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Release of NH3, HCN and NO during devolatilization and combustion of
washed and torreﬁed biomass

T

⁎

Daniel Schmid , Oskar Karlström, Patrik Yrjas
Johan Gadolin Process Chemistry Centre, Åbo Akademi University, Piispankatu 8, Turku, Finland

A R T I C LE I N FO

A B S T R A C T

Keywords:
Torreﬁed biomass
Combustion
Nitrogen oxide
NOx precursors
NH3
HCN

The inﬂuence of two diﬀerent biomass pre-treatment methods (torrefaction and combined treatment of washing
and torrefaction) on the formation of NO and its precursors, NH3 and HCN, during combustion has been studied.
Experiments were conducted in an electrically heated single particle reactor under well-controlled conditions in
N2 and O2/N2 at 850 °C. NO concentrations of the product gases were measured during devolatilization and char
oxidation, and the total amounts of released NH3 and HCN were determined during devolatilization. The results
show that the conversion of vol-N and char-N to NO changed due to the pre-treatments, inﬂuencing the NO
emission factor (released NO/energy content) of the fuel. For torreﬁed straw, the NO emission factor was signiﬁcantly higher than for raw straw. The change in NO formation can partly be explained by how the nitrogen
contents change due to the pre-treatments: both for bark and straw, around 20% of the initial fuel-N was removed during the torrefaction; for straw, 50% of the initial fuel-N was removed during the combined torrefaction and washing. In addition, the changes in the NO formation can be explained by the release of NH3 and
HCN during devolatilization. The HCN/NH3 ratio increased with increasing N content and decreasing H/N ratio
due to the pre-treatments. The conversion of vol-N to NH3 increased with increasing Ca content and decreasing K
content. In general, the devolatilization of the pre-treated biomass samples resulted in a higher conversion of
vol-N to NH3 and HCN as compared to the raw biomasses.

1. Introduction
The European Union has a 32% renewable energy target by 2030
[1]. In 2018, around 50% of the primary renewable energy production
in the EU was based on wood and other solid biomasses [2]. The presence of nitrogen is a concern in thermal conversion of biomass due to
the formation of NOx and NOx emission regulations are becoming increasingly stricter [3]. NOx emissions can be divided into NO (> 90%),
NO2 and N2O [4]. Both NO and NO2 are acid rain precursors while N2O
is a greenhouse gas and ozone destroyer [5]. NOx formation in solid fuel
combustion is a complex process which has been studied widely [3,5,6].
The fuel-N is typically divided into nitrogen released during devolatilization (vol-N) and nitrogen released during char conversion (char-N).
Vol-N compounds comprise NH3, HCN, N2, NO and HNCO. For highrank coals, the vol-N is partly bound to tars [3]. Biomass tar-N can be
observed at lower temperatures than temperatures typical of industrial
biomass combustion, i.e. above 800 °C.
NH3 and HCN are NOx precursors, but can also act as reducing
agents to reduce NO to N2·NH3 has a higher tendency to reduce NO to
N2 as compared to HCN [4]. Hence, the split of NH3 and HCN is crucial
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in order to understand and predict the formation of NO and has, as a
result, been studied widely [7,8,9,10,11]. For spruce bark, NH3 has
been reported to be the major N-species while equal amounts of NH3
and HCN have been formed during devolatilization of straw [12]. Besides the fuel type, the split is inﬂuenced by various factors such as
temperature and heating rate: an increased heating rate has been shown
to enhance the HCN release, while an increased particle size, i.e., a
lower heating rate, has been shown to enhance the NH3 release [5].
In biomass the nitrogen is mostly bound to proteins and, consequently, pyrolysis of various proteins and amino acids has been investigated. Chen et al. identiﬁed 17 diﬀerent amino acids in a range of
biomasses [13]. The carbohydrates in biomass (cellulose, hemicellulose
and lignin) have diﬀerent eﬀects on pyrolysis of amino acids, possibly
explaining why the NH3/HCN split diﬀers for various biomasses [12].
In addition, ash forming elements such as K and Ca have been reported
to show catalytic eﬀects on the formation of HCN and NH3 during devolatilization [10,14,15,16]. Potassium has been reported to promote
the formation of NH3 and to inhibit the release of HCN during pyrolysis
of 2,5-diketopiperazine, while Ca had an enhancing eﬀect on HCN and
an inhibitory eﬀect on NH3 [15]. During the pyrolysis of proteins and
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amino acids, on the other hand, Ca showed an enhancing eﬀect on the
formation of NH3, while it reduced the HCN formation [16]. For the
pyrolysis of straw and corn cob it was found that K promotes, while Ca
inhibits, the formation of both NH3 and HCN [17].
Ash forming matter also inﬂuences the nitrogen chemistry during
the char oxidation. During char conversion, char-N reacts with O2,
mainly forming NO [18]. The formed NO can then be heterogeneously
reduced by the char-C to N2 [19]. A study with raw and demineralized
biomass showed that signiﬁcantly more NO was released for demineralized biomasses as compared to raw biomasses [20]. Ca and K in the
char may inﬂuence the conversion of char-N, by catalysing the reduction reaction between NO and char [21].
From the discussion above, it can be expected that fuel pre-treatment methods, such as torrefaction and washing (which inﬂuence the
elemental composition) will inﬂuence the NO formation. Fuel pretreatments, such as washing and torrefaction may be used to improve
fuel quality and to reduce operating problems [22,23,24,25,26,27]. For
example, torrefaction may result in a biomass with an improved
grindability, a higher heating value and a hydrophobic surface. Water
washing is a pre-treatment method which may partly remove harmful
ash forming compounds [28,29]. Yet, little is known regarding how fuel
pre-treatments for biomass inﬂuence the fate of the fuel-N [30].
In the present work, the release of NH3, HCN and NO during devolatilization and combustion of raw, torreﬁed and washed and torreﬁed bark and straw have been investigated. The objective was to clarify
how these pre-treatments inﬂuence the fate of the fuel-N.

Fig. 1. Åbo Akademi single particle reactor (the black frame illustrates the
electric furnace).

and CO2 using on-dispersive infrared analyser and O2 using a combined
infrared + paramagnetic analyser.
The residence time from the reactor to the gas analysers was around
3 s. By comparing the fuel-C content to a carbon content based on the
measured CO and CO2 signals the carbon balance can be determined: in
the experiments, the carbon balance is typically higher than 90%. The
reactor system has been used in several previous studies which provides
more detailed experimental descriptions, e.g. [20,31,32]. In the present
study, an additional setup was used for the quantiﬁcation of NH3 and
HCN based on a wet chemistry method. The ﬂue gas was channelled to
a 1 M HCl solution to collect NH3 in the form of NH4+ or to a 5 wt%
aqueous NaOH solution to collect HCN. Ammonium and cyanide ions
were then quantiﬁed with spectrophotometry.

2. Experimental
2.1. Fuels
Spruce bark and wheat straw were used in raw and pre-treated
forms (raw bark = RB, raw straw = RS). The pre-treatment methods
were torrefaction (torreﬁed bark = TB, torreﬁed straw = TS) and a
combined treatment of washing followed by torrefaction (washed &
torreﬁed bark = WTB, washed & torreﬁed straw = WTS). The fuel
samples were obtained from two diﬀerent pilot plants and were used as
received. For the washing treatment, the biomass was water washed at
50 °C for one hour. Afterwards, it was sprayed with additional water
and kept for drying until the moisture content was below 15%. For the
torrefaction, the bark samples were pre-dried in a ﬁrst step at 150 °C
and the straw samples were pre-dried at 180 °C. In a second step the
spruce bark and the straw were torreﬁed at 230 and 250 °C, respectively, resulting in mass yields of 65 and 69%. All fuel samples were
analysed on their elemental composition with a CHNS analyser, and
ICP-AES for the ash forming elements. The biomass samples were pulverized in the laboratory and were pressed to uniform pellets with a
diameter of 8 mm and a mass of 100 mg.

2.3. Combustion and devolatilization experiments
Two types of thermal experiments were performed: combustion and
devolatilization experiments. In a combustion experiment, one single
particle (placed on a sample holder (see Fig. 1)) was inserted into the
heated reactor in 10 vol-% O2/N2 and left there until the combustion
ended. The reason for using an oxygen concentration of 10 vol-% in the
combustion experiments was to ensure that the volatile nitrogen compounds were oxidized to NO. Each experiment was repeated three
times: the deviation of NO concentrations varied < 5% for repeated
runs.
Devolatilization experiments were conducted in a pure N2 atmosphere for 60 s. The experiments were conducted 30 times to collect
suﬃcient amounts of HCN and NH3. The experiments (i.e. 30 repetitions) were repeated twice. The distributions of nitrogen in the volatiles
(vol-N) and in the char (char-N) were determined from the devolatilization experiments. The char-N was determined from the remaining
nitrogen in the char and the vol-N by the diﬀerence between fuel-N and
char-N.

2.2. Single particle reactor
The experiments were performed in an electrically heated single
particle reactor (SPR) made of quartz glass (see Fig. 1) at 850 °C. In the
setup, gases are fed from the bottom with a ﬂow of 100 l/h at NTP and
inert gas (nitrogen) from the sides with 120 l/h at NTP resulting in a
total ﬂow of 220 l/h. The fuel particle is put to the centre of the reactor
via an insertion tube. Initially, the temperature of the particle increases
rapidly. During the initial devolatilization, temperature gradients are
present in the particle due to the large particle size, the heat transfer to
the particle, the thermal conductivity of the particle and exothermal
oxidation reactions. Note that this is typical for devolatilization of large
biomass particle at high combustion temperature. Fuel particles with a
uniform size were used in all experiments to minimize the eﬀects of
varying temperature gradients for diﬀerent fuel samples. Concentrations of O2, NO, CO and CO2 in the product gases were continuously
measured. NO was measured using a chemiluminescence analyser, CO

2.4. Quantiﬁcation of NO, NH3 and HCN
Fig. 2 exempliﬁes the NO release curve from a devolatilization experiment in 100% N2 and from a combustion experiment in 10% O2/N2.
The curve obtained from the combustion test includes both devolatilization and char conversion, as marked in the ﬁgure. NO concentrations
2
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Note that Table 1 presents the actual contents in each fuel sample on
a dry solid basis. Fig. 3, on the other hand, shows the relative contents
of the pre-treated samples compared to the initial raw samples and,
thus, how much of the original elements remaining after the treatment.
For TB and WTB, the relative concentrations of the major elements (C,
H, N, S and O) are between 60 and 80% which is approximately proportional to the total mass loss during torrefaction. The ash forming
elements behave diﬀerently. For instance, for the bark, nearly all of the
Ca and Mg remained after the pre-treatments while the contents of the
other ash forming elements decreased.
Fig. 4a shows the split of vol-N and char-N, and also the amount of N
removed during the pre-treatment. For clariﬁcation, Fig. 4b illustrates
the fate of nitrogen during pre-treatment, devolatilization and char
conversion. For bark and straw, the initial splits vol-N/char-N were 69/
31 and 90/10; for torreﬁed bark and straw, the splits were 51/30 and
60/14; and for washed and torreﬁed bark and straw, the splits were 53/
23 and 42/10, respectively. Thus, around 20% of the initial N was lost
in the pre-treatments, expect for the washed and torreﬁed bark: almost
50% of the initial N was removed. Thus, a signiﬁcant amount of nitrogen was removed due to the pre-treatments.

Fig. 2. NO release during combustion and devolatilization of spruce bark at
850 °C.

of the product gas increase rapidly during the devolatilization and drop
rapidly after reaching a maximum after approximately 30 s. During the
char oxidation, however, the NO concentrations in the product gas are
much lower and on a constant level until the char oxidation has ended
and the NO concentration drops to 0. The curve obtained from the
devolatilization experiments in inert atmosphere only includes devolatilization as char oxidation does not take place under these conditions. The total amount of released NO during the devolatilization and
during the char conversion was determined by integrating the devolatilization part and the char conversion part, respectively, while NH3 and
HCN were quantiﬁed by spectrophotometry.

3.2. NO release from combustion experiments
Fig. 5 shows the amount of released NO from the combustion experiments. For RB, the amount of released NO is around 4 g NO/kg fuel,
which corresponds to an emission factor of 0.22 g NO/MJ. For TB, the
amount of released NO increased to 4.6 g NO/kg fuel, which is around
15% higher as compared to that of RB. However, the emission factor is
almost unchanged as TB has a higher heating value than RB. The
amount of released NO was slightly higher for WTB than for RB, although the emission factor was slightly lower. For RS, the amount of
released NO was around 3.3 g NO/kg, resulting in an emission factor of
0.20 g NO/MJ. The amount of released NO from TS was higher, 4.1 g
NO/kg, which represents an increase of around 25% as compared to RS.
In addition, the emission factor for TS was around 20% higher as
compared to RS. WTS, on the other hand, only had slightly higher
emissions, 3.4 g NO/kg, and the same emission factor as RS.
It is important to emphasize the amounts of released NO of the straw
clearly do not correlate with the nitrogen contents. TS has only a
slightly higher fuel-N content than RS (see Table 1), although the
amount of released NO was signiﬁcantly higher. The fuel-N content of
WTS is around 25% lower than that of RS, although the amounts of
released NO were almost identical. For the bark samples, on the other
hand, the amounts of released NO correlate with the fuel-N contents. An
earlier study presented by Ren et al. also reported varying trends for the
NO emissions from diﬀerent biomass fuels after torrefaction [30]. For
instance, NO emissions during the combustion of corn straw and beech
wood were much higher when the samples were torreﬁed, while olive
residue and rice hush had much lower NO emissions when torreﬁed.
Fig. 6 shows the conversion of fuel-N to NO from the combustion
experiments (a) and the conversion of vol-N (b) and char-N (c) during
the devolatilization stage and the char oxidation, respectively. For RB,
51% of the fuel-N formed NO during the combustion. For TB and WTB,
the conversion of fuel-N to NO was 45%. This can mainly be explained
by that the conversion of the vol-N to NO during devolatilization decreased. The conversion of the fuel-N to NO is mainly inﬂuenced by the
conversion of vol-N to NO since the majority of the NO is formed during
the devolatilization stage (70% for bark and 80% for straw). Interestingly, for straw, the opposite trend can be observed as compared to
bark. The pre-treated straw samples showed higher conversions of the
vol-N to NO, hence also for the conversion of fuel-N to NO. For the
conversion of char-N to NO, similar observations can be done for RB
and RS. For both bark and straw, the torreﬁed samples showed the
lowest conversion of char-N to NO, while the washed and torreﬁed
samples showed the highest conversion. This observation is in line with
observation from earlier studied on the char conversion of biomass

3. Results and discussion
3.1. Fuel composition
Table 1 gives the proximate and ultimate analysis of the fuels. The
pre-treated samples have higher carbon contents, and higher heating
values, as compared to the raw biomasses. The pre-treated samples
have, in general, higher nitrogen contents. The diﬀerence in the ash
forming matter varies dependent on the elements. For example, the
torreﬁed samples have higher concentrations of Ca and K, although the
washed and torreﬁed samples have lower concentrations of K, possibly
explained by element-speciﬁc diﬀerences in the water solubility.
Table 1
Proximate and ultimate analysis of the fuel samples.

Moisture, wt%
Volatile matter wt% ds,
850 °C
HHV, MJ/kg ds
Ultimate analysis, wt% ds
C
H
N
S
O*
Ash wt% ds, 550 °C
Ash forming elements, mg/
kg ds
Si
Al
Ca
Fe
K
Mg
Mn
Na
P
Cl

RB

TB

WTB

RS

TS

WTS

7.4
79.4

1.5
68.1

1.8
68.3

3.4
85.0

2.4
78.2

2.4
78.7

19.03

20.82

20.71

16.22

16.86

16.83

51.6
6.0
0.38
0.022
40.4
4.0

55.1
5.3
0.47
0.023
37.1
4.9

54.5
5.4
0.45
0.021
37.9
4.4

43.1
5.5
0.67
0.106
44.6
12.3

44.6
5.3
0.72
0.107
42.8
12.9

44.5
5.4
0.51
0.063
43.8
11.9

2640
434
8880
227
1760
602
529
148
398
110

1490
329
14,200
194
2010
895
525
109
491
< 80

550
178
13,700
120
1120
829
530
203
436
< 80

44,900
396
3660
245
7390
790
15.5
160
760
1320

49,300
385
4180
233
7780
890
14.3
166
721
956

46,900
262
4100
140
3290
720
12.5
277
575
248

*By diﬀerence.
3
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Fig. 3. Relative concentrations in pre-treated bark (a) and straw (b); 1 = concentration in untreated sample (TB = torreﬁed bark, WTB = washed & torreﬁed bark,
TS = torreﬁed straw, WTS = washed & torreﬁed straw).

Fig. 4. Distribution of vol-N, char-N and removed-N (removed during pre-treatment) based on the fuel-N content in the raw biomass (a) and illustrative ﬁgure on the
fate of initial fuel-N (b) (RB = raw bark, TB = torreﬁed bark, WTB = washed & torreﬁed bark, RS = raw straw, TS = torreﬁed straw, WTS = washed & torreﬁed
straw).

3.3. Formation of NH3, HCN and NO during devolatilization

[20].
In the torreﬁed samples, ash forming elements, e.g. K, are enriched,
which might promote the catalytic reduction of NO during char oxidation. In washed and torreﬁed samples, however, the ash forming
elements are partly leached, which might inhibit the catalytic reduction
of NO to N2 by the char surface.

Fig. 7 shows the conversion of vol-N to NH3, HCN and NO during
devolatilization at 850 °C. For RB, the conversion of vol-N to NH3 was
21%, the conversion of vol-N to HCN was 8%, and the conversion of
vol-N to NO was 6%. The conversion of vol-N to NO for the pre-treated
bark and RB were similar. In addition, the conversions of vol-N to NH3
and HCN from WTB and RB were similar as well. However, for TB an
increased conversion of vol-N to NH3 and HCN can be observed: 27%

Fig. 5. NO emission based on fuel mass [g/kg] (a) and NO emission factors based on heating values of the fuel samples [g/MJ] (b) in 10% O2 at 850 °C (RB = raw
bark, TB = torreﬁed bark, WTB = washed & torreﬁed bark, RS = raw straw, TS = torreﬁed straw, WTS = washed & torreﬁed straw).
4
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Fig. 6. Conversion of a) fuel-N to NO, b) vol-N to NO and c) char-N to NO in the combustion experiments at 850 °C (RB = raw bark, TB = torreﬁed bark,
WTB = washed & torreﬁed bark, RS = raw straw, TS = torreﬁed straw, WTS = washed & torreﬁed straw).

Fig. 7. Conversion of vol-N to NH3, HCN and NO during devolatilization in pure N2 at 850 °C (RB = raw bark, TB = torreﬁed bark, WTB = washed & torreﬁed bark,
RS = raw straw, TS = torreﬁed straw, WTS = washed & torreﬁed straw).

and 11% respectively.
For RS, on the other hand, the conversion of vol-N to NH3 is in
general signiﬁcantly lower as compared to RB, but the conversions of
vol-N to HCN are similar in both cases. The conversion of vol-N to NH3
was 6%, the conversion of vol-N to HCN was 8% and the conversion of
vol-N to NO was 3%. The conversions of vol-N to NO are similar for the
raw and the pre-treated straw. Also, the conversion of vol-N to HCN for
WTS and RS are similar while the conversion of vol-N to NH3 increased
to 8% for WTS. For TS, a signiﬁcant increase can be observed for the
conversion to NH3 and HCN. The conversion of vol-N to NH3 and HCN
are here 14% and 24% respectively.
The results emphasize that, in general, higher amounts of NO precursors are formed during devolatilization for the pre-treated samples
as compared to the raw samples. The NO formation during devolatilization, on the other hand, is similar for raw and pre-treated samples.
These results help to explain the NO trends discussed previously in
Fig. 5 and Fig. 6. TB forms more NH3 and HCN during devolatilization
and it can also be seen that the NO formation from the corresponding
combustion experiment is higher. For TS, the conversion of vol-N to
NH3 and HCN increased signiﬁcantly and so did also the NO formation
in the combustion experiment. The eﬀect of pre-cursors is further illustrated in Fig. 8, which shows the NO formation during combustion as a
function of the amount of precursors formed during the devolatilization
experiments. In general, more NO is formed from the samples with a
higher amount of formed precursors.
As discussed previously, the split of HCN and NH3 inﬂuence formation of NO in oxidizing environments. Fig. 9a shows the molar HCN/

Fig. 8. Correlation between NO formation from combustion experiments in
10% O2 and HCN and NH3 from devolatilization experiments in pure N2
(RB = raw bark, TB = torreﬁed bark, WTB = washed & torreﬁed bark,
RS = raw straw, TS = torreﬁed straw, WTS = washed & torreﬁed straw).

NH3 ratio for the various samples as a function of the fuel-N content,
while in Fig. 9b the ratio is plotted against the molar H/N ratio in the
fuel. These results are in line with results from an earlier study reporting that an increased fuel-N content and decreased H/N ratio resulted in a higher HCN/NH3 ratio [7]. This can partly be explained by
the formation mechanisms of HCN and NH3. For instance, HCN can
partly be converted to NH3 when hydrogen is present. Hence, biomass
pre-treatments have a signiﬁcant inﬂuence on the HCN/NH3 ratio when
5
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Fig. 9. Molar HCN/NH3 ratio versus fuel-N (a) and molar H/N (b) (RB = raw bark, TB = torreﬁed bark, WTB = washed & torreﬁed bark, RS = raw straw,
TS = torreﬁed straw, WTS = washed & torreﬁed straw).

combustion of raw, torreﬁed and washed and torreﬁed biomass fuels
has been studied. The following conclusions can be drawn:

the H/N ratio changes during the pre-treatment.
An additional explanation for the increased HCN/NH3 ratios could
be variations in the amount of the biomass components cellulose,
hemicellulose and lignin. It has been shown, that lignin can lead to
polymerization reactions during pyrolysis between cellulose, hemicellulose and proteins [33]. A plausible results from this is that heterocyclic nitrogen more likely forms HCN than NH3. A recent study
investigated eﬀects of torrefaction on cellulose, hemicellulose and
lignin at diﬀerent temperatures [34]. It was shown, that large parts of
the hemicellulose are removed, while most of the cellulose and lignin is
left, thus lignin is enriched. This might lead to an increased polymerization and hence to increased HCN formation. This might also
explain why the HCN/NH3 ratio is so much higher in straw as compared
to bark, since the lignin content of straw is signiﬁcantly higher than the
lignin content of bark [35,36].
As mentioned above, ash forming matter also may inﬂuence the
formation of NH3 and HCN. However, opposing eﬀects of K and Ca have
been reported. Fig. 10 shows the conversion of vol-N to HCN and NH3
as functions of the calcium content (a) and the potassium content (b).
Generally, the changes in HCN formation are rather small as compared
to the changes in Ca and K contents, with TS as the only exception, and
no obvious trend can be observed. For NH3, on the other hand, the
results imply that more NH3 is formed in the samples with a higher
calcium content and a lower potassium content.

• The pre-treatments resulted in a higher conversion of vol-N to NH
•
•
•

3

and HCN as compared to the raw biomass fuels. The highest
amounts of NH3 and HCN were formed for torreﬁed straw.
NO conversion was lower for pre-treated bark samples than raw
bark, although the NO emission factor did not diﬀer signiﬁcantly.
NO conversion was higher for pre-treated straw samples in comparison with raw straw. Torreﬁed straw had a signiﬁcantly higher
emission factor than raw straw.
The contents of ash forming elements, the fuel-N content and the
molar H/N ratio was signiﬁcantly inﬂuenced by the pre-treatments.
The results support the hypothesis that the HCN/NH3 ratio increases
with increasing N content and decreasing H/N ratio. In addition, the
conversion of vol-N to NH3 increased with decreasing K content and
increasing Ca content.
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4. Conclusions
The formation of NH3, HCN and NO during devolatilization and

Fig. 10. Conversion of vol-N to HCN and NH3 versus Ca (a) and K (b) concentration in the fuel samples (RB = raw bark, TB = torreﬁed bark, WTB = washed &
torreﬁed bark, RS = raw straw, TS = torreﬁed straw, WTS = washed & torreﬁed straw).
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