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ABSTRACT

Emissions of nitrogen oxides during coal combustion are a major environmental problem. The
chemically bound nitrogen in fuel accounts for up to 80% of total NOx emissions. In this
respect, fundamental studies are needed to clarify the mechanisms and to identify the different
species that are precursors in the formation of the NOx. Mass spectrometry (MS) has been
used for decades as a successful technique in evolved gas analysis. However, MS is normally
used to identify typical volatile compounds formed during coal pyrolysis (i.e. H,, CH4, CO,
CO; and H,0) but very few works on the detection by MS of nitrogen compounds during coal
devolatilisation can be found. In this work, the possibility of detecting different nitrogen
compounds by means of TG-MS during the temperature-programmed pyrolysis of coal was
evaluated. Interferences in the N-compounds MS signals were determined. The use of model
compounds provided additional information on the MS response factors of the volatile
compounds produced.
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INTRODUCTION
Far from being just a mere step in the overall combustion reaction, devolatilisation has a
marked influence throughout the life of the solid coal particles in the furnace. Volatiles

released during devolatilisation can account for up to half of the original coal mass,
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significantly increasing the temperature surrounding the particles in a relatively short length
of time, due to the gas phase combustion of volatiles. In addition, the distribution of fuel
nitrogen among the devolatilisation products (char, tar and gases) is also influenced by the

operating conditions [1-2].

Fuel-NO constitutes the largest portion (~80%) of total NO emissions (volatile-NO and char-
NO) in modern pf coal combustion boilers, and in fluidised bed combustion fuel-NO accounts
for the whole of the nitrogen oxide emissions [3]. The fate of coal nitrogen during combustion
has been studied by several researchers, but no simple relation between coal nitrogen and
nitric oxide evolved during combustion has been found [5-7]. An intensive effort has been
directed at elucidating the mechanism of fuel-NO formation through coal nitrogen compounds
[8-10]. Nevertheless, the problem remains unsolved, mainly due to a complex combination of

factors that affect the final NO formation.

Devolatilisation conditions affect not only the distribution of nitrogen in char, tar and gases,
but also potential secondary reactions, which are homogeneous in the gas phase and
heterogeneous with the char. Thus the final distribution of the so-called NOx precursor
compounds is also affected. A simplified scheme of nitrogen distribution during

devolatilisation is shown in Figure 1.

The increase in temperature causes bond breaking, and the nitrogen is split into char-, tar- and
some volatile-N. The usual nitrogen gaseous compounds formed at this stage are mainly HCN
and NHs, which are considered as the main NOx precursor compounds [11]. The volatile
nitrogen fractions such as HCN and NHj;, depend on several parameters including the

temperature, heating rate, pressure and residence time of the fuel in the reactor, as well as the



devolatilisation rate and fuel composition [12]. Some authors [13-14] suggest that NH3 is
mainly produced in secondary reactions involving HCN, but it is not clear whether these
reactions occur via gas or gas-solid phase. The source of the hydrogen atoms is also unknown.
Further tar cracking during devolatilisation can produce, in addition to HCN and NHj3, other
nitrogen compounds such as Ny, N,O and NO through several, still not very well defined,

homogenous and heterogeneous reactions.

In the abatement of NO formation, a more complete understanding of the behaviour of N-
components during the course of coal devolatilisation and coal combustion is of great
importance. Therefore, further work on the detection of nitrogen volatile compounds during
the devolatilisation step is needed in order to propose possible N,O or NO formation
mechanisms. In this study, different nitrogen volatile compounds released from coal

devolatilisation were analysed by means of a TG-MS system.

TG pyrolysis experiments have been extensively used for coal characterisation [15-21]. Most
of them determine weight loss and characteristic temperatures; others also analyse the evolved
gases by means of infrared spectroscopy (IR), gas chromatography (GC) or mass
spectrometry (MS). Usually, the volatile species analysed are H,, CH4, H,O, CO and COs,

these being the most abundant in coal devolatilisation [22-23].

The concern about the evolution of nitrogen compounds during coal devolatilisation is more
recent. Most of the works on coal devolatilisation including the detection of nitrogen volatile
compounds were performed in reactors different to TG. Moreover, the evolved nitrogen

compounds are usually detected by GC or IR [2, 14, 24-25]. Very few works on N-



compounds evolution during coal devolatilisation followed by MS can be found, while even

fewer employed TG-MS.

Herrera et al. [26] employed TG-MS for detecting nitrogen compounds (NHs, HCN) during
thermal decomposition of aliphatic polyamides. However, the behaviour of these compounds
during pyrolysis is different to that of coal. Ehrburger et al. [27] investigated the evolution of
nitrogen compounds (HCN, NHs;, N, NO) by MS, in a fixed bed reactor, during the
temperature-programmed desorption of active carbons. Boudou et al. [28] used MS to study
the evolution of different compounds, including N, during the pyrolysis of a bituminous coal
modified by selective chemical reactions. In this case, the detection by MS was performed not

directly but after setting some specific traps.

Although each method provides valid information, the use of TG-MS has many advantages.
The main one is that two types of analyses (thermogravimetric and evolved gas analysis) can
be performed at the same time, which can be a very helpful tool in the study of coal behaviour
during devolatilisation and/or combustion. Kopp et al. [29], used TG-MS during coal
pyrolysis and combustion tests. They assigned the m/z 14 signal to N*, without additional
comments. Matuschek et al. [30] suggested that m/z 27 might belong to HCN" or aliphatic
fragments (C,Hs"). Comparison between this signal and m/z 41, which is due to light
hydrocarbons C3Hs", resulted in the assignment of m/z 27 to HCN" between 400-600°C.
Additional studies on N-compounds during coal devolatilisation by TG-MS can be found in
the works of Thomas research group [31-32]. However, most of the results correspond to
combustion and in the parts that consider coal devolatilisation, the gas sampling was carried

out at the exit of the TG. They assigned m/z 14, 27 and 30 to N,"*, HCN® and NO®,



respectively, although they mentioned that some contributions from light hydrocarbons

should not be excluded. These contributions, however, were not quantified.

In this work, the evolution of gaseous species during coal devolatilisation was followed by
using TG-MS. Due to the difficulties involved in the detection of nitrogen compounds during
coal devolatilisation by TG-MS, and the small number of works published on this subject, the
main aim of this work was to evaluate the applicability of TG-MS for following nitrogen
volatile species during the devolatilisation of coal. The contributions of other volatile
compounds to the m/z signals assigned to nitrogen compounds were also evaluated. The use
of model compounds provided further information about the MS response factors of some

volatile species.

EXPERIMENTAL
Temperature-programmed pyrolysis experiments were performed in a thermobalance (TG),
where 2 mg of sample was placed in a platinum crucible and heated at 15°C min™ from room

temperature to 850°C, under an argon flow rate of 50 mL min™.

A quadrupole mass spectrometer (MS) linked to the thermobalance was used to record the gas
evolution profiles. To avoid secondary reactions a probe was placed very close to the sample
crucible of the thermobalance in the direction of the gas flow. A representative portion of the
volatile products was introduced into the ion source of the mass spectrometer through a
heated transfer line. Electron impact ionisation was applied with 100 eV electron energy. The
ion signals given by the spectrometer were normalised by the total intensity and the sample
mass to make the results internally consistent. The repeatability of the profiles was excellent,

and a statistic study of the integrated peak area values was performed, using Student’s t-test,



giving a very good precision [33]. In this way, it was possible to compare the same m/z
signals for different samples and perform a semi-quantitative analysis of the evolved gaseous

compounds.

It is important to note that a pyrolysate produced at a high heating rate is rich in high
molecular weight compounds, whereas the thermogravimetric analysis results in higher
amounts of low molecular weight products. Moreover, one mass unit is likely to be formed
from more than one compound. Therefore in many cases only the fragment ions detected by
the mass spectrometer can be specified [23]. Although tar is an important source of N-
compounds, its relative contribution was not quantified in this work because no separation of
tar and gas in the TG system was attempted. In order to avoid condensation of the vapours, all

possible cold points were heated (i.e. the connection between the TG and the MS).

Several MS signals (m/z 2, 12, 14, 15, 16, 17, 18, 26, 27, 28, 30, 41 and 44) were monitored
in order to follow the evolution of the most representative volatile compounds such as light

hydrocarbons, CO, CO,, H,0, Ha, and nitrogen compounds (N2, HCN, NHsz, NO and N,0).

For the assignment of the m/z signals, different MS libraries were consulted and some
discrepancies were found. Moreover, differences were also observed between the literature
and tests carried out on pure gases in the spectrometer used in this study. Taking into account
these variations, the assignment of the registered m/z signals to the fragmented ions are
presented in Table 1. It has to be noted that some of the species were not included in this table
(i.e. m/z 18 due to CO, CO,, NO) due to their very low intensity, caused by isotopes (i.e.
80") or by the tails of the main m/z signal. It can be observed that most of the m/z signals

detected can be assigned to more than one fragmented ion. Due to the higher concentration



and higher MS response factor, traditionally m/z 18, 28 and 44 have been assigned to H,O,
CO and CO., respectively. There are other minor contributions to these signals, that can be

neglected without much error.

The detection of NH3 cannot be performed by MS, due to the interference of H,O in its main
m/z signals (i.e. m/z 17 and 18). Besides, H,O is evolved in much greater amounts than NH3
during coal devolatilisation. However, as already mentioned, NH3 is mainly formed from
secondary reactions, but due to the TG-MS coupling system used, in which the probe is
located very close to the sample, these reactions are avoided. The signals of N-compounds at
m/z 14, 27 and 30, also show interferences from other species. It was observed in this work
that CO contributes to the first two signals due to CO™ (m/z 14) and the tail of its main signal
to m/z 27. These interferences can be evaluated and corrected by conducting tests with MS on
the interfering gases (i.e. CO and CH4 on m/z 14), as will be shown below. On the other hand,
CO; and N,O have the same main signal (m/z 44), like CO and N, (m/z 28). Thus the
detection of the reduced species (i.e. N and N,O) has to be followed with another m/z signal,
different from the main one. Generally m/z 14 is used for the study of the nitrogen reduced

species [32].

The possibility of interferences in m/z 27 and 30, from light hydrocarbons should also be
considered. The high number of possible light hydrocarbons (C;H4, C2Hgs, CsHg, CsHg, etc.)
and the crossed contributions of their m/z signals, makes it very difficult to calculate the
interferences. Thus, the use of model compounds with and without nitrogen in their
composition can provide information about the relative importance (i.e. response factors) of

light hydrocarbons for the m/z 27 and 30, compared with that of N-compounds.



RESULTS AND DISCUSSION

MS interference calculations

In order to calculate the contributions of the different volatile compounds to the MS signals,
various detection tests were performed. In these tests the mass spectra of high purity gases
diluted in Ar were registered by the MS, which was run in the scan mode. The gases
evaluated and their main m/z signals were: CH, (m/z 16), CO (m/z 28), CO; (m/z 44), N,
(m/z 28), N,O (m/z 44) and NO (m/z 30). These main signals were given a value of 100, and
the rest of the signals for each compound were calculated as a percentage of the main signal.
The m/z signals detected and their relative intensities for each evaluated compound are
presented in Table 2. It should be noted that m/z signals displaying relative intensity values

lower than 1% were neglected.

The gaseous compounds H,, H,O, CO and CO, were followed via their main m/z signals (m/z
2, 18, 28 and 44, respectively), there being negligible contributions from other compounds.
CH,4 was followed via m/z 15 to avoid contributions from oxygen to its main signal (m/z 16).
The contribution of NO to m/z 15 (as the *>N* isotope) can be neglected, as can be seen in
Table 2. The high concentration of CH, compared with that of NO in coal devolatilisation,
along with the small contribution of NO to m/z 15, in the form of the ">N* isotope (cf. Table

2), also justify the choice of m/z 15 for following the evolution of CH..

The evolution of N, and N,O was followed at m/z 14, instead of at their main signals to avoid
contributions from CO and CO,, respectively. HCN and NO were followed via their main
signals, m/z 27 and 30, respectively. Consequently, in this work the m/z signals chosen to
follow nitrogen compounds during coal devolatilisation were m/z 14, 27 and 30. However,

some corrections must be applied to these signals.



Contributions to m/z 14 were detected from N2, N2O, NO, CH,4 and CO; those due to CH, and
CO were evaluated as a percentage of m/z 15 and 28 (17 and 1 %, respectively). The small
contribution of NO cannot be evaluated as a percentage of m/z 30, because N,O also
contributes to m/z 30. Thus after the corrections due to CH4 and CO, m/z 14 were used to
follow the evolution of the reduced species (N2 and N,O), with negligible contributions from

other compounds.

The main signal of HCN (m/z 27) receives a contribution from CO (1 % of m/z 28), and a
small contribution from N, as a tail of its main signal (m/z 28). The signal m/z 30 showed
contributions from NO and N,O, although the one due to N,O can be neglected, because with
the MS sampling system, which prevents secondary reactions from taking place, N,O is not
produced, as will be shown later. In this work, no contribution was detected from the isotope
of CO, *C*™0, in contrast with the findings of other authors [34]. Thus, the following
corrections were applied to the intensities given by the MS at m/z 14 and 27:

N> and N,O evolution: m/z 14 - (0.01xm/z 28) - (0.17xm/z 15)

HCN evolution: m/z 27 - (0.01xm/z 28)

According to Table 1, some potential contributions of light hydrocarbons to m/z 27 and 30

probably occurred. These contributions will be discussed below.

Evaluation of MS response factors
In order to evaluate the influence of hydrocarbons on m/z 14, 27 and 30, which are used to

follow the evolution of nitrogen volatile compounds, a model coal was prepared and the MS



signals registered during the devolatilisation of the model coal and a high volatile bituminous

coal, were compared.

The model coal with nitrogen in its composition (MCN) was obtained by mixing phenol-
formaldehyde resin (PFR), 46%, with perylenetetracarboxilic acid dianhydride (PTC), 9%,
poly-vinylpyrrolidone (PVPI), 36%, poly-4-vinylpyridine (P4VP), 1%, and 9-
cyanoanthracene (CYAN), 8%. The PFR and PTC constitute the carbon matrix [35-36], while
PVPI and P4VP represent the most abundant nitrogen functionalities in coal, pyrrolic and
pyridinic, respectively [37-38]. The evolution of HCN during pyrolysis was simulated with
the incorporation of CYAN to the model coal. PFR has already been used to simulate the
behaviour of the carbon matrix in coals [35; 39-40]. The PFR used in this study was
synthesized in the laboratory [41], the other constituents being supplied by Aldrich. The
mixture of these components (i.e. PFR, PTC, PVPI, P4VP, CYAN) was cured at moderate
temperature (425°C) in an inert atmosphere, in order to favour the formation of cross-links so
as to simulate the structure of coal. The resultant cured mixture was denoted as model coal
with nitrogen (MCN). The proximate and ultimate analyses of MCN, and those of the coal
(CA) that was used for comparative purposes, are presented in Table 3. It can be observed that
the volatile matter content is very similar, as are the carbon, hydrogen and nitrogen contents.
The main differences between MCN and CA are the ash and sulphur contents, which are

negligible in the case of MCN, and the oxygen content, which is higher in the case of MCN.

During the devolatilisation experiments of the model coal, special attention was paid to the
evolution of light hydrocarbons and nitrogen compounds. Usually, the evolution of light
hydrocarbons is followed at m/z 41 [30, 32]. Figure 2 shows the profiles for m/z 41 during the

devolatilisation of CA and MCN. It can be observed that the main peak of m/z 41 appears at
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the same temperature and the shape is very similar for both samples. The CA coal presents a
minor secondary peak at around 350°C and a tail of the main peak at high temperature. The
model coal presents a secondary peak at high temperature (around 700°C). These small
differences are due to the complexity of the coal structure and the difficulty of completely
simulating coal behaviour with model compounds. However, the evolution of light
hydrocarbons during devolatilisation is very similar in both samples. This is corroborated in
Figure 3, where the evolution of hydrocarbons during the coal devolatilisation tests, analysed
by a Fourier transformed infrared (FTIR) spectroscope connected on line with the TG, is
presented. The 3100-2800 cm™ region includes the most representative light hydrocarbons
[42-43] (i.e. CHa, CyH4, CoHg, CsHs, CsHio, etc.). Figure 3 shows this region for the
devolatilisation gases from coals CA and MCN at a temperature of around 450°C. It can be
seen that in both cases there is a very well-defined peak at 3020 cm™, mainly due to CHy4. The
broad band between 3000 and 2800 cm™ is due to a mixture of other hydrocarbons (C;Ha,
C,Hs, C3Hs, C4Hi, etc.). From Figures 2 and 3, it can be concluded that the evolution of light

hydrocarbons is very similar in both samples.

Besides light hydrocarbons, CO is the main volatile compound evolved during coal
devolatilisation that interferes with the m/z signals of nitrogen compounds (see Table 1). The
m/z 28 profile mainly represents CO evolution during the devolatilisation step. It can be seen
in Figure 4 that the main CO peak appears at the same temperature (550°C) and presents a
similar shape for both samples (CA and MCN). There are small differences at high
temperature, MCN presenting a secondary peak at around 700°C which does not appear in the
profile of coal CA, or at least it is not as prominent as the one corresponding to MCN. This

difference can be related to the higher oxygen content of MCN. The peak of the CA coal at
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around 800°C can be assigned to carbonates, that decompose at high temperature to give CO,,

which also contributes to m/z 28.

To sum up, it seems clear that MCN represents coal behaviour during devolatilistion quite

well, including the release of light hydrocarbons.

In order to study the contribution of light hydrocarbons to m/z 27 and 30, another model
compound without nitrogen in its composition was synthesized. The mixture of model
compounds was modified by excluding the nitrogen compounds (PVPI, P4VP and CYAN),
and modifying the percentages of PFR and PTC to obtain a mixture which, after the curing
step already mentioned, has a similar volatile matter content to that of MCN, but without
nitrogen in its composition. This sample was denoted as model coal without nitrogen (MC).

The proximate and ultimate analyses of MC are presented in Table 3.

The m/z 14, 27 and 30 profiles were compared for the three samples (CA, MCN and MC). It
should be pointed out that the m/z 14 profiles were negligible after the CO and CH,4
corrections. This means that the nitrogen-reduced compounds are probably formed by
secondary reactions, which are minimised in the TG-MS sampling system (MS probe close to
the sample and in the gas flow direction). In order to validate this assumption, the connecting
system was changed and the MS probe was situated at the TG exit. With this arrangement,
there was a change in the evolution of volatile compounds, as can be seen in Figure 5,
because the higher gas residence time favoured secondary reactions. It can be observed that
when the MS probe is positioned inside the furnace (F), close to the sample, the m/z 27 and
30 profiles present a unique and well defined peak, whilst when the MS probe is located at the

TG exit (E), the profiles present shoulders at high temperature due to secondary reactions.
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Regarding the m/z 14 profile, it can be observed that this only appears in the secondary
reaction zone. Thus, it can be affirmed that with the TG-MS sampling system in which the
MS probe is close to the sample, secondary reactions are avoided and no reduced species are

detected.

The m/z 27 and 30 profiles that correspond to HCN and NO are presented, after correction of
m/z 27, in Figures 6 and 7, respectively. It can be seen that the profiles belonging to samples
CA and MCN are very similar in both cases, highlighting again the similarity between both
samples. Not only the shape of the peak, but also the characteristic temperatures (i.e. initial
evolution temperature, maximum peak temperature, etc.) are almost identical for both
samples. However, although sample MC has a similar volatile matter content to coal CA and
light hydrocarbons are evolved during MC devolatilisation, their contributions to the m/z 27

and 30 signals are negligible or, at least, very small, as can be seen in Figures 6-7.

It has to be taken into account that in this work no calibration was performed to quantify the
amount of each volatile species. Nevertheless, the ion signals given by the spectrometer were
normalised by the total intensity and the sample mass to make the results internally consistent
[33]. In this way, it was possible to compare the same m/z signals for different samples; in
addition the peak area from the different species profiles can be calculated, in order to provide

a semi-quantitative analysis.

The peak area of the HCN and NO profiles were calculated. Those belonging to MC were 10
and 15%, respectively, of the areas due to MCN. This means that the main contribution to
these m/z signals (m/z 27, after CO correction, and m/z 30) was due to nitrogen volatile

compounds and not to light hydrocarbons. Obviously, these are indicative percentages and
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cannot be used for a precise quantitative determination of the contributions of hydrocarbons

to m/z 27 and 30.

CONCLUSIONS

The m/z signals from nitrogen volatile compounds (i.e. m/z 14, 27 and 30) present
interferences from other species evolved during coal devolatilisation, mainly CO, CH, and
light hydrocarbons. It has been shown in this work that the contributions of CO and CH,4 can
be calculated and, after the application of correction factors, the evolution of some nitrogen
species during coal devolatilisation can be followed by mass spectrometry. In addition, it was
found that the contribution of light hydrocarbons to m/z 27 and 30 can be considered as
negligible, even taking into account the high volatile matter content of the samples used in
this work. It can be stated therefore that besides its other multiple applications, the TG-MS
technique can be used to follow the evolution of nitrogen volatile compounds during coal

devolatilisation.
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Table 1. MS signals followed during coal pyrolysis and their assignment to the main

fragmented ions.

m/iz 2 12 14 15 16 17 18 26 27 28 30 41 44
H," c’ N, CHi* CH,/ OH" H,0® CN* HCN" CO" NO' CsHs* CO,
=
g N2++ O+ N H3+ NH4+ C2H2+ C2H3+ C2H4+ C2H6+ C3H8+
c
% Co++ 02++ N2+ N20+
< CH,"

Table 2. MS signals detected and their relative intensities for different gaseous compounds.

m/z signals

Compound
(relative intensities)
14 15 16
CH,4
(15) (87) (100)
12 14 16 18 27 28 29
CO
(4) 1) ) 1) (1) (100) (1)
12 16 18 22 28 44
CO;
(8) (14) (1) ) (12) (100)
14 27 28 29
N2
(11) 1) (100) 1)
14 16 28 30 32 44
N.O
(15) (6) (19) @37) 1) (100)
14 15 16 18 28 30 32
NO
(7) (4) () (2) (4) (100) (2)
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Table 3. Proximate and ultimate analyses of the CA coal and the model coals with (MCN) and

without (MC) nitrogen in their composition, (¢ db: dry basis; *: dry ash free basis; © calculated

by difference).

Proximate analysis (Wt% db?)

Ultimate analysis (wt% daf °)

Sample
Volatile matter Ash C H N S 0°
CA 37.5 7.3 84.9 5.5 1.9 15 6.2
MCN 39.2 - 81.7 5.4 2.6 - 10.3
MC 41.9 - 80.9 5.3 - - 13.8
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Figure 1. Scheme for nitrogen distribution during coal pyrolysis.
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Figure 2. Evolution profiles of m/z 41 (light hydrocarbons) followed by MS during the

pyrolysis of coals CA and MCN.
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Figure 3. IRTF gas spectra of light hydrocarbons evolution during CA and MCN pyrolysis, at

a temperature of around 450 °C.
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Figure 4. CO profile evolution (m/z 28) followed by MS during the pyrolysis of coals CA and
MCN.
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Figure 5. Evolution profiles of m/z 14, 27 and 30 (N,'*, HCN® and NO®, respectively)
followed by MS during the pyrolysis of coal CA with two TG-MS sampling systems: inside

the furnace and close to the sample (F) and at the exit of the thermobalance (E).
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Figure 6. HCN evolution (m/z 27 after corrections) followed by MS during CA, MCN and
MC pyrolysis.
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Figure 7. NO evolution followed by MS during CA, MCN and MC pyrolysis.



