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Abstract Municipal sewage sludge can be chosen as an
inhibitor to solve the problems related to alkali metal
during biomass combustion. Emission of NO, and N,O is
an important factor for the co-combustion of biomass with
municipal sewage sludge. Thermogravimetry—mass spec-
trometry was adopted to study nitrogen transformation
during the co-combustion of the blends. In this paper, the
release characteristics of nitrogen-containing species of the
blends during heating process are mainly studied. The
yields of main nitrogenous gases (HCN, NH;, NO and
HNCO) decrease by mixing biomass with municipal sew-
age sludge during the heating process. The decrease rate is
significant when municipal sewage sludge share changes
from O to 30 %. The co-combustion of corn straw and
cotton stalk mixed with sludge releases less nitrogenous
gases than that of wheat straw mixed with sludge.

Keywords Biomass - Municipal sewage sludge -
TG-MS - Co-combustion - Nitrogenous gas

Introduction
The circulating fluidized bed boilers have been widely used

in the world due to the advantages of the compact furnace
structure, effective combustion of various fuels, relatively
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uniform temperature and the ability to reduce emission of
NO, and SO, [1]. Biomass fuels, such as agricultural straw,
containing large amounts of alkali metal, have shown a
great possibility to cause corrosion and agglomeration
during circulating fluidized bed combustion [2—4].

In recent study, it has been found that some elements in
coals, such as aluminum and sulfur, can form compounds
of high melting point with alkali metal in biomass fuels
[5, 6]. Municipal sewage sludge, a kind of new fuels, can
improve corrosion and agglomeration during the co-com-
bustion with biomass fuels [7-9]. Amand et al. [7] indi-
cated the importance of aluminum silicate reaction in alkali
capture during the co-combustion of municipal sewage
sludge with wood. Elled et al. [9] found that the addition of
sewage sludge was beneficial due to the existence of alu-
minum, phosphorus, iron, sulfur, etc., all of which were
involved in potassium capture.

On the other hand, the nitrogen content in municipal
sewage sludge is rather high, which is able to be converted
into nitrogenous gases leading to the air pollution during
combustion [10, 11] as well as co-combustion of biomass
with municipal sewage sludge. Amand and Leckner et al.
[12, 13] have studied the emission of nitrogenous gases from
co-combustion of sewage sludge with wood in a fluidized
bed. Itis concluded that the addition of raw sludge can lead to
the decrease in NO,, but the result of adding dried sludge was
opposite due to different moisture contents.

At present, nitrogen conversion mechanism during co-
combustion of biomass, especially agricultural straw, with
municipal sewage sludge is not clear. In order to solve
corrosion and agglomeration of biomass fuels and to pre-
vent air pollution from nitrogenous gases, it is important to
explore release characteristics of nitrogenous gases during
co-combustion of biomass with municipal sewage sludge.
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Thermogravimetry—mass spectrometry (TG-MS) pro-
vides data of both thermal gravimetric analysis (TG) and
mass spectroscopy (MS). In this study, TG-MS results
were utilized to determine the nitrogen transformation
during the co-combustion of biomass with municipal
sewage sludge. Different from the normal way calculating
the mass change in each batch, in this study, the analysis of
nitrogenous product signals is undertaken, despite the lack
of completely quantitative analysis. By means of nitroge-
nous product signals obtained from TG-MS, a semiquan-
titative analysis is applied to illustrate the product change.
This study aims to conclude the regularity of nitrogen
transformation by discussing the changes in nitrogenous
product with different influencing factors during the co-
combustion of biomass with municipal sewage sludge.

Materials and methods
Materials

Three kinds of biomass fuels, wheat straw, corn straw and
cotton stalk, and a kind of municipal sewage sludge were
selected in this study. Municipal sewage sludge was from
Wuxi sewage treatment plant in Wuxi, Jiangsu Province.
Before TG-MS tests, all the samples were dried in Muffle
furnace at 105 °C for 2 h, then milled and sieved
(0.15-0.2 mm) to powder. Proximate and ultimate analyses
of the feedstock are listed in Table 1. Main inorganic
elements in feedstock are given in Table 2. Municipal
sewage sludge has much higher ash, lower volatiles and
fixed carbon content than biomass, as well as higher ni-
trogen, calcium and iron contents.

TG-MS test

TG-MS tests were performed by a simultaneous thermal
analyzer (NETZSCH STA-449F3) coupled with a quadrupole
mass spectrometer (QMS403C Aeolos). According to an early
study [14], some typical nitrogen oxides and their precursors
were selected to study. The ion current intensity signals of
mass/charge ratio of 30(NO™), 17(NH;™), 27(HCN™) and

Table 1 Proximate and ultimate analyses of feedstock (% mass)

43(HNCO™) atomic mass unit, which are assigned to repre-
sent NO, NH3, HCN and HNCO, respectively, were focused.
The carrier gas was Oy/Ar (Oy/Ar = 1/4, volume) with a
constant flow rate of 100 mL min~'. A sample of
10 £ 0.1 mg was put into an Al,O; crucible for each test and
heated in the TG-MS apparatus from room temperature to
about 900 °C at a heating rate of 10 °C min~'. Before the
TG-MS test, Ar was used to normalize the MS signals. Data
and curves of ion current intensity—time/temperature were
received from TG-MS after test. Relative yields of nitroge-
nous gases can be determined by the following steps: firstly,
integrate the original curves to achieve values of ion current
intensities with time; secondly, non-dimensionalize values by
a selected fiducial value [15].

Results and discussion

The release of nitrogenous gases of the individual
sample

The curves of different nitrogenous gases released from an
individual sample are presented in Fig. 1. There are two
reaction stages in each curve, corresponding to the volatile
burning phase and the fixed carbon burning phase. The
temperatures of release peaks in the first release stage from
corn straw and cotton stalk are a little higher than those from
wheat straw and municipal sewage sludge. Considering the
temperatures of the second peak, that of cotton stalk is the
lowest, and the highest belongs to corn straw. According to
Fig. 1, nitrogenous gases from four kinds of fuels are re-
leased mainly in the low-temperature section (200400 °C).
In the mid-temperature section (400-600 °C), the release
peaks of nitrogenous gases are weaker than those in the low-
temperature section (200—400 °C). In the high-temperature
section (600-900 °C), there are no evident nitrogen-con-
taining species except a little HCN. The release curves
indicate that the main nitrogen form in biomass and mu-
nicipal sewage sludge is volatile nitrogen.

The relative yields of different nitrogenous gases released
from each individual sample are presented in Fig. 2. Among
three kinds of biomass fuels, NH; yield is the highest in

Cur Har Oar Nur Sur Mar Aur Vdaf Fcar
Wheat straw 37.99 5.50 40.81 0.56 0.20 1.80 6.84 79.79 19.38
Corn straw 37.99 4.64 32.85 1.10 0.16 1.26 22.00 79.93 15.40
Cotton stalk 43.22 5.13 37.18 0.92 0.14 1.84 11.57 78.75 18.40
Municipal sewage sludge 15.88 2.26 11.90 1.94 1.00 8.64 58.38 83.02 5.60

M moisture, A ash, V volatile matter, FFC fixed carbon, ar as-received basis
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Table 2 Main inorganic elements in original feedstock (% mass)
Al Ca Fe K Mg P Si Na
Wheat straw 0.03 0.34 0.07 1.98 0.18 0.11 2.37 0.20
Corn straw 0.87 0.99 0.42 1.2 0.62 0.13 4.83 0.34
Cotton stalk 0.43 0.96 0.34 1.01 0.34 0.14 2.48 0.27
Municipal sewage sludge 2.18 4.60 15.53 0.28 0.51 1.24 6.08 0.22
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Fig. 2 Relative yields of nitrogenous gases from each individual fuel
during the heating process

wheat straw, the lowest in cotton stalk and the middle in
corn straw; the yields of HCN and NO are the highest in
cotton stalk, the lowest in wheat straw and the middle in
corn straw; and the HNCO yield is the highest in wheat
straw, the lowest in the corn straw and the middle in cotton
stalk. Compared with biomass fuels, municipal sewage
sludge releases less nitrogenous gases mentioned above.
Nitrogen is mainly from proteins, amino acids, nitroge-
nous bases (DNA and RNA), alkaloids and chlorophyll in

biomass [16], while that in municipal sewage sludge is
mainly in the form of proteins, amino acids, lower amines
and a lot of complex nitrogen-containing heterocyclic
compounds [17, 18]. Therefore, the majority of organic
nitrogen in biomass is in the form of amino acid and protein,
namely amine-N and protein-N; only a small amount exists
in the five-membered ring (pyrrole) and six-membered ring
(pyridine), namely pyrrole-N and pyridine-N. However, for
municipal sewage sludge, besides amino-N and protein-N,
the content of pyrrole-N and pyridine-N is also considerable
[16, 17]. The difference in the nitrogen functionalities in
biomass and municipal sewage sludge may contribute to
distinctive nitrogen transformation during the co-combus-
tion of biomass and municipal sewage sludge. Whether
interaction of nitrogen behavior between the fuels exists is
interesting and studied in this paper. During the heating
process, amino-N is released in the form of NH; with the
produce of another N-containing compounds (e.g., dike-
topiperazine, DKP, nitrile-N), while pyrrolic-N will convert
to heterocyclic-N with HCN release when temperatures are
higher than 300 °C [18-21]. Protein-N is converted into
amine-N first and then is transferred to heterocyclic com-
pounds (e.g., DKP, nitrile-N) with the release of NH; [18].
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When the temperature continues to rise, pyridine-N and the
residual pyrrole-N are decomposed to HCN and further
oxidized to NO; nitrile-N, which is produced by amino-N
and protein-N, is converted into HNCO or HCN [18-21].
Above all, nitrogen in biomass and municipal sewage
sludge is converted to HCN, NH; and other intermediates
rapidly for the subsequent reactions in the low-temperature
region [22, 23]. From Table 2 and Fig. 2, it seems that
municipal sewage sludge releases the fewest nitrogenous
gases despite containing the highest nitrogen content. It can
be inferred that some factors influence the release of ni-
trogenous gases, which will be discussed in detail in the
next part.

In summary, the product of volatile nitrogen from bio-
mass and municipal sewage sludge includes NO, NH;, HCN
and HNCO. The release temperature is relatively low, and
the NO, precursors formed from volatile nitrogen remain in
the original form of HCN and NHj3, which can be detected. In
the low-temperature section, NO, HCN and HNCO are
formed from volatiles directly instead of the oxidation of
NO, precursor [14, 24, 25]. The release temperature of char-
N from unburned char mixed with ash is relatively high, and
NO, precursors can be oxidized to HNCO, further to NO.

The release of nitrogenous gases from different
mixing ratios of biomass and municipal sewage
sludge

The curves of nitrogenous gases released from the samples of
biomass with different percents of municipal sewage sludge
during the heating process are presented in Figs. 3-7. It can

be concluded that the yields of four nitrogenous gases are
less than the individual biomass during the co-combustion
of biomass fuels mixed with municipal sewage sludge. The
addition of municipal sewage sludge can greatly reduce the
formation of nitrogenous gases both in the low-temperature
section (200400 °C) and in the mid-temperature section
(400-600 °C). The decrease rate is significant when the
share of municipal sewage sludge changes from 0 to 30 %,
but not significant when the share changes from 30 to
100 %. The addition of municipal sewage sludge also
raises the temperature of second release peaks, which
shows that char-N from unburned char mixed with ash in
municipal sewage sludge is more difficult to release than
that in biomass. For all mixtures, with the increase of
municipal sewage sludge in mixtures, the release of ni-
trogenous gases decreases for wheat straw/sludge, while
for corn straw/sludge and cotton stalk/sludge, the release of
nitrogenous gases firstly deceases and then increases. The
results indicate that 70 % municipal sewage sludge in corn
straw/sludge and cotton stalk/sludge is the best mixing
ratio.

From Figs. 3-7, the release of the four nitrogenous
gases (NO, NH3;, HCN and HNCO) in the biomass samples
decreases by mixing municipal sewage sludge during the
heating process compared with biomass. From Table 1, the
nitrogen content in municipal sewage sludge is higher than
biomass, almost four times as high as that in wheat straw,
which is counter to the test results of the release of ni-
trogenous gases. TG-MS results do not include the analysis
of a common nitrogenous gas: N,. The TG-MS ex-
periments are carried out under the fuel-lean condition;
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Fig. 4 Release curves of NH3
from different mixing ratios of
biomass and municipal sewage
sludge

Fig. 5 Release curves of HCN
from different mixing ratios of
biomass and municipal sewage
sludge
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quickly through intermediate product N,O. The N,O-in-

termediate mechanism becomes rather important [26-28].

The reaction Egs. (1-5) are as follows:

HCN + O — NCO +H
NCO +0 — NO + CO
NCO 4+ NO — N,0 4+ CO
H -+ N;O — NO + NH

(5)

When the temperature reaches 400-600 °C, the following

reaction Eqs. (6-9) become important [23, 26]:

(1) N,O+OH — N, + HO,
(2)  N,O+2H — N, +H,0
(3)  2NO +2CO — 2CO, + N,
(4) N+NO—-N,+O

6
7
8

(
(
(
9

)
)
)
)
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After the above analysis, the missing part of nitrogen
should convert into N».

In addition, biomass, especially agricultural straw, is
rich in alkali metal (K and Na) and Cl, while from Table 2,
municipal sewage sludge is rich in Fe and Ca. It is indi-
cated that Fe and Ca during the heating process can pro-
mote the conversion of both fuel-N — N, and NO — N,
[29-32]. From the mentioned results, it can be inferred that
ClI and alkali metal from biomass and Fe from municipal
sewage sludge jointly promote the conversion of NO to N,.
However, the specific mechanism is not determined by the
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experiments conducted in this study; thus, further research
is needed. As a result, it is considered that when municipal
sewage sludge is added to mixtures, the fuel-N has a large
trend to convert to N, instead of nitrogenous gases focused
in TG-MS test.

The release of nitrogenous gases from different
kinds of biomass

Figure 8 shows the curves of nitrogenous gases released
from the samples of municipal sewage sludge with different
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Fig. 8 Release of nitrogenous
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biomass fuels during the heating process. The mixtures of
wheat straw/sludge release significantly more nitrogenous
than the other two kinds of mixtures do. The release curves of
corn straw/sludge and cotton stalk/sludge almost coincide.
The release of nitrogenous gases in low-temperature region
(200400 °C) 1is affected by the kinds of biomass fuels,
especially between wheat straw/sludge and the other two
kinds of mixtures. The temperatures of the first and second
release peaks from corn straw/sludge and cotton stalk/sludge
are higher than those from wheat straw/sludge, respectively.
This indicates that nitrogen from corn straw and cotton stalk
is more difficult to release than that from wheat straw.

Similar analyses to mixing ratio of biomass and mu-
nicipal sewage sludge have been done. From Table 2,
wheat straw has the lowest Ca and Fe contents among three
biomass fuels, and thus, the conversion of both fuel-
N — N, and NO — N, is not obvious [29-32], so wheat
straw/sludge releases more nitrogenous gases than the other
two mixtures. On the whole, it is indicated that considering
the release of nitrogenous gases from three kinds of bio-
mass fuels with municipal sewage sludge during the co-
combustion process, cotton stalk/sludge and corn straw/
sludge are better than wheat straw/sludge.

Conclusions

The release characteristics of nitrogenous gases from
heating biomass fuels with municipal sewage sludge were
investigated. Some preliminary conclusions on nitrogen
transformation during co-combustion of biomass mixed
with municipal sewage sludge are reached.

Municipal sewage sludge releases less nitrogenous gases
than biomass fuels do. The addition of municipal sewage
sludge in the mixture can reduce the formation of ni-
trogenous gases, especially in the low-temperature section
(200400 °C).

The decrease rate is more significant when municipal
sewage sludge share changes from 0 to 30 %. Seventy
percent municipal sewage sludge in corn straw/sludge and
cotton stalk/sludge is the best mixing ratio to reduce the
release amount of NO and NO, precursors.

The main form of nitrogen in biomass and municipal
sewage sludge is volatile nitrogen. NO, precursors released
by volatile nitrogen in biomass fuels and municipal sewage
sludge maintain the original form. Cotton stalk/sludge and
corn straw/sludge are better than wheat straw/sludge,
considering the release of nitrogenous gases.
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