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Abstract

With the increasing depletion of fossil energy, the refuse-derived fuel (RDF) as an unavoidable by-product of human
activities has been used as an alternative fuel in the precalciner cement kilns. Since the RDF combustion also brings the
problems of NOx pollution, it is quite important to find ways to lower the NOx emission during RDF combustion in the
precalciner. The pyrolysis characteristics and products of RDF were studied by TG-FTIR and Py-GC/MS. From TG-FITR
and Py-GC/MS tests, various carboxylic acids and alkenes formed with NOx released at the RDF pyrolysis process at
200-550 °C. By simulating the temperature (700 °C, 800 °C and 900 °C) and O, (12%, 14%, 16%, 18% and 21%)
environment of the precalciner using a double furnaces reactor, the combustion processes and NOx formation charac-
teristics of RDF combustion were studied. The results showed that the volatile-N was the dominant reactant source of fuel
NOx during RDF combustion. The fuel-N conversion and NOx emission yield showed a continuous decreasing trend with
temperature increasing from 700 to 900 °C. The fuel-N conversion and NOx emission yield showed a slight increasing
trend with the oxygen concentration increase, and the optimum oxygen concentration for RDF combustion was 14%. In this
study, the optimum temperature was 900 °C and oxygen concentration was 14% for de-NOx in the precalciner.
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Introduction pollution, emission regulations have become increasingly

stringent. Therefore, to realize the optimized utilization of

With the increasing depletion of limited fossil fuel and the
continuous generation of municipal solid waste, RDF,
which is an alternative fuel from municipal solid waste, is
gaining more and more attention in cement industry [1-3].
As a key thermal equipment in cement industry, the pre-
calciner is the major facility for dealing with RDF. It will
result in NOx emission during RDF combustion just like
the coal combustion. With the more and more serious air
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RDF, it is quite urgent to study the mechanism of low NOx
emission and the associated factors during RDF combus-
tion in the precalciner.

Thermogravimetric analysis (TG) has been widely used
to characterize the thermal and kinetic processes of the
combustion and pyrolysis of coal, RDF and other materials.
Garcia and Lin have indicated that the pyrolysis model for
RDF is composed of two independent models: one is the
pyrolysis of fiber, and the other is the pyrolysis of plastic
[4, 5]. Yi found that synergy exists between the biomass
and biochar, and better combustibility is feasible by co-
firing biochar with biomass [6]. Most of them focused on
the kinetic parameters for characterization of fuels by TG,
but ignored the specific gaseous product during of fuel
pyrolysis and combustion [7, 8]. By using TG-FTIR and
Py-GC/MS, the gaseous products could be gained during
pyrolysis and combustion [9]. Thus, the pyrolysis charac-
teristics of RDF were intended to be evaluated by using
TG-FTIR and PY-GC/MS (6890 N) analysis in this paper.
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The temperature environment and gas atmosphere in the
thermal equipment have great influences on the combustion
characteristics and NOx formation process during RDF
combustion. Some scholars have studied the RDF com-
bustion characteristics. Stanislav Honus investigated the
pyrolysis gaseous components of brown coal, biomass and
rubber, respectively, from 500 to 650 °C, and found that
there was no distinctive linear relationship between the
average abundance of CO and NOx [10]. Zhou studied the
NOx formation factors during biomass combustion from
900 to 1200 °C and found that a high combustion tem-
perature may significantly reduce the char-NO reaction
[11]. Qian studied the biomass combustion under oxygen-
rich and found NOx concentration increased from 80 to
140 ppm with temperature increasing from 700 to 900 °C,
NOx emission decreased with excess air ratio [12]. Duan
found the NOx emission of sawdust combustion increased
from 7 to 69 ppm when the excess oxygen ratio increased
from 40 to 70% [13]. Francisco performed the RDF com-
bustion in a fluidized bed combustor, a slight decrease in
the NOx concentration was observed upon injection of
secondary air [14]. In general, the experiments on different
RDF combustion showed that the NOx emission concen-
tration was connected with temperature and O, concen-
tration, but the NOx emission concentration increase rates
were different in different conditions [15-18].

As a complex high-temperature reactor, there occur gas—
solid dispersion, pulverized coal combustion and calcium
carbonate decomposition in the precalciner. The charac-
teristics of the precalciner environment are special and
mainly reflected in two aspects. Firstly, the precalciner is a
large-scale reactor, which includes the endothermic reac-
tion of coal combustion and the exothermic reaction of
CaCQOg;, resulting in the different temperatures distribution.
And the average temperature in the precalciner is about
880 °C [19, 20]. Secondly, there are two types of gas flows
in a precalciner, one is the tertiary air, in which the O,
concentration is 21%; the other one is the flue gas from the
rotary kiln, in which the O, concentration was from 2 to
4%, resulting in the different O, concentrations in different
zone of the precalciner. And the average O, concentration
in the main burning area is about 18%. Since the temper-
ature and O, concentration are two main factors associated
with NOx emission during RDF combustion in precalciner,
it is important to obtain a deep understanding of the
combustion characteristics and NOx formation process
during RDF combustion in the high-temperature environ-
ment and complex gas atmosphere of the precalciner. What
is more, to make clear the influences of temperature and O,
concentration on NOx emission is quite necessary.

Therefore, the combustion characteristics of one RDF
taken from a cement plant were studied in a self-developed
double furnaces reactor. To simulate the steady high-
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temperature gas flow, we set two furnaces to ensure that the
gas flow has been preheated effectively in the fixed-bed
reactor experiments, which could prolong the residence
time of the high-temperature gas flow and simulate the
high-temperature environment in the precalciner better.
And the mutual effect among CO, CO, and NOx was
analyzed during the whole combustion process. The results
will provide theoretical reference for low NOx combustion
of RDF in the precalciner.

Experimental
Preparation of fuels

The RDF was gained from an actual cement industry and
was the municipal solid waste from a city in China, which
was milled and sieved to the size of < 180 um before
experiments. The proximate analysis conducted according
to national standards (GB/T 212-2008). Carbon (C), oxy-
gen (O), hydrogen (H), nitrogen (N) and sulfur (S) are the
main chemical elements in a fuel. Thus, C, H, O, N and S
content of the samples were determined by ultimate anal-
ysis conducted by Vatio EL club analyzer. Calorific value
of RDF was determined by the oxygen bomb calorimeter;
each sample was tested at least three times and then took an
average. All results were reported on air-dry basis. The
proximate and ultimate analyses and calorific value of RDF
are shown in Table 1.

Apparatus and methods
Pyrolysis experiments

Pyrolysis experiments were performed by using TG-FTIR
(American Discovery TG and Nicolet 6700 Fourier trans-
form infrared spectrometry) and PY-GC/MS (ENTECH
7100-CDS 5150-Agilent 6890N/5975) analysis. TG anal-
ysis, coupled with FTIR, is a good means by which to study
not only the mass-loss characteristics and kinetics param-
eters of the thermal decomposition process, but also iden-
tify the volatile components generated in real time.
Pyrolysis analysis was performed by using FTIR. Using a
constant heating rate of 20 °C min~" in N, atmosphere, the
samples were heated from 30 °C to 1000 °C. The HI-res-
olution sensitivity was 1.0 and HI-resolution ramp
20 °C min~" to 1000 °C. The spectral region of the FTIR
was 4 cm™ ' and 4000—400 cmfl, and the spectrum scan
was conducted with 8 s intervals. The PY-GC/MS results
could supplement the gas components. The carrier gas was
helium, its flow rate was 1. 0 mL min~", and the injection
volume was 1 pL, the refractive ratio of distillation was
100:1. MS conditions were as follows: electron impact ion
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Table 1 Proximate analysis and

. . . . —1
ultimate analysis of samples Sample  Proximate analysis/mass% Ultimate analysis/mass% Qnet, dat/MJ kg
M ad Aad V‘dd Fcad Cad Had Oad Nad Sad
RDF 3.6 48.75 469 0.75 36.78 436  4.57 1.16  0.78 12,421.80
source, transmission line temperature of 280 °C, ion source n 6
temperature of 230 °C, quadrupole temperature of 150 °C ™ = Q) ¢i X 1077 X v =60 x 1 x Mj =~ 22.4 (1)

and mass scan range of 30-600 m/z.
Combustion experiments

The RDF combustion experimental system as shown in
Fig. 1 included gas system, double-tube furnaces and flue
gas analyzer. The tube furnace was OTF-1200X, which
used a quartz tube as heating element; the adjustable tem-
perature range was from room temperature to 1200 °C. The
temperature was electrically controlled and displayed by a
device automatically. N, and O, mixtures controlled by
mass flow meters were used for combustion gas. The mixed
gas was preheated in 1# furnace and then flowed into 2#
furnace, which could maintain the stable high temperature
during RDF combustion. In each experiment, the fuel
sample was placed in a ceramic boat and rapidly pushed
into the quartz tube which was already preheated to the
desired temperature. For each run, the amount of fuel
sample was about 500 mg and the gas flow rate was
maintained at 1000 mL min~'. The combustion flue gas,
0,, CO,, CO and NO, concentrations were monitored
online by MGAS flue gas analyzer continuously. The
device measured the concentrations of O, and CO, with an
infrared (IR) cell as volume percentages; concentrations of
other gas were measured electrochemically in ppm. The
time interval of sampling was 1 s. The yields of CO, CO,
and NOx can be calculated respectively by the integration
of gas curves with time according to formula 1:

Fig. 1 Double furnaces reactor

i=1

In which m; is the CO, CO, or NOx yield (mg), C; is the
CO, CO; or NOx concentration (ppm), v is the volumetric
flow 1000 (mL min~"), M; is the molar mass of CO, CO, or
NOx, t is the time interval of sampling 1 (s), n is the
number of being measured point, and j is CO, CO, or NOx.

According to the NOx yield, the fuel-N conversion can
be calculated:

14
mNox X 30

Xnox =
12 12\ . .
mgy X Nad X (l’l’lCo2 X H+mco X E) TCadTmo

(2)

In which Xyox is the fuel-N conversion (%), m, is the
mass of the fuel sample 500 (mg), N,q is the N content in
the fuel sample (mass%), and C,q is the C content in the
fuel sample (mass%).

Results and discussion
Properties of RDF pyrolysis

Pyrolysis is an important sub-step to study the combustion
process. TG coupled with FTIR is a good means by which
to study not only the mass-loss characteristics of the ther-
mal decomposition process, but also identify the volatile
components generated in real time. The pyrolysis charac-
teristics, both the mass loss (TG curve, in unit of
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Gas analyzer
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mass loss%) and the rate of mass loss (DTG curve, in unit
of mg s~', derivative thermogravimetry) curves of RDF
pyrolysis, are shown in Fig. 2. The corresponding FTIR
spectrum is shown in Fig. 3. The PY-GC/MS test results of
gas components during pyrolysis at different temperatures
are listed in Table 2.

The RDF pyrolysis process could be divided into three
stages according to Fig. 2. The first stage mass loss
occurred early in the temperature of 30-200 °C. The mass
percentage of pyrolysis residue was slight, which was
about 2.2%. The typical volatile components in this stage
are identified in Fig. 3a. The small molecular gaseous
components (e.g., H,O and CO,) were easily identified by
their prominent characteristic bands. The vibration peaks of
C-H bonds and C=0O bonds were detected at
1200-2000 cm™". According to the PY-GC/MS results,
these were carboxylic acids (C,Hy40,, Ci4Hp30,,
C15H3()O2, C16H3202, C19H3602). This stage was the dry-
ing process and the decomposition of some biomass com-
ponents [21-23].

The second stage was the maximum mass loss focused
at 200-550 °C. There were two distinct peaks at 378 °C
and 499 °C in DTG curve as shown in Fig. 2. The small
molecular gaseous components (e.g., H,O, NO, CH, and
CO,) were easily identified at 378 °C. The nitrogen com-
pounds were oxidized in this stage. CH, came primarily
from the decomposition of carboxylic acids as listed above.
The large amount of CO, was formed via the decarboxy-
lation reaction and the breakage of carboxylic acids groups.
Combining with Table 2 and Fig. 3, at 378 °C the hydro-
carbons at 1200-2000 cm ™' were the stretching vibration
peaks of carboxylic acids (C,H40,, CgH40,) and alkenes
(CgHye, CoHyg). At 499 °C, obvious CO peaks were
detected, which showed the hydrocarbons could be further
changed with temperature increasing. In the second stage,
the mass loss was about 38.8%. The volatiles content was
46.9% as shown in Table 1. In this stage most of volatiles
were released.
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Fig. 2 TG and DTG curves of RDF pyrolysis
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In the third stage (> 550 °C), there was an absorption
peak at 740 °C. As shown in Fig. 3b and Table 2, the small
molecular gaseous components (e.g., H,O, CH, and CO,)
and macromolecular matters (e.g., benzene, methylbenzene
and some other aromatic hydrocarbons) were easily iden-
tified. The IR characteristics peaks of CO, were quite
obvious at 740 °C. That is because many stable macro-
molecular matters released in this stage and some carbon-
ate decomposed. In this stage, the mass loss was about
15.12%.

In conclusion, a plenty of volatiles began to release at
about 200 °C and the release of NOx mainly occurred in
the second stage (200-550 °C) during RDF pyrolysis. In
the present experimental conditions, the temperature was
below 1500 °C, the formation of thermal NOx and prompt
NOx was negligible, and all of the NOx emissions were
considered to be from nitrogen compounds [24-28]. Then,
at 700 °C, 800 °C and 900 °C, the fuel-N in RDF could
release effectively. Meanwhile, a large amount of car-
boxylic acids and alkenes formed with NOx. The hydro-
carbon could inhibit NOx production and promote the de-
NOx. Thus, RDF is a meaningful alternative fuel for de-
NOx in cement industry.

RDF combustion characteristics

Figure 4a is the gas release curve of RDF combustion at
900 °C. Figure 4b is the gas release rate curve, which is the
derivative curve of Fig. 4a.

As shown in Fig. 4a, the RDF combustion product was
mainly CO,; the maximum concentration was 8.12%. The
amount of CO and NOx was relatively low. According to
Fig. 4a, the RDF combustion process could be hard to
clearly distinguish between the homogeneous combustion
of volatiles and the heterogeneous combustion of char.
Based on the CO, release rate curve, as shown in Fig. 4b,
RDF combustion process could be classified into two
stages. The first stage (+ < 200 s) was the volatiles release
and combustion. In this stage, the CO, CO, and NOx were
released and O, was consumed gradually, and their release
peaks formed rapidly. Among of them, the CO released
rapidly and formed release peak (# = 62 s). The CO release
peak was the most sharpest, which showed the CO for-
mation reaction was the fastest. The CO, began to release
after CO release, and the CO, peak formed later (t = 79 s),
the time of CO, release was longer than the CO formation
time. The NOXx release start point was the latest ( = 100 s),
and the formation rate was the slowest, which showed the
NOx formation reaction was the slowest and the CO could
inhibit the NOx formation. So the equations are as follows:

vol = C+ 0, — CO (3)
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Fig. 3 FTIR spectrum of RDF pyrolysis at different temperature
Table 2 PY-GC/MS pyrolysis products of RDF
Sample ~200/°C 200-550/°C 550-900/°C
RDF CO,, carboxylic acids (Cj,H,40,, CO,, carboxylic acids (C,H40,, alkenes (C,H,,), benzene (C¢Hg),methylbenzene

C 14H2802, CISHSOOZ’ C 16H3202>

CgH140,), alkenes (CgH 6, CoH g)

(C7Hy), styrene (CgHg), naphthalene (C;oHsg)

Ci9H360,)
vol — C + 02 — C02 (4)
CO + 0, — CO, (5)
fuel = N+ O — NO (6)

The second stage (r > 200 s) was the char ignition
combustion stage. In this stage, the CO, and CO concen-
tration decreased continually and the reduction rate
decreased. That is because part of char began to burn and
some CO, and CO formed in this stage which could inhibit
the concentration decreasing. In this part, NOx kept
forming, the NOx release time lasted for about 350 s
(200-550 s), but the release rate was quite slow. During the
whole combustion process, the CO formed more easily
than CO, and NOx. That is because at high temperature,
volatiles released rapidly resulting in a reductive atmo-
sphere, which was beneficial to the CO release. The release
curves of NOx were similar to that of CO,.

According to the above results, in the RDF combustion
the volatiles release and combustion process was the pri-
mary stage, and the volatile-N was the dominant reactant
source of NOx emission. CO formed easily than volatile
NOx, and the NOx concentration increased to the maxi-
mum with CO decrease.

Effects of temperature on NOx emission

Figure 5 is the gas emission curves at different tempera-
tures during RDF combustion. Figure 6 is the gas yields at
different temperatures during RDF combustion. Figure 7 is
the fuel-N conversion to NOx during RDF combustion at
different temperatures.

In general, the variation trends of CO release curves at
different temperatures were similar, so were the CO,, NOX,
O, curves. At 700 °C, the combustion rate was the slowest.
The CO, CO, and NOx peaks formed at ¢t = 129 s, 98 s and
124 s, respectively. The whole combustion time was quite
long, about 1164 s. The NOx yield was the highest (as
shown in Figs. 5c, 6). At 800 °C the reaction rate was
quicker than at 700 °C. The CO, CO, and NOx peaks
formed at t=114s, 90 s and 112 s, respectively. The
whole combustion time was about 913 s. At 900 °C, the
reaction rate was the quickest. The CO, CO, and NOx
peaks formed at ¢ = 62 s, 79 s and 100 s, respectively. The
whole combustion time was about 768 s. The CO maxi-
mum decreased with temperature increasing, the CO,
maximum increased with temperature increasing (as shown
in Fig. 5a, b). The O, concentration curves showed that the
higher the temperature, the quicker the combustion rate
was (as shown in Fig. 5d). In conclusion, the combustion
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Fig. 4 Gas release curve and
gas release rate curve of RDF
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efficiency was better at high temperature. The NOx max-
imum was 202 ppm at 800 °C, which showed that there
was no distinctive linear relationship between the NOx
maximum and temperature. Because at low temperature, a
large amount of CO formed (maximum was 2 168 ppm)
and the combustion rate was quite slow, which could
inhibit the volatile NOx formation and NOx formed could
be reduced by CO; at high temperature, the CO yield was
less, the combustion rate was rapid (as shown in Fig. 5d),
and nitrogen compounds could not been oxidized into NOx
in time.

According to Figs. 6 and 7, the CO, yield was about
580 mg at different temperatures, which were two orders of
magnitude higher than that of CO and NOx yield. It
showed that RDF burnt completely at different tempera-
tures. The NOx yield and fuel-N conversion ratio decreased
with temperature increasing. At low temperature, the

@ Springer

combustion rate was slow and fuel-N could be oxidized
into NOx. The CO and NOx reaction rate was slow at low
temperatures; most of CO and NOx went out with the gas
flow and then be detected by the flue gas analyzer. What is
more, RDF was a kind of fuel with high volatiles, and the
combustion rate was quite rapid, only when at a low
temperature the nitrogenous compounds could be oxidized
effectively.

In general, there was distinctive linear relationship
between the CO yield, NOx yield and temperature; the CO,
yield was almost the same at different temperatures. The
NOx yield and fuel-N conversion ratio decreased with
temperature increasing. The NOx concentration maximum
was the greatest at 800 °C. In the present experimental
conditions, the optimum combustion temperature was
900 °C for RDF.
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Effects of oxygen concentration on NOx emission

Figure 8 shows the gas emission curves at different oxygen
concentrations (12%, 14%, 16%, 18%, 21%) during RDF
combustion at 900 °C. Figure 9 is the gas yields at dif-
ferent oxygen concentrations during RDF combustion.
Figure 10 is the fuel-N conversion to NOx during RDF
combustion at different oxygen concentrations.

According to Fig. 8a and b, when the oxygen concentra-
tions were 21% and 18%, RDF burned rapidly and the CO
and CO, release peaks formed quickly. When the oxygen
concentrations were 16% and 14%, RDF burned slowly and
the volatile-CO and char-CO maximum concentration were
higher than when the oxygen concentrations were 21% and
18%. When the oxygen concentration was 12%, the volatile-
CO maximum and volatile-CO, maximum formed later. And
the volatile-CO maximum was much lower when the oxygen
concentration was 12% than when the oxygen concentra-
tions was 14%. In general, the volatile-CO yield at O, 14%
was much higher than other conditions.

Combining with Figs. 9 and 10, the CO yield decreased
with oxygen concentration increasing. The CO, yield was
about 580 mg at different oxygen concentrations. The NOx
emission maximum increased from 195 to 258 ppm with
oxygen concentration increasing. And when O, concen-
tration was 12%, 14%, 16%, the NOX emission maximum
was similar. In conclusion, the CO formed during com-
bustion could inhibit the fuel-N being oxidized into NOx.
The NOx yield and fuel-N conversion were very high when
the oxygen concentrations were 21% and 18%. So the RDF
should not be injected into the precalciner at the zone
where oxygen concentration was 21% and 18%. On the
other hand, when the oxygen concentration was low, for
example, 12%, although the NOx yield and fuel-N con-
version was low, the combustion rate was quite slow which
may result in the incomplete combustion of RDF in the
precalciner. In general, when the oxygen concentration was
14%, the NOx yield and fuel-N conversion was low and the
combustion rate was close to when the oxygen concentra-
tion was 21% and 18%. There was a large amount of CO
emission when the oxygen concentration was 14%, which
could inhibit the NOx formation during RDF combustion
and could reduce the NOx came from the rotary kiln.
Therefore, the optimum oxygen concentration was 14% for
RDF combustion.

Conclusions
Based on the TG-FTIR and Py-GC/MS, the RDF pyrolysis

process included three parts. The first stage (< 200 °C) was
the drying process and the decomposition of some biomass

components. The second stage (200-550 °C) was the
release of most of volatiles. In the last stage (> 550 °C),
some stable macromolecular matters released and some
carbonate decomposed. A large amount of carboxylic acids
and alkenes formed with NOx at 200-550 °C. Thus, the
hydrocarbon could inhibit NOx production and promote the
de-NOx, and RDF could be used as an alternative fuel for
de-NOx in the cement industry.

By simulating the environment of the precalciner using a
self-developed horizontal fixed-bed reactor, the combus-
tion process and NOx formation characteristics of RDF
pyrolysis and combustion were studied. The effects of
temperature (700 °C, 800 °C and 900 °C) and oxygen
concentration (12, 14, 16, 18 and 21%) were studied.

(1) The fuel NOx formation process was consistent with
coal combustion process, involved two stages, including
volatile NOx and char NOx. The volatile-N was the more
dominant reactant source of NOx emission. During the
combustion process, the CO formed more easily than CO,
and volatile NOx. And the NOx concentration reached the
maximum during the decreasing of CO.

(2) Fuel-N conversion and NOx emission yield
decreased with temperature increasing from 700 to 900 °C,
and the fuel-N conversions were 12.82%, 9.38%, 6.11%,
respectively. At 900 °C, the combustion rate was rapid, and
fuel-N in RDF could not be oxidized into NOx in time, the
NOx yield and fuel-N conversion was quite low.

(3) Fuel-N conversion increased from 5.21 to 6.43%
with oxygen concentration increasing from 12 to 21%.
When the oxygen concentration was 12%, the combustion
rate was too low. To ensure the low NOx emission and high
combustion efficiency, the optimum oxygen concentration
for RDF combustion was 14%.

(4) In order to control the NOx emissions in the pre-
calciner during RDF combustion, the RDF should be
injected at the zone with high temperature and low oxygen
concentration. In the present experimental condition, the
optimum temperature was 900 °C and oxygen concentra-
tion was 14%.
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