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The development of lignite-char-supportedmetal oxide catalyst for reduction of nitric oxide (NO) is investigated
in this paper. The characteristics of NO reduction by copper and iron oxide catalysts supported on activated lig-
nite chars (ALC) was studied using a fixed-bed reactor at 300 °C. The results showed that the impregnation of Cu
on ALC resulted in higher catalytic reactivity during NO reduction comparedwith that of Fe. Chemisorption of O2

andNOon Cu/ALC catalystwas found to play an important role in denitrification. Fourier transform infrared spec-
troscopy (FTIR) and X-ray diffraction (XRD) analyses showed that chemically adsorbed oxygen facilitates the for-
mation of C(O) complex and oxidation of Cu0 to Cu+ for Cu/ALC catalyst. The C(O) intermediates and C*
production formed due to the fact that C/O2 reaction promoted the reduction of NO. It is suggested that the cat-
alytic reaction of NO in this case comprised of C/O2 reaction, C(O)/NO reaction and formation of N2 and CO2. Cu
seemed to have significantly promoted the C(O) formation and CO oxidation compared with Fe. The catalytic re-
activity of Cu species for C(O) formation and CO oxidation followed the order of Cu0 N Cu+ N Cu2+. Fe3O4was be-
lieved to be the active phase in Fe catalyst. The oxygen and char-supportedmetal catalysts significantly promoted
C/NO reaction, and therefore may lead to a lower operation temperature of NOx removal.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

NOx is one of themajor air pollutants in combustion flue gases from
coal fired power plants and industrial furnaces as well as in exhaust
gases of vehicles [1]. NOx is known as the major reactants during the
formation of photochemical smog which has caused severe impact on
air quality and human health [1]. Nitric oxide (NO) is one of the major
NOx pollutants, accounting for 90% of the total NOx in the combustion
flue gas. NO can be oxidized to NO2 in air leading to the formation of
acid rain and photochemical smog formation when interacted with
the PAH (poly-aromatic hydrocarbon) in the atmosphere [2]. Therefore,
the removal of NO from the combustion flue gases has become increas-
ingly important [3].

Commercially available post-combustion technologies of NOx emis-
sion control include calcium-based flue gas denitrification, selective
non-catalytic reduction (SNCR), and selective catalytic reduction (SCR).
The catalysts for NH3-SCR process are normally metal or metal oxides
supported on SiO2, TiO2, carbon-based materials, and zeolites. Especially,
V, Cu, and Fe are well known as the low temperature SCR catalysts [1].

When the residual oxygen and SO2 are present in the exhaust gases, it re-
duces the reactivity of this type of catalysts for NO reduction reactions [4].
Numerous efforts have been reported for testing of different reducing
agents and development of new catalysts to increase the NO removal ef-
ficiency, i.e. N80%, in the presence of oxygen [5–7]. Previous studies indi-
cated that carbon is a promising reducing agent for the removal of diluted
NO [2,8,9]. Metals loaded on lignite char (LC) may significantly promote
NO reduction in the presence of oxygen at temperatures as low as 300 °
C [10,11]. Metal-loaded lignite char may potentially pave the way to effi-
cient cleaning of NO [12,13]. However, the kinetics andmechanism of the
direct reduction of NO with carbon catalyzed by transition metals in the
presence of oxygen have not been fully understood. In this study, the cat-
alytic NO reduction by Cu and Fe oxides supported on activated lignite
chars in the presence of O2 was studied systematically. The mechanisms
for NO reduction and CO2 formation were also elucidated.

2. Experimental

2.1. Catalyst preparation

Hailar lignite from Inner Mongolia region of China was used in this
study. The proximate analysis of the lignite sample is given as follows:
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moisture content, 30.87% (as received basis); volatile matter, 38.28%
(dry basis); fixed carbon, 46.82% (dry basis); and ash content, 14.90%
(dry basis). The raw lignite samples were crushed and sieved to a parti-
cle size of 75–125 μm, and then dried at 105 °C under nitrogen. The
dried coal sample was acid-washed using 0.4 N HCl aqueous solution
for 12 h. The resulted slurry was filtered and washed by using de-ion-
ized water until a constant pH (5.0–5.5) was achieved. Co-precipitation
methodwas used for Fe and Cu loading onto the acid-washed coal sam-
ples. The ratio of Fe or Cu to acid-washed coal was 1:10 by weight. Prior
to co-precipitation, the acid-washed coal samples were mixedwith fer-
ric nitrate (Fe(NO3)3·9H2O) and copper nitrate (Cu(NO3)2·3H2O) aque-
ous solutions at 50 °C under ultrasound for 5 h. Ammonia aqueous
solution was then gradually added to the mixture until the solution
pH reached 10. The obtained slurry was then filtered and washed by
using de-ionized water. The samples were then dried at 105 °C over-
night in a vacuum oven. The above prepared lignite sample was then
gasified and activated in a fixed-bed quartz reactor heated by an electric
furnace at 800 °C in 15% (vol.) steam balancedwith nitrogen for 30min.
The proximate analysis of the char from the acid-washed coalwas as fol-
lows: moisture content, 1.26%, volatile matter, 3.05% (d.b.); fixed car-
bon, 91.97% (d.b.); and ash content, 3.72% (d.b.). The structural
properties of char are shown in Table 1. The prepared chars impregnat-
ed with Fe and Cu were assigned as LC-Fe and LC-Cu, respectively.

2.2. Denitrification experiments on fixed-bed reactor

The denitrification experimentswere carried out at 300 °C in afixed-
bed quartz reactor with an inner diameter of 10 mm, heated in an elec-
tric furnace at ambient pressure and at a space velocity of 6000 h−1. The
experimental setup is shown in Fig. 1. About 1.3 g charwas charged into
the reactor during each experiment. The simulated flue gas containing
1500 ppmv NO, 5% O2, and balanced by N2 was then introduced into
the reactor through the top inlet and the outlet gas composition (NO,
CO2 and CO) was measured by a MGA 5 Flue Gas Analyzer. NO conver-
sion was calculated according to the following equations:

X ¼ Cin−Cout

Cin
ð1Þ

Nc ¼
vspVbjMNO

Vmmc
�

Z t

0
Cin−Coutð Þdt

� �
� 103 ð2Þ

where, X is the conversion of NO (%), Cin and Cout are the inlet and outlet
concentration of NO (ppmv), respectively, Nc is the total NO reduction
capacity mg/g·cat.), νsp is the space velocity (h−1), Vbj is the volume
of the catalyst samples in the reactor (l), MNO is molar mass of nitric
oxide (g/mol), Vm is the molar volume of NO at 1 atm and 25 °C (l/
mol), and t is the reaction time of samples (h). mc denotes the mass of
catalysts (g).

2.3. TG-MS experiments

Non-isothermal decomposition experiments were carried out by
thermogravimetry-mass spectroscopy (TG-MS) (NETZSCH STA 449 F3
coupled with NETZSCH QMS 403 C). The catalyst sample of about
2 mgwas loaded into a Pt crucible. The mass loss and gaseous products
were continuously recorded by TG and MS, respectively. The samples
were heated in the temperature range of 30–600 °C with a heating
rate of 5 °C min−1 in different gas environments, e.g. 1500 ppmv NO
balanced with Ar, 1500 ppmv NO and 5% O2 balanced by Ar, and 5% O2

balance by Ar, respectively. The gas flow rate was 100 mL min−1. Both
pure lignite char (LC) and Cu-loaded lignite char (LC-Cu)were analyzed.

2.4. Catalyst sample characterization

Crystal phases in sampleswere identifiedby Shimadzu7000powder
XRD. The Cu Kα radiation was operated at 30 mA and 40 kV (scanning
rate at 3° min−1 over a 2θ range of 10–90°). Catalyst samples before
and after denitrificationwere analyzed by using a Thermo Fisher Nicolet
IS5 FTIR spectrometer. For IR spectra acquisition, the pellet samples
were prepared by grinding 1.0 mg of char with 100 mg KBr followed
by the pelletization.

3. Results and discussion

3.1. Conversion of NO under different conditions

It can be seen in Fig. 2 that nearly complete conversion of NO was
achieved with both LC and LC-Cu in the first stage of denitrification re-
action. The NO conversion sharply decreased to about 30% for the LC
sample after 10 min. However, in the case of LC-Cu catalyst, a signifi-
cantly improved NO reduction after 10 min was achieved. The NO con-
version for LC-Cu catalyst was approximately 20% higher than that of LC
for the time span of 20–70min. LC-Cu catalyst gavemuch longer break-
through time compared with the LC sample. When 5% O2 was added in
the feed gas, the NO conversion was enhanced at higher temperatures.
In the first 30 min of the reaction, NO conversion was nearly 100% at
100, 200, and 300 °C. After 30 min, NO conversion decreased at 100
and 200 °C. At 100 °C, the NO conversion dropped rapidly to 50% and
30% after 120 min and 150 min, respectively. At 200 °C, the times at
which NO conversion decreases to 50% and 30% were 150 min and
250 min, respectively. The highest NO conversion and longest

Table 1
The results of BET analysis of different samples.

Samples SBET (m2/g) SMi (m2/g) Vt (cm3/g)

LC 62.59 58.38 0.18
LC-Fe 268.88 206.39 0.15
LC-Cu 275.12 210.23 0.16

SBET: total surface area; SMi: microporous surface area; Vt: total pore volume.

Fig. 1. Schematic diagram of the fixed-bed experimental setup.
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Image of Fig. 1
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