclusions

Ferro-manganese ore catalyst for SCR of NOx is developed in this article. It achieves over 97% NO
convention at 90 ‘C to 270 C. The XRD patterns shows that Mn,O; and Fe,O5 are the major component
in ferro-manganese ore catalyst and are in a highly dispersed amorphous state. The calcination
temperature of 450 “C enlarges the surface areas and total pore volumes, provides porous structure and
promotes the performance of the ferro-manganese ore catalyst significantly. The catalyst showed a much
better SO, tolerance under 270 °C reaction temperature than 180 C. TG experiment indicated that fewer
sulfate species were adsorbed on the surface of ferro-manganese ore catalyst after the reaction under
270 °‘C. The NH3 and NO adsorption characteristics of ferro-manganese ore catalyst will be clarified to
explain the SCR reaction mechanism in the further study.
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