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The NO heterogeneous reduction by char is one of the most prominent options to
control NOy emissions from coal-fired power plants. Experiments on the char-NO
heterogeneous reaction were carried out in an electrically heated fixed-bed reac-
tor to investigate the effect of temperature, type of char, pretreatment method,
additives and reaction atmosphere on the NO reduction capacity of char. The re-
sults showed that temperature plays a crucial role in the NO reduction by differ-
ent char. The kinetic analysis showed that char-NO heterogeneous reaction is
controlled by chemical kinetic below T, and by diffusion kinetic above T. The
value of transition temperature T; depends on the types of char and ranges from
600 °C to 800 °C. The synergistic effect of specific surface area, mineral abun-
dance and reactivity combine to result in the reduction efficiencies of different
char. Oxygen has a promoting effect on the char-NO heterogeneous reaction, and
the oxygen content of the promoting peak moves to low oxygen content with in-
creasing temperature. At 1050 °C, the denitrification efficiency at 0.25% O, con-
tent is 12.7% higher than that under oxygen-free conditions. At high tempera-
tures, the promotion of the char-NO heterogeneous reaction by CO and the inhi-
bition of the reaction by CH, were more obvious.

Key words: coal char, heterogeneous reduction, NO reduction, synergistic effect,
alkali metal

Introduction

The NOy emissions contribute to many environmental problems, including acid rain
and the formation of fine particulate matter [1]. Many countries and regions have also enacted
increasingly stringent pollutant emission standards. It is imperative to control the NOy emis-
sions at sites with large NOx emissions, such as coal-fired power plants. Among several NO
control technologies, CARBONOy is considered an effective technology because of its high
efficiency and low cost [2]. In the CARBONOy process, NO is reduced to N2> by homogene-
ous reduction with reducing gases and by heterogeneous reaction with char. Related study [3]
has demonstrated that about 56-79% of NO reduction is due to the heterogeneous reduction of
char during the reburning process of coal and biomass. Moreover, the alkali metals and alka-
line earth metals in coal and biomass also have a specific catalytic effect on the heterogeneous
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reduction of NOx. Therefore, the research of char-NO heterogeneous reaction mechanisms
and factors is essential for the application of low NOy emission technologies.

As an important by-product of the coal chemical industry, coal char is widely avail-
able and inexpensive. In addition, the large specific surface area and stable chemical proper-
ties of char make it an advantage in NOy control. Therefore, the char-NO heterogeneous re-
duction has received more and more attention from researchers. Among numerous studies,
guantum chemical calculations have been widely used as a helpful tool for studying molecular
principles to investigate the reduction mechanisms of NOx. Liu et al. [4] studied the mecha-
nism of metal calcium catalyzed char-NO heterogeneous reduction by quantum chemical
method. Zhang et al. [5] studied the microscopic mechanism of the effect of calcium and so-
dium on the char-NO heterogeneous reduction based on density functional theory. Zhang
et al. [6] conducted the detailed kinetics of the char-NO heterogeneous reaction in the range
of 973~1573 K by isothermal thermalgravimetric experiments. Zhu et al. [7] investigated the
adsorption and reduction of NO. by N-doped activated carbon through density functional the-
ory, and the simulation results were in good agreement with the experimental results.

Several experimental studies [8-10] have shown that coal char has a reduction effect
on NOy during coal combustion. Zhang et al. [11] illustrated the char-NO reaction in the
range of 1073~1573 K by isothermal thermogravimetry using coal char obtained from an en-
trained-flow reactor, and found that chemical kinetics controlled the NO-char reaction at
1073~1273 K. Sun et al. [12] thermodynamically characterized the char-NO reaction in the
range of 973~1573 K with isothermal thermogravimetry, and found a similar phenomenon:
chemical kinetics controlled the char-NO reaction at low temperature, and diffusion kinetics
controlled the reaction at high temperature.

Most existing studies focused on the reaction mechanism and reaction kinetics.
However, many factors affect the efficiency of char-NO heterogeneous reduction in the
CARBONOy process, such as temperature, pore structure, NO concentration and reaction at-
mosphere. Furthermore, while some studies have addressed the effects of these factors, most
have focused on the high temperature stage. Experimental studies on a wider range of temper-
atures, char types and reaction atmospheres are scarce, which is a gap in the research on the
use of char as a CARBONOx resource to reduce nitrogen oxide emissions.

To sum up, this paper investigated the char-NO reactions of different types of char,
pretreated methods and additives, reducing and oxidizing atmospheres over a wide tempera-
ture range (450~1050 °C). The effects of these factors on the NO reduction capacity of char
are explored to provide an experimental basis for the progress of industrial applications of
coal combustion.

Experimental section

Properties of samples

The experimental samples are carboniferous coal char, fruit tree char, particleboard
char, activated carbon, and washed and pickled carboniferous coal char. Carboniferous coal
char is prepared from carboniferous coal in a quartz fixed bed reactor at a heating rate of 10 K
per minute and a constant temperature of 1000 °C for 30 minutes in the Ar atmosphere. Fruit
tree char and particle board char are by-products obtained by pyrolysis at 800 °C in a bio-
mass gasification plant of Xi'an. Activated carbon is a specific brand product made from
bamboo. Deionized water and concentrated hydrochloric acid are used for washing and pick-
ling carboniferous coal char to deash the coal char. The deashing process is carried out by
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heating in a water bath at 60 °C for 12 hours. After being washed with plasma water to neu-
trality, it is dried at 105 °C for 2 hours before use. The proximate analysis is shown in tab. 1.

Table 1. Proximate analysis of coal samples

Proximate analysis [wt.%]
Sample

Mad Aad Vad FCad

cC 2.90 44.55 3.19 49.35
FT 14.82 72.24 6.14 6.79
PB 60.80 4.00 5.75 29.45
AC 5.35 19.85 13.40 61.41
wcCC 2.63 42.23 181 49.33
PCC 291 40.95 3.94 48.20

ad — air-dried basis, CC — coal char, FT — fruit tree char, PB — particleboard char, AC — activated carbon,
WCC — washed carboniferous coal char, PCC — pickled carboniferous coal char

Experimental system

The schematic diagram of the denitrification reaction device is shown in fig. 1,
which composes a gas supply system, a temperature control system, a fixed bed reactor and a
flue gas analysis system. The gas supply system comprises five gas mixtures, namely CHa,
CO, Oz, NO, and Ar. The gas-flow controlled by the mass-flow meter enters the reactor after
premixing in the mixer.

Gas analyzer
Filter 4

Furnace

Gas
treatment

Mass-flow meter
ol pl ol o
Thermocouple

Temperature

control

\
CH, CO O, NO Ar

2

Figure 1. Schematic diagram of experimental device for reduction reaction

The heterogeneous reaction occurred in a vertical flow quartz reactor with an inter-
nal diameter of 60 mm. The length of the isothermal zone is about 100 mm. A quartz sieve
plate is arranged in the middle of the isothermal zone to hold the char that participates in the
heterogeneous reaction. The thermocouple is located in the middle of the furnace body, and
the control accuracy is +1 K. The air-flow participating in the reaction passes through the
guartz sieve from bottom to top.

The experiment process is: Firstly, the sample placed on the quartz sieve was heated
to the target temperature at a rate of 10 K per minute in an argon atmosphere. Finally, the
mixed air-flow was introduced to participate in the heterogeneous reaction. After filtering, the
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flue gas was analyzed by Testo 350 flue gas analyzer to determine the concentrations of NO
and other residual gas.

Data processing method

In order to directly compare the differences in the ability of char samples to reduce
NO under different reaction conditions. The NO heterogeneous reduction efficiency by char
samples is calculated according to:

ch _Cout
n= NO _ ~NO (1)

CNo
where cilj, is the inlet concentration of NO and ¢ is the outlet concentration of NO.

Results and discussion

The effect of char type on the NO
heterogeneous reduction efficiency

The comparison of the NO heterogeneous reduction efficiency of four different
types of char is shown in fig. 2. It can be obtained from the figure that there are obvious dif-
ferences in the reduction efficiency of different types of char samples. In general, the order of

reduction efficiency is PB>AC>FT > CC.
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TEC changed. Temperature plays an important role

_ ) _ o in the reaction rate of the char-NO heterogene-
gi'?f‘;:gnzt- ;‘;Tg;rgscl’” of reduction efficiency of g5 reaction. There is a transition temperature
pies T, and the reaction is under chemical kinetic
control below T and diffusion control above T: [12]. However, the transition temperature, T,
is related to the types of char samples. Sun et al. [12] performed Kinetic characterization of
NO-char reaction by isothermal thermogravimetry, and the result showed the transition tem-
peratures for raw char is around 800 °C, which is similar to the results obtained in this study.
Figure 3 shows the Arrhenius plots of four chars at different given temperatures. The
NO reduction conversion rate can define the specific reaction rate of a NO-char heterogene-
ous reaction. An excellent linear relationship can be obtained for all cases. Although the dif-
ference is not particularly obvious due to the small amount of data, there are two temperature
regimes of activation energy (i.e., the slopes of lines). The T for different chars is around
600-800 °C. In fact, the exact value of Tt is not our concern. Furthermore, the variations of ac-
tivation energies indicate that the reactions were under chemical kinetic control in the low-
temperature (below Ti) and under diffusion control in the high-temperature (above Ty).
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The specific surface area of the char
sample was tested with the automatic physical
and chemical adsorption instrument, and the
results are shown in fig. 4. The specific surface
area of PB, AC, and FT is much larger than
that of CC. This should explain why the deni-
trification efficiency of PB, AC, and FT is
higher than that of CC at high temperatures.
The specific surface area of PB is much larger
than that of AC, FT, and CC, while the reduc-
tion efficiency of PB is not much higher than
that of other types of char. That is, the specific
surface area is not the main factor affecting the
reduction efficiency.

Combined with the thermogravimetric
analysis experiment of different char samples,
the thermogravimetric analysis experiment
was heated to 1100 °C at a heating rate of 10 K
per minute under a 79% N, 21% O, atmos-
phere. Figure 5 shows the results of thermo-
gravimetric analysis of four char samples. By
comparing the weight loss curves and DTG
curves of different char samples, the chemical
reaction activities of different char samples are
obtained. It can be seen from fig. 5, the chemi-
cal reaction activities of PB are slightly more
significant than that of AC and FT. Therefore,
the reduction efficiency of PB is higher than
that of AC and PB, CC at high temperatures.
The chemical reaction activity has a more pro-
nounced influence on the char-NO heteroge-
neous reaction efficiency than the specific sur-
face area.

In addition, it can be obtained by XRD
image analysis of four char samples in fig. 6
that there are many minerals in fruit tree char
and particle board char, and the mineral rich-
ness of AC, PB, and FT is higher than that of
CC. The minerals in the coal char can promote
the heterogeneous reduction of NO in the coal
char to a certain extent [13]. The mineral has a
strong catalytic effect on the char and NO re-
action process. The catalytic effect of the min-
eral is mainly derived from alkali metals and
alkaline earth metals.
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Figure 3. Arrhenius plots of NO-char
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The effect of pretreatment on the NO
heterogeneous reduction efficiency

After pretreatment, the char-NO heterogeneous reduction shows differences at dif-
ferent temperatures. It can be seen from fig. 7 that there is no significant difference in the NO
reduction efficiency between WCC, PCC, and the unpretreated CC in the middle and low-
temperature section (t < 800 °C). As the temperature rises, compared with untreated CC, the
heterogeneous reduction ability of pretreated CC on NO decreases significantly. When the re-
action temperature is 900 °C, the NO reduction efficiency of PCC and WCC is 11.86% and
10.27% lower than that of untreated CC. When the reaction temperature was 1050 °C, the re-
duction efficiency decreased by 19.3% and 18.36%, respectively. In general, the ability of
pretreated carbon char to reduce NO is lower than that of untreated carbon char, and the
downward trend increases with the increase of reaction temperature.

Pickling can remove minerals in the sample and change the organic functional
groups, thereby changing the structure. For Zhundong coal, water washing can remove 58.8%
ash and 73.2% sodium, acid washing can remove 95% of ash and almost all alkali metals [14].
The removal of catalytic alkali metals reduces the ability of char to reduce NO.

Figure 8 shows the XRD spectra of PCC, WCC, and untreated carboniferous coal
char. The 002 peak at 25°~27° is more apparent, comparable to natural graphite 26.6° 002
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Figure 7. Comparison of reduction efficiency
between pretreated and untreated char
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Figure 8. The XRD images of pre-processed
and unprocessed carboniferous coal char
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peak. The 002 peak represents the stacking height of the microcrystalline carbon mesh. That
is the degree of orientation of the aromatic carbon network, which shows that the main crystal
phase in the char is carbon. It should be noted that a diffraction peak of quartz was found near
the 002 peak by phase detection. The quartz peak on the spectrum after pretreatment is en-
hanced. Compared with CC, the exposed ash was removed from the surface structure of PCC
and WCC, the char layer was more compact, and the stacking thickness of the char layer and
the number of carbon rings on the char layer were reduced.

The effect of additives on the NO
heterogeneous reduction efficiency

The CaO and FezO4 were mixed as additives in CC to explore their influence on the
NO heterogeneous reduction. As shown in fig. 9, the impact of additives on the heterogeneous
reduction of NO did not appear to have promi-
nent temperature-dependent zones. Under vari-
ous working conditions, the blending of addi- n
tives improves the efficiency of heterogeneous
reduction of NO by carbon char by about 5%, 0.7
and it tends to be evident with the increase of gl
temperature. On the one hand, the use of addi-
tives can adsorb more NO gas molecules and
play a specific catalytic effect on the NO reduc-
tion reaction. On the other hand, CaO is easily 2]
reduced to Ca by coal char at high tempera- 0.2
tures, and the activation energy for NO reduc- ¢ 1 : i . : : .
tion by Ca is much lower than for NO reduction 400 500 600 700 800 900 1000 1100
by coal char. The reduced ability of Ca on NO TECl
is Significantly hlgher than that of coal char [5] Figure 9. Comparison of denitrification
The FexOy or Fe with reducing properties par- efficiency of CC blended with additives
ticipates in the dissociation reaction of NO and
is converted to FexOy+1 or FeO, and then O is transferred to the coal char, and the FexOy+1 or
FeO is restored to the reduced state to realize the catalytic cycle [15]. Iron oxide as a catalyst
can participate in the char-NO heterogeneous reduction and improve the ability to reduce NO.

0.9
0.84

0.5
0.44

The effect of oxygen on the NO
heterogeneous reduction efficiency

The participation of O, generally accompanies the actual process of reducing NO
with CC. The presence of O will cause the oxidation of coal char, which strongly impacts
coal char's physical properties and reducibility. Therefore, it is imperative to study the effect
of O, on the process of NO heterogeneous reduction.

The effect of oxygen on the reduction efficiency of CC is shown in fig. 10. The oxy-
gen atmosphere can promote the reaction of CC to reduce NO and improve the efficiency of
CC for the NO heterogeneous reduction. When the reaction temperature is 1050 °C, the pro-
motion effect of oxygen to focus heterogeneous reduction of NO first increases and then de-
creases. At 1050 °C, the denitrification efficiency under 0.25% oxygen content is 12.7%
higher than that under oxygen-free condition. There is a peak of oxygen char-NO reaction
promotion effect, and the peak gradually shifts to a higher oxygen content as the reaction
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0. %] and oxygen complexes, C(O), are formed on the

surface of coal char under the O, atmosphere,
and C(O) on the surface of coal char is further
desorbed that participates in the reduction of
NO. The oxidation of the coal char by oxygen increases the specific surface area of char as the
reaction progresses, which is also the reason for the increase in the reduction rate of NO by the
coal char. In addition, Gupta et al. [10] used the temperature-programmed method to demon-
strate that the O, atmosphere can reduce the initial temperature of coal char to reduce NO.
However, the reaction rate of char-O; is more than two orders of magnitude higher than that of
char-NO. Therefore, as the oxygen concentration increases, the oxidation of O, quickly con-
sumes the char. Thus, the effect of coal char on NO with the increase of oxygen concentration,
the reduction efficiency shows a trend of first increasing and then decreasing.

Figure 10. Effect of oxygen on the
denitrification efficiency of CC

The effect of reducing atmosphere on the NO
heterogeneous reduction efficiency

As shown in fig. 11, CO has a noticeable promotion effect on the char-NO heteroge-
neous reaction process in the high temperature section, but the promotion effect in the middle
and low temperature sections is relatively weak. Chen et al. [18] pointed out that CO can re-
move the C(O) complex on the surface of the char, which has an inhibitory effect on the re-
duction of NO. The C(O) complex reacts with CO and desorbs on the surface of coal char to
form free carbon active sites. However, related [19] shows that the stability of C(O) complex-
es formed on the surface of coal char is different, and complexes with weak binding force can

be reversibly desorbed in the form of CO or
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Figure 11. The influence of CO and CH4
atmosphere on the denitrification
efficiency of CC
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C(O) with high desorption activation energy
and low reactivity has an inhibitory effect on
the focus-NO reaction. Therefore, when the re-
action temperature is low, C(O) occupies the
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active sites on the char surface, or CO can only desorb part of C(O), and it is difficult to de-
sorb C(0O), which has a strong binding force and inhibits the reaction. And as the temperature
rises, the ability of CO to desorb C(O) increases, providing a large number of carbon active
sites for the reduction of NO, and the reduction rate of NO increases.

In addition, the promotion of CO-NO reaction may also be through direct participa-
tion in the heterogeneous catalytic reduction reaction of NO. The metal oxides or carbon
components in coal char minerals catalyze the CO-NO reaction. The CH4 has a significant in-
hibitory effect on the char-NO heterogeneous reaction process in the high temperature section,
while the inhibitory effect in the middle and low temperature sections is relatively weak. Un-
der the catalysis of char, the cleavage reaction of CH. starts at a high temperature near
1000 °C, and as the temperature increases, the CH4 cracking conversion rate increases [21].
Under the conditions of using carbon-based catalysts, the conversion rate of CH4 at 800 °C
can reach 50%. At higher temperatures, methane cracks: CH4s—C+2H,, methane cracks into
elemental carbon and hydrogen [22]. The elemental carbon is dissolved in the char and forms
carbon filaments. The accumulation and collapse of carbon filaments affect the internal struc-
ture of the char. As the temperature rises, the char deposition caused by methane cracking be-
comes more apparent, limiting the adsorption and further reaction of NO by the char, resulting
in a decrease in the denitrification efficiency.

Conclusions

In this paper, the effects of temperatures, different char types, pretreatment, addi-
tives, and Oz, CO, and CH. on the char-NO heterogeneous reduction were investigated. The
main conclusions are as follows.

e The char-NO heterogeneous reduction efficiency is most affected by temperatures. There
is a transition temperature T in the char-NO reaction process. The T may vary depending
on the type of charcoal sample and ranges from 600-800 °C. The reaction is under chemi-
cal dynamic control below T, and diffusion control above T:.

e The reduction efficiency order of different types of char is PB > AC > FT > CC. The effi-
ciency of the char-NO heterogeneous reduction is affected by multiple factors. In addition
to temperature, it is mainly related to the chemical reaction activity of the char sample.
The micro-structure of the char sample, the richness of mineral species, and the content of
alkali metals also have a specific impact.

e Metal oxides are used as additives to participate in the char-NO heterogeneous reaction,
but the improved efficiency is not obvious. The blending of additives improves the effi-
ciency by about 5%, and it tends to be evident with the increase of temperature.

e The promoting effect of O, on the char-NO heterogeneous reduction shows a trend of first
increasing and then decreasing. As the temperature increases, the oxygen content, where
the peak facilitation occurs, moves towards the lower oxygen content. At 1050 °C, the re-
duction efficiency under 0.25% oxygen content is 12.7% higher than that under oxygen-
free condition.

e The CO is beneficial to remove the C(O) complex adsorbed on the active site of (C) and
has a significant promotion effect on the char-NO heterogeneous reduction at high tem-
perature. The heterogeneous reduction efficiency of CO on char-NO was increased by
10.38% at 1050 °C. In contrast, CH4 has an inhibitory effect on the reaction at high tem-
peratures, due to the coking effect of CHa cracking under the catalysis of coke, the inter-
nal structure of coke is affected. and the inhibition of char-NO reduction by CH4 reduced
the efficiency by 12.3% at 1050 °C.
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