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Flue gas recirculation (FGR) has been implemented for exhaust gas emissions
reduction in iron ore sintering. However, the mechanism of NO, reduction
through FGR is still unclear. In this paper, the laboratory pot-grate sintering
test showed a 30% reduction in gas flow and 15.51% reduction in NO, emis-
sions achieved with a 30% FGR ratio, and the sinter indexes almost matched
those of the conventional process. In the sinter zone, NO-CO catalytic reduc-
tion occurs in the range of 500-900°C. When the sinter temperature is 700°C,
the highest nitrogen reduction ratio (NRR) achieved is 8%; however, the NO,
reduction is inhibited as the post-combustion of CO starts when the temper-
ature increases beyond 700°C. NO, in the flue gas is mainly a product of the
fuel combustion in the combustion zone, as the nitrogen conversion rate
reaches 50—-60%, because the N-containing intermediates exist during the fuel
combustion. The existence of NO in the FGR gas inhibits the NO, generation

from the fuel combustion, and the NO elimination—through the NO-carbon
reaction—is significant in the combustion zone. The NRR in the combustion

zone reaches a range of 18-20%.

INTRODUCTION

As the emission control regulations get stricter,
the NO, reduction in the sintering process becomes
an important environmental concern owing to its
role in the formation of photochemical smog and
acid rain.! The NO, emissions from the iron and
steel industry account for approximately 6% of the
total emissions from all industry. Meanwhile, NO,
emissions from the sintering machine represent
approximately 48% of the total emissions from the
iron and steel industry.?® Thus, it is essential to
reduce NO, emissions from the sintering machine in
order to contribute to the cleaner production of
sinter.

There are three methods to reduce the NO,
emissions from the sintering plant: source control,
process control, and end-of-pipe techniques.* In the
sintering 5pl&lnt, over 90% of NO, comes from the
fuel-NO,.” The application of fuel with low nitrogen
content in the sinter mixture is a practical method
for reducing NO, emissions,® but the availability of
low-nitrogen fuel is limited. The process control is
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generally described as adding certain additives,
such as carbohydrate, Ca-Fe oxides, ammonia, and
modified coke, into the sinter mixture to inhibit NO,
generation.” The efficiency of the process control
method is relatively lower than the source control
method as there are few appropriate additives to
use. The end-of-pipe techniques of flue gas denitra-
tion have developed rapidly in recent years. Flue
gas denitrationis (DeNO,) are divided into three
categories: wet DeNO, process, semi-dry DeNO,
process and dry DeNO, process. The dry DeNO,
process dominates in the flue gas denitration tech-
niques, as it has the highest efficiency, which can
reach 80-90%.'%'! Owing to the high gas flow rate
and low NO, concentration of flue gas from the
sinter plant, the DeNO, techniques face major
problems, such as the high cost of investment/op-
eration and low utilization of by-products.

The flue gas recirculation (FGR) technique was
proposed in the twentieth century to reduce exhaust
gas emissions and reuse waste heat obtained from
the gases recycled into the sintering bed.'? Exhaust
gas recirculation can reduce the emissions of NO,
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and PCDD/Fs owing to their decomposition in the
sinter bed. SO, is absorbed or filtered by the sinter
layer and the CO is reused as fuel.'*'5 However,
the NO, content of exhaust gas increases even
though a 20-45% reduction in NO, emissions is
achieved when using the FGR technology. The NO,
content in the stack should obviously be reduced to
comply with the stricter environmental regulations.

This paper attempts to reveal the NO, reduction
behavior in the sintering bed during the FGR pro-
cess, and then proposes the mechanism or operating
parameters that contribute to further reduction in
the NO, content of exhaust gas in the FGR sintering.

MATERIALS AND METHODS
Materials

The raw materials used in the sinter pot test in-
clude the iron ore blending, fuels and fluxes (dolo-
mite, limestone, quicklime) to produce a sinter of
TFe 58.11%, SiOgy 4.88%, basicity (R = Ca0/SiOs)
1.85%, and MgO 1.60%. The chemical compositions
of the raw materials and their mass fractions are
given in Table SI. The proximate analysis of coke
breeze was investigated on a dry basis. The fixed
carbon, ash, and volatile content were 82.72%,
14.36%, and 2.92% respectively. Meanwhile, the
nitrogen content was 0.72%.

Methods
Sinter Pot Tests

The sinter pot tests were conducted in a labora-
torial pot that was 100 mm in diameter and 700 mm
in height. The process of the sinter pot tests in-
cluded ore proportioning, mixing, granulation,
ignition, sintering, cooling, sieving, and quality
testing of the sinter.'® For simulating the FGR
process, a sealed cover was added on top of the
sintering pot after ignition, and the FGR gas was
introduced onto the surface of the pot through the
pipeline. The simulation of the FGR system in-
cluded a gas-blending system, a steam generator,
and a pre-heating furnace. The FGR gas was sim-
ulated by mixing air and standard gases (including
0y, CO, COy, NO, and N,), and then steam was
introduced into the sintering bed after pre-heating
by the vertical furnace. Furthermore, the compo-
nents and the temperature of the inlet gases were
controlled by a gas analyzer. In addition, the prop-
erties of the exhaust gas were investigated by an-
other gas analytical instrument (MGA 5; MRU,
Germany) during the sintering process.

The components of the FGR gas were calculated
based on the principles of the exhaust gas emission
rule and mass balance. Table I shows the compo-
nents and temperature of the FGR gas. As com-
pared to the conventional process, the CO, and
steam contents increased, while the Oy content re-
duced with an increase in the FGR ratio. The Oy
content was 15.43%, and the steam content in-

creased to 4.86% when the FGR ratio was 35%.
Moreover, the temperature of the FGR gas in-
creased from room temperature to 250°C. The sinter
indexes, including vertical sintering velocity (VSV),
productivity (P), yield (Y), and tumble index (TI)
were investigated after sintering.'®

Sinter and Combustion Zone Simulations

In this paper, the reaction behaviors of NO, in the
FGR gas during the sintering process were mainly
studied in the sinter and combustion zones, since
NO, hardly changed in the sub-layer. The reaction
behaviors of NO, in the sinter and combustion zones
were investigated in a quartz fixed-bed reactor of a
10 mm diameter and 50 mm height, and the sche-
matic diagram of the sintering apparatus is shown
in Fig. S1. The experimental apparatus includes gas
atmosphere simulation, heat pattern simulation,
and exhaust gas monitoring.

When taking a sinter zone simulation test, 40 g of
sinter of 5-8 mm, obtained from the sinter pot test,
were charged into the charging cup. The sinter zone
temperature was set to the same pre-heat temper-
ature of 500-900°C, as almost no heat was released
from the sinter samples. While conducting a com-
bustion zone simulation test, 40 g of the granulated
mixture of 5-8 mm was charged into the charging
cup. The granulated mixture came from the gran-
ulating drum and was dried in advance. The tem-
peratures of the combustion zone varied from 1100°
C to 1300°C, which was achieved by setting the pre-
heat temperature according to the curve based on a
series of experiments on the relationship between
the temperature of the sinter bed and the setting
temperature of the electric furnace. After charging,
a special content of standard gases (O, CO, COg,
NO, and Ar) was introduced into the quartz tube
from the bottom of the apparatus and passed
through the charging cup after mixing. Meanwhile,
the gas velocity was kept constant at 18 m min’,
which was the same as the sinter pot test. The
compositions in the outlet gas were detected by a
gas analyzer along with the heating period. The
results were expressed in terms of NO, reduction
ratio (NRR), which is the mole ratio of the reduced
NO to that supplied:

NRR = (C° - C') x 100/C° 1)

where NRR is the NO, reduction ratio (%), C* is the
NO, concentration of the outlet gas (mol m™3), and
C° is the NO, concentration of the inlet gas
(mol m™3).

RESULTS AND DISCUSSION

Effect of Flue Gas Recirculation
on the Sintering Process

Table II presents the effect of the FGR technique
on the sintering process, including the sinter in-
dexes and properties of the exhaust gas. Compared
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Table 1. Properties of FGR gas for different techniques

Gas composition/vol.%

Sintering techniques FGR ratio/vol.% (028 CO, (0] H,0 NO.,. FGR gas temperature/°"C
Conventional - 21.00 O 0 0 0 Room temperature

20 18.42 1.74 0.19 240 0.0100

25 17.55 2.28 0.23 3.14 0.0136
FGR 30 16.57 2.87 0.28 3.96 0.0180 250

35 15.43 3.52 0.33 4.86 0.0256
Table II. Effects of FGR technique on the sinter indexes and exhaust gas emissions

Sinter index Properties of exhaust gas
FGR VSv/ Flow/ SO,/

ratio/% mm-min' Y/% TI/% P/it-m%h! Nm?(’h,y-h_1 05/% CO02/% CO/% NO,/ppm ppm Temperature/’C
0 26.67 69.24 52.70 1.69 22.36 1295 941 0.92 287 233 152
20 28.94 69.91 53.00 1.90 17.89 1190 9.81 0.93 312 240 157
25 27.76 69.30 53.00 1.82 16.77 11.70 10.38 0.89 328 255 164
30 26.76 68.20 51.75 1.70 15.65 11.30 10.89 0.91 346 278 167
35 23.45 67.90 47.95 1.48 14.53 10.70 11.35 0.92 363 291 163

with conventional sintering, the sinter indexes in-
creased when the FGR ratio was <30%, while the
sinter indexes started to decrease when the FGR
ratio was 35%. The total flow of exhaust gas sig-
nificantly decreased in the case of the FGR tech-
nique. The concentrations of the individual gas
compositions of the exhaust gas increased except in
the case of Oy, while the total gas emissions signif-
icantly decreased with the increase in the FGR ra-
tio. Meanwhile, the temperature of the exhaust gas
was higher in the FGR technique than the conven-
tional process. Considering the sinter indexes and
the exhaust gas reduction, the FGR ratio is no more
than 30%.

Effect of Flue Gas Recirculation on the NO,
Reduction

Table III presents the effects of the FGR tech-
nique on the NO, reduction in the sinter pot test.
Compared with the conventional process, the
nitrogen conversion rate is reduced gradually with
the increase in the FGR ratio owing to the low O,
content in the combustion atmosphere; however, the
NRR was not similar to the flow reduction rate, as
the NO, content in the emissions increased. A 35%
reduction in gas flow was achieved in the case of a
35% FGR ratio. In addition, the nitrogen conversion
rate using the FGR technique was 30.15%, which
was significantly lower than the 58.09% obtained
with the conventional process. However, the NO,
content in the exhaust gas increased from
589 mg m > to 746 mg m >, which led to a 17.70%

reduction in the NO, emissions. In other words, the
specific NO, reduction could reach 374 g NO, per
ton of sinter product when the FGR ratio was 35%.

NO,. Reduction in the Sinter Zone

During the FGR process, the FGR gas, consisting
of Oy, CO,, NO,, etc., went through the sinter zone.
The NO, content in the FGR gas was reduced be-
cause of the NO-CO catalytic reaction occurring in
the range of 500-900°C, whereas the post-combus-
tion of CO starts at a temperature >700°C. In order
to investigate the NO, reduction behavior in the
sinter zone, the mixing gas consisted of 16% O,
4% CO,, 0.45% CO, and 345 ppm NO, while Ar gas
was introduced through the sinter zone at a differ-
ent temperature. Figure 1 shows the NO, reduction
ratio in the sinter zone at a different temperature.
NO, and CO contents in the outlet gas changed
slightly when the sinter temperature was at 500°C
or lower, while NO, and CO significantly decreased
between 600°C and 700°C, which means that the
NO, reduction ratio in the sinter zone increased.
When the sinter temperature was 700°C, the NRR
achieved a maximum value of 8%. However, when
the sinter temperature continued to rise from 800°C
to 900°C, the NO-CO reduction reaction decreased,
because the post-combustion of CO was enhanced.
In summary, the NO-CO catalytic reaction in the
sinter zone proceeded rapidly at 700°C, and the CO
in the FGR gas could be combusted completely in
the high-temperature (>800°C) sinter zone.
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Table III. Effects of FGR technique on the reduction of emissions of exhaust gas

Nitrogen conversion

NO,. emission?/

NO, reduction

Specific NO, reduction/

Techniques rate/% mg-Nm 3 rate/% tomters

Conventional - 58.09 589 - -
20% 52.63 641 12.93 273

FGR 25% 45.32 674 14.18 300
30% 37.28 711 15.51 328
35% 30.15 746 17.70 374

aMass of NO, emission (mg) is calculated as NO, molecular mass (46 g/mol ).
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Fig. 1. NOy reduction ratio in the sinter zone at different tempera-
tures.
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NO,. Reduction in the Combustion Zone

The NO, formations in the sintering process
originate from the volatile-N and char-N oxidation
in the fuel combustion process. However, approxi-
mately 70-90% of the nitrogen content of the fuel is
separated out in volatiles at a temperature >1000°
C. Figure 2 shows the NO, generation behavior
during fuel combustion. As described, various
nitrogen-containing intermediates are produced
during the fuel combustion, which participated in
the NO, generation or reduction homogeneously or
heterogeneously. NO, generation is conducted by
the routes ®, ®, @ and @), while the existence of
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Fig. 2. NO, generation behavior during the fuel combustion process.

NO, in the circulating flue gas inhibited the gener-
ation routes, as well as accelerating the NO,
reduction routes D, @, @ and @. Meanwhile, the
nitrogen in the fuel was split into nitrogen-con-
taining intermediates (NH; and HCN) more easily
under a low O, partial pressure, which facilitated
the NO, reduction. Most importantly, the existence
of active reducing agents in the combustion zone,
such as CO and coke, could improve the results
obtained with route significantly.

In order to emphasize the effect of NO, in the
FGR gas on NO, generation in the combustion zone,
three combustion zones with different maximum
temperatures were set. Figure 3 shows the com-
parison of NO, reduction ratio in the different
combustion zones, with and without 320 ppm of NO
gas. With the increase in the temperature of the
combustion zone, the NO, content in the outlet gas
increased under the air condition. Furthermore, the
burning velocity of fuel accelerated. The existence of
320 ppm of NO in the gas atmosphere barely af-
fected the burning velocity of the fuel. However, the
total NO, emissions from the fuel combustion de-
creased significantly, even though the NO, content
in the outlet gas increased. When the temperature
of the combustion zone varied from 1100°C to 1300°
C, the NRR in the combustion zone was in the range
of 18-20%. This means that the existence of NO gas
in the FGR gas inhibits the NO, generation from
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Fig. 3. Influence of temperature on the NO, reduction ratio in the
combustion zone.

fuel combustion, and the NO elimination—through
a NO-carbon reaction—is also significant in the
combustion zone.

CONCLUSION

1. The laboratory test results showed that a higher
FGR ratio results in a higher reduction in NO,
emissions; however, the higher FGR ratio also
results in a decrease in sinter indexes owing to
the significantly reduced Oy content of the FGR
gas. When the FGR ratio is 30%, the yield
decreases from 69.24% to 68.20% and the tumble
index decreases from 52.70% to 51.75%. Thus,
the appropriate FGR ratio of the emission opti-
mised sintering (EOS)-like technique is <30% on
the consideration of the sinter indexes.

2. When the FGR gas goes through the sinter zone,
the NO, reduction is mainly going in the direc-
tion of a NO-CO catalytic reaction with temper-
atures ranging between 500°C and 900°C. When
the sintering temperature reaches 700°C, the
NRR could reach 8%; however, the post-combus-
tion of CO starts at a temperature >700°C, which
inhibits the NO, reduction.

3. The NO, generation mainly takes place in the
combustion zone, and the nitrogen conversion
rate reaches a value between 50% and 60%,
because the N-containing intermediates exist
during the fuel combustion. Besides the NO-CO
catalytic reduction and NO oxidation, the NO,
reactions in the combustion zone also include the
NO-carbon reaction and the CH;/NH;-NO reac-

Yu, Fan, Gan, Chen, and Lv

tions, which are enhanced under a higher tem-
perature or lower Oy partial pressure. When the
temperature of the combustion zone varied
between 1100°C and 1300°C, the NRR in the
combustion zone reached a value in the range of
18-20%.
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