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Abstract This work evaluated the effects of inherent alkali and alkaline earth metals on nitrogen transformation during
steam gasification of Shengli lignite at the temperature of 873—-1173 K in a fluidized-bed/fixed-bed quartz reactor. The
results indicated that the alkali metal Na and alkaline earth metals Ca, Mg in coal have different effects on inherent
nitrogen transformation to NH;, HCN and char-N during the lignite steam gasification. Specifically during the steam
gasification of Shengli lignite, Na and Ca, Mg not only catalyze the inherent nitrogen conversions to NHz, but also promote
the secondary reactions of the nascent char-N as well as the generation of NH; from the generated HCN, meanwhile they
also inhibited the inherent nitrogen conversion to HCN and char-N. The presence of Na, Ca and Mg hindered the formation
of oxidized nitrogen (N-X) functional groups, but enhanced pyridinic nitrogen (N-6) and quaternary nitrogen’s (N-Q)

formation in char.

Keywords Lignite - Steam gasification - Nitrogen transformation - Alkali metal - Alkaline earth metal

1 Introduction

Gasification is an important route for efficient and clean
utilization of the coal resources. It is not only the foun-
dation for synthesizing chemical products and developing
poly-generation technologies, such as the Integrated Gasi-
fication Combined Cycle (IGCC), but also the key to the
development of other high-tech energy technologies (Xu
et al. 2015a, b; Tian et al. 2017a, b). Nitrogen-containing
compounds found in gasified product gas include NHs,
HCN, etc. When the gasified product gas is used in gas
turbine combustion, fuel cell power generation and syn-
thesis process of some value-added chemical products, the
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N-containing compounds, like NH; and HCN, will be
converted into NO, and arouse environmental problems
and catalyst deactivation (Chang et al. 2003), consequently
applications of gasified product gas are still limited.
Therefore, in order to realize clean coal utilization, control
NO, release and protect environment, it is of great signif-
icance to study the nitrogen conversion rule in gasification.

Alkali and alkaline earth metals are important mineral
components in coal and play essential roles in catalysis
during gasification. Alkali and alkaline earth metals con-
siderably change the characteristics of gasification of coal
char and volatiles reforming behavior over the char (Bai
et al. 2014). Specifically, alkali and alkaline earth metals
change the kinetics of coal gasification, enhance the gasi-
fication reactivity of char, increase the rate of gaseous
products formation and change the composition of the
produced tar (Kitsuka et al. 2007; Zhang et al. 2017; Zubek
et al. 2018; Tian et al. 2017a, b; Li et al. 2000). Meanwhile,
the nitrogen transformation is affected by the reactivity of
coal char and the composition of tar (Park et al. 2005).
Therefore, it is necessary to study the effects of alkali and
alkaline earth metals on nitrogen transformation behaviors
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in coal gasification. For examples, Tian et al. (2006a, b)
studied the effects of coal ash and externally loaded-Na on
fuel-N conversion during the reforming of coal and bio-
mass in steam, and showed that the presence of ash
increased the yields of NH; while decreased the yields of
HCN. However, the increased yields of NH; did not match
exactly to the reduced amount of HCN yields and loading
of NaCl or Na,COj; into the lignite also affected HCN and
NH; yields during gasification. Zhao et al.
(2003, 2004a, b), Zhao (2003) studied the effect of min-
erals on nitrogen transformation in coal gasification. On
one hand, it was concluded that minerals had a prominent
promotion effect on the NHj release both in the steam and
CO, gasification, and reduced the NHj; release was due to
removal of minerals. On the other hand, the amount of
HCN released from acid washed coal was greater than that
of raw coal during the steam gasification. Compare with
steam gasification of raw coal, the nitrogen in the char was
greatly reduced for the acid-washed coal. Mckenzie et al.
(2008) studied NH; and HCN formation mechanisms dur-
ing gasification of three rank-ordered coals in steam and
oxygen. It was pointed out that the alkali and alkaline earth
metallic species in lignite tended to favour the release of
coal-N as tar-N but limited char-N conversion during
gasification. In the study of coal gasification properties and
nitrogen migration pattern, Xu (2012) found that Ca pro-
moted the formations of N, and NH; while suppressed the
generations of tar-N and char-N. Alkali metals Na and K
promoted the formation of NHj, although showed no
obvious effect on the HCN release. By studying the
pyrolysis and combustion of model chars, Zhao et al.
(2003) found that the presence of Na was in favor of the
transformation of char-nitrogen to volatile-nitrogen at high
temperature, but the influence of Ca was negligible.

However, there are few studies about the effects of
alkali and alkaline earth metals on the nitrogen transfor-
mation in coal gasification process. Besides, some above-
mentioned work have been devoted to study of nitrogen
migration and transformation to gas phases, but few work
have been focusing on nitrogen transformation to liquid
phases and solid phases. Meanwhile, it should be pointed
out that previous studies still showed inconsistent results
and the conclusions could not come to an agreement.
Therefore, further study is still in immediate need in order
to unveil the effects of alkali and alkaline earth metals on
nitrogen migration and transformation during coal gasifi-
cation. Accordingly, this research is designed to make
progress in this area.

Our previous work (Zhang et al. 2013; Zheng et al.
2017; Wang et al. 2014a, b, c, d) studied the nitrogen
migration and transformation in the Shengli lignite pyrol-
ysis by employing Na-loaded coal samples. It was con-
cluded that rapid temperature ramping was beneficial to
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converting coal-N to NH; and HCN. With different
pyrolysis temperatures and Na loading amounts,Na showed
the different effects on the conversions of coal-N to NH;
and char-N. In contrary, HCN conversion was not affected
by the temperatures and Na loadings. Meanwhile, Na and
Ca in coal minerals enhanced the nitrogen conversion to
NH; while effectively inhibited its conversion to HCN.
Based on the previous researches and the knowledge that
tar yield could be reduced by steam in gasification process
(Wang et al. 2014a, b, c, d), this study further investigated
effects of inherent alkali and alkaline earth metals on the
nitrogen transformation in the steam gasification of Shengli
lignite. In particular, this study is focusing on the nitrogen
transformations to gaseous products (e.g. NH3, HCN) as
well as solid products (e.g. char-N), together with the
effects on N-containing functional groups in char.

2 Experimental
2.1 Coal samples

Shengli lignite was crushed and sieved to the size of
60-96 um. The hydrochloric acid-washing method was
adopted to remove alkali and alkaline earth metals from
Shengli lignite. The acid washing employed the following
conditions: 5 mol/L HCI aqueous; washing time and tem-
perature, 12 h and room temperature, respectively. The
acid-washed coal was washed with deionized water
exhaustively until the absence of chlorine ion and vacuum-
dried at 343 K for 24 h. Removal of alkali and alkaline
earth metals of Shengli lignite was as acid-washed coal,-
which marked as SLD. While the raw Shengli lignite
referred to as SLR. The proximate and ultimate analysis of
SLR and SLD are shown in Table 1.

2.2 Gasification

The apparatus flow chart of steam gasification experiment
is shown in Fig. 1. A quartz tube reactor used in this study
was the fixed-bed/fluidized-bed reactor described previ-
ously (Zhang et al. 2013).There was a quartz frit at the top
and bottom of the quartz tube reactor. The bottom quartz
frit was to distribute fluidized gas and the top quartz frit
was to prevent coal char escaping from the reactor. In the
experiment, UHP argon was firstly introduced to the sys-
tem for 10 min with the flow rate 0.53 L/min to remove the
air; then reactor was filled with sand that particle size was
0.25-0.3 mm as the fluidizing agent and heated up to the
reaction temperature. Argon was used as carrier gas (1.0 L/
min) to entrain coal particles into the reactor. At the same
time, 15 vol% steam was generated and pumped into the
reactor. After 15 min argon purging, about 1 g coal sample
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Table 1 Proximate and ultimate analysis of coal samples

No. Coal samples Proximate analysis w (%) Ultimate analysis Wy, (%)

Mg Aq VMt FCar C H O* N S
1 SLR 6.43 8.54 45.93 54.07 60.55 4.66 33.27 0.95 0.56
2 SLD 4.17 5.95 45.02 54.98 66.78 4.25 27.37 1.08 0.51

Note ad, air dry basis; d, dry basis; daf, dry and ash free basis
*By difference

w7

| |

L « B s
1 %

Fig. 1 Schematic diagram of coal steam gasification reaction system.
1: argon; 2: flow rate controller; 3: coal feeder; 4: coal; 5: electrical
furnace; 6: fluidized-bed/fixed-bed reactor; 7: NaOH or H,SO,4
solution in absorption bottles; 8: pump; 9: distilled water

was introduced into the reactor at a feed rate of 66.67 mg/
min. The HCN in the gas products was absorbed by
0.1 mol/L NaOH aqueous solution while the NH; was
absorbed by 0.02 mol/L H,SO, aqueous solution. The
absorption of NH; and HCN were carried out in two
independent tests. The residual solid remained in the
reactor was transferred and weighed as char.

2.3 Products analysis

The ash component analysis of SLR and SLD were mea-
sured using X-ray fluorescence spectrometer (XRF-1800)
with an accuracy of 1 kHz/s. NH; and HCN absorbed in
the solution were quantified through Nessler’s reagent
spectra photometric method (HJ535-2009) and isonicotinic
acid pyrazolone spectra photometric method (HJ 484-
2009), respectively, using the ultraviolet spectrophotometer
(TU-1901 type). The nitrogen content in char was quanti-
fied by Elemental analyzer (Elemental Vario MICRO
cube). The nitrogen functional groups in SLR, SLD and
their gasification chars were all determined using an AXIS
ULTRAP"®  X-ray photoelectron spectrometer. The
monochromatic AlK-o X-ray source was used, and the
energy was 40 eV, the step length was 50 meV. The

binding energy correction arising from charging was made
by assign a binding energy of 284.6 eV to the Cls com-
ponent. Deconvolution analysis of N s spectra was also
carried out according to the least-squares curve-fitting
technique using XPS PEAK 4.1 software. The nitrogen
contents in samples were used to calculate the nitrogen
distribution. The calculation methods were as follows:

HCN-N/NH;-N yield, % = [nitrogen content in NH;/
HCN (mg)]/[nitrogen content in coal (mg)] x 100%

Char-N yield, % = [nitrogen content in char (mg)]/

[nitrogen content in coal (mg)] x 100%.

3 Results and discussion

3.1 Removal of inherent alkali and alkaline earth
metals and its effect on coal-N

The hydrochloric acid-washing method is used to remove
the ash from the Shengli lignite and the ash compositions
are shown in Table 2. It is obvious that alkali and alkaline
earth metals are removed by acid-washing. There are four
types of alkali and alkaline earth metals found in coal:
water-soluble, ion-exchangeable, hydrochloric soluble and
stable forms (Lin et al. 2016; Bai et al. 2017). Among these
four types,hydrochloric-soluble alkali metals and alkaline
earth metals is organic salt presenting as coordination form
in coal structure. Hydrochloric acid-washing effectively
removed water-soluble, ion-exchanged and hydrochloric-
soluble alkali metals and alkaline earth metals, and the
removal rate was above 81%. After the acid-washing, only
a small amount of alkali and alkaline earth metals remained
in the ash in stable forms. Besides the alkali and alkaline
earth metals, transition metal such as Fe also affects the
nitrogen transformation in the coal. However, the Fe,O3
only occupy 1.83% in raw coal sample, and the removal
rate of Fe are relatively low (60%) compared to those from
alkali and alkaline earth metals, especially Ca (84.7%), Mg
(81.1%), Na (88.5%) and Sr (92.3%). Therefore, we con-
centrate on the difference in the nitrogen transformation
between SLR and SLD during the steam gasification,
which is mainly resulted from the variations of alkali and
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Table 2 Ash analysis of coal samples

No. Coal samples Ash composition w (%)
8102 Ale'; Fe203 CaO MgO Kzo NazO SrO Other
SLR 33.48 17.98 1.83 14.44 5.86 0.61 7.32 0.13 18.35
2 SLD 65.54 23.72 0.73 2.21 1.11 0.71 0.87 0.01 5.11

alkaline earth metals. As mentioned, the hydrochloric acid-
washing mainly affected the contents of alkali metal Na
and alkaline earth metals Ca, Mg, while K content did not
change obviously after the acid-washing. Moreover, Sr
content was considerably very low (0.13 wt% in SLR and
0.01 wt% in SLD), thus Sr should have negligible affection
to the nitrogen transformation behavior during gasification.

X-ray photoelectron spectroscopy (XPS) was adopted to
determine the N-containing functional groups in SLR and
SLD. Different N-containing functional groups and their
corresponding electron binding energies were as follows:
pyridinic nitrogen (N-6) at 398.7 + 0.4 eV, pyrrolic
nitrogen (N-5) at 400.5 £ 0.3 eV, quaternary nitrogen (N-
Q) at 401.1 £ 0.3 eV and oxidized nitrogen (N-X) at
403.5 £ 0.5 eV, respectively (Kapteijn et al. 1999). The
N1s XPS spectra of SLR and SLD are shown in Fig. 2 and
the relative content of N-containing functional groups are
shown in Table 3. The results show that the N-containing
functional groups in SLR and SLD mainly are N-6, N-5
and N-Q, and the content of each N-containing functional
group is almost the same, which indicates that hydrochloric
acid-washing does not alter the N-containing functional
groups in Shengli lignite.

3.2 Effects of inherent alkali and alkaline earth
metals on the content of char-N and nitrogen
functional groups of char

The influence of inherent alkali and alkaline earth metals
on the contents of char-N in SLR and SLD steam

Table 3 The relative contents of nitrogen functional groups in SLR
and SLD samples

No. Coal samples Content w (%)

N-6w (%) N-5w(%  NQw (%)

SLR 18.60 61.06 20.34
2 SLD 19.44 61.21 19.35

gasification at different temperatures is shown in Fig. 3.
The char-N yields after SLR and SLD steam gasification
are both decreased with the increasing of gasification
temperature. At the same gasification temperature, the
content of char-N in SLD is greater than that in SLR.
Increased steam gasification temperature results in not only
promoting gasification reaction but also contributing to
release more gaseous N-containing species, which are
derived from the interaction between nitrogen radicals
from N-containing heterocyclic rings and hydrogen radi-
cals from steam. Therefore, the nitrogen amount in solid
char is reduced. In addition, although removal of volatiles
and ordered char structure reduce the char reactivity, alkali
and alkaline earth metals promote the secondary reaction of
the nascent char and finally contribute to an acceleration of
the reaction rate. Reactions between Na, Ca and char lead
to the surface charge migration, for example, some inter-
mediates (i.e. O"Na™ and O~Ca**O~) were formed when
Na and Ca bond with oxygen in the char matrix during

| (a) SLR Coal-N original
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Fig. 2 N Is XPS spectra of SLR and SLD samples
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Fig. 3 Effects of inherent alkali and alkaline earth metals on the
content of char-N during SLR and SLD gasification at different
temperatures

metal-carbon bond formation. Thus the Na and Ca promote
the secondary reaction of nascent char by changing the
electron-cloud distribution of the surface carbon atoms,
increasing the active sites on char and decreasing the char
reaction energy barrier (Xu et al. 2015a, b; Li et al. 2015;
Liu et al. 2018). Moreover, Mg promotes the gasification
reactivity by forming strong active centers on the char
surface (Ohtsuks et al. 1997). Further, the enhanced sec-
ondary reaction of nascent char are helpful to release more
nitrogen radicals from the N-containing heterocyclic ring
opening reaction to react with hydrogen radicals (from
H,0) to produce NHj;. Finally, the nitrogen content in the
char decreases. For SLD with little Na, Ca and Mg, both
gasification reaction and nascent char secondary reaction
are suppressed, thus more nitrogen is remained as char-N.
From this discussion, it is understandable that the alkali
metal Na and alkaline earth metals Ca and Mg in coal
inhibit the nitrogen conversion to char-N during the steam
gasification.

The N1s XPS spectra of char produced by SLR and SLD
gasification at 973 K are shown in Fig. 4. The relative
contents of N-containing functional groups in each char are
shown in Table 4. As for the components in Fig. 4 and
Table 4, N-6 refers to the nitrogen on the boundary of
aromatic molecular structure, N-5 describes the nitrogen in
the five-membered ring on the boundary of coal molecular
structure, N-Q represents the protonated pyridine nitrogen
incorporated into the multiple aromatic structural unit and
N-X refers to a structure where a nitrogen atom in a pyr-
idine is directly linked to an oxygen atom (Zhang et al.
2011; Meng et al. 2017; Wang et al. 2017). From Fig. 4,
the N-containing functional groups found in both chars
were N-6, N-5, N-Q and N-X, among which N-Q is the
major constituent. According to Table 4, both SLR and
SLD char show similar N-5 content. Compared to SLD

char, more N-6 and N-Q with less N-X are found in SLR
char. Combined with Fig. 2 and Table 3, N-5 is diminished
from 61 wt% to about 26 wt% and N-X is absent in coal
samples which only be detected in char samples, indicating
that the introduction of H,O in gasification converts N-5 to
N-X, N-6 and N-Q. In thermal conversion, with the
increase of temperature, the N-5 is converted to N-6 during
condensation of the carbon matrix, and the five-membered
ring nitrogen at coal molecular boundary will be clogged
into grapheme layers and converted to N-Q (Pels et al.
1995; Xu et al. 2016). That is to say, with the increase of
temperature, the pyrrolic nitrogen (N-5) in coal char is
converted into pyridinic nitrogen (N-6) and quaternary
nitrogen (N-Q). The N-Q is the most stable form of
nitrogen structure (Zhang et al. 2011; Staniczyk et al. 1995).
The introduce of oxygen molecule breaks one of C-N
bonds in N-containing aromatic ring on char surfaces and
then reacts with the nitrogen to form a -CNO intermediate,
finally these intermediates convent into N-X (Gong et al.
1999). In the steam gasification process, the catalytic Na,
Ca and Mg increase the release of free radicals to react
with five-membered ring nitrogen to convert to N-6. Some
nitrogen on the opened five-membered ring are clogged
into the interior of the aromatic structure and converted to
N-Q during polycondensation of the aromatic radicals. In
addition, the introduced H,O generates oxygen in the
reaction, which is adsorbed on the nascent char surface.
The adsorbed oxygen reacts with the C—N bond to generate
—CNO and finally converts to N-X in the nascent char
secondary reaction. The acid-washing treatment removed
most active Na, Ca, and Mg in the coal, therefore decreased
the reactivity of coal and char, and the amount of free
radicals generated in the gasification was reduced. So more
N-containing free radicals formed by N-5 cracking react
with H,O to produce N-X instead of N-6 and N-Q.
Therefore, the reduction of Na, Ca, and Mg are beneficial
to the N-X formation and not contributive to the formations
of N-6 and N-Q in char.

3.3 Effects of inherent alkali and alkaline earth
metals on NH; formation

The influence of inherent alkali and alkaline earth metals
on the NHj; release during the gasification of SLR and SLD
at different temperatures is shown in Fig. 5. It can be seen
from the figure that the NH; released from SLR is higher
than that from SLD at the same temperature. The NHj3
released from both SLR and SLD increased with temper-
ature, releasing 27.34% and 32.63% at 873 K, and gradu-
ally increasing to 87.103% and 75.58% at 1173 K. In the
coal thermal conversion process, there are three major
routes of NH3 formation: the thermally stable N-containing
structures in the coal are hydrogenated to NH3 during the
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Fig. 4 N 1s XPS spectra of the chars from the gasification at 973 K

Table 4 The relative percentage contents of nitrogen functional
groups in the chars from the gasification at 973 K

No. Samples Content w (%)
N-6 N-5 N-Q N-X
SLR char-N 24.82 26.98 43.20 5.00
2 SLD char-N 22.05 2591 39.62 12.42
—8—SLR
90 L - - -SLD

NH . -N yield, %
IS N N
(% (e} W
T T T

(3]
=]
T

L 1 L 1
873 973 1073 1173

Temperature, K

Fig. 5 Effects of inherent alkali and alkaline earth metals on NHj
release during SLR and SLD gasification at different temperatures

primary pyrolysis; thermal cracking/gasification of nascent
char-N as well as the thermal cracking/reforming of vola-
tile-N (HCN and tar-N) (Tian et al. 2005; Li and Tan
2000). In the steam gasification, Na and Ca combined with
carboxyl functional groups in the lignite and decreased the
activation energy consequently increased the coal gasifi-
cation rate (Sha et al. 1986; Wang et al
2013, 2014a, b, c, d). So that, SLR has a deeper thermally
cracking than SLD at the same gasification temperature,
and resulting in generating more free radicals attack the
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N-containing heterocyclic in coal. More stable N-contain-
ing structures in the coal, like N-Q, were cracked and then
converted into N-containing small molecules to form NH;3
and released into the gas phase. In addition, the NH;3 also
produced via the hydrolysis of the generated HCN. Since
Na, Ca and Mg in lignite promoted the hydrolysis of HCN
by accelerating the dissociation rate of H,O into H' and
OH™ (Wang et al. 2014a, b, c, d), the content of NH3 was
increased at the reaction system. The secondary reaction of
char was also promoted by the alkali and alkaline earth
metals. Specifically, Na and Ca increased the reactivity of
char, and Mg formed active sites on char surfaces thus
promoted the reaction (Ohtsuks et al. 1997; Huang et al.
2009). Numerous H radicals from steam were adsorbed on
the nascent char surface and reacted with N-containing
heteroaromatic rings in the char to generate gaseous NHj3
(Chang et al. 2006). After acid-washing, the great reduction
of Na, Ca, and Mg in coal results in the dramatic decreased
of NH; release. Removal of catalytic Na, Ca and Mg
decreased the conversion of nitrogen to NH;. At the same
time, increased temperature led to more severe thermal
cracking, thus more free radicals were generated from
aromatic ring opening reactions and attacked the N-con-
taining heterocyclic rings to subsequently produce NH; in
small molecule form. Therefore, the amount of released
NH; increased with the increasing of the gasification
temperature.

3.4 Effects of inherent alkali and alkaline earth
metals on HCN formation

Effects of inherent alkali and alkaline earth metals on HCN
production in the steam gasification of SLR and SLD at
different temperatures is shown in Fig. 6. For both SLR
and SLD, as gasification temperature increased, HCN
release firstly increased from 1.6%, 9.7% to 2.3%, 15.9%
when the temperature rises from 873 to 973 K, and then
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decreased to 0.43%, 9.9% at temperature 1173 K.
According to Fig. 6, the HCN production of SLR is lower
than that of SLD at the same temperature. In the coal
thermal conversion process, HCN was mainly generated
from the thermally less stable N-containing structures in
coal and the thermal cracking of volatile-N (Tian et al.
2005; Li et al. 1996).With the intensified thermal cracking
of the macromolecular structure at 873-973 K, the unsta-
ble N-containing structure, like N-6 and part of N-5, are
cracked and converted to HCN. Moreover, the breakdown
of the carbon network structure in the macromolecular
structure of coal is enhanced to the activation of the
nitrogen-containing surface species, and further convert to
HCN. The nitrogen-containing surface species is an
important intermediate product for HCN formation (Ori-
kasa and Tomita 2003). At higher temperatures 1073 K and
1173 K, plenty of volatiles vigorously escape from lignite
and are trapped in the reactor in a short time. Consequently,
the generated volatiles-N is cracked to form an interme-
diate product HCNO, and HNCO reacts with H,O in sys-
tem to form NHj;, lead to small amount of volatile-N are
cracked to form HCN (Ledesma et al. 1998; Nelson et al.
1996). Moreover, the residence time of HCN produced
from volatiles-N was lengthened and more contact oppor-
tunities between HCN and H,O were created, leading to the
consumption of HCN as well as production of NH; through
HCN hydrolysis reaction. In addition, the char or reactor
surface promotes further reaction of HCN that in the gas
phases, resulting in HCN release further reduction (Park
et al. 2008). The presence of alkali metal Na and alkaline
earth metals Ca and Mg increase the generation of volatiles
and thus promote the HCN hydrolysis reaction, resulting in
decreased HCN release. Besides, the generated HCN reacts
with Na, Ca to produce intermediates NaCN and CaCNj,,
which will subsequently interact with H,O to form NH;3
(Tian et al. 2006a, b; Schifer and Bonn 2002). Moreover,
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4 N
/7 N
4 N
13 S N
/, \‘\
é o~ _____._ .

HCN-N yield, %
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~
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873 973 1073 1173
Temperature, K

Fig. 6 Effects of inherent alkali and alkaline earth metals on HCN
formation during SLR and SLD gasification at different temperatures

Na in ash catalyzes the volatile-N conversion into soot-N
(Tian et al. 2006a, b) during coal gasification, which also
contributes to the reduced HCN release for SLR sample. In
the contrary, acid-washing limits the HCN secondary
reactions by diminishing Na, Ca and Mg amounts, and
prevents the suppression of HCN release.

The influence of inherent alkali and alkaline earth
metals on the total release of NH; and HCN in steam
gasification of SLR and SLD at different temperatures is
shown in Fig. 7. According to Fig. 7, at each temperature,
the total amount of NH; and HCN produced by SLR is
greater than that of the SLD during the steam gasification
except for at low temperature of 873 K. At 8§73 K, the total
amount of NH3 and HCN produced of SLR is lower than
that of the SLD due to the significant small amount of HCN
release. Based on Figs. 5 and 6, NH3 emissions from the
SLR and SLD gasification are almost the same at 873 K.
However, the amount of HCN release of SLR is signifi-
cantly less than that of SLD due to the removal of most Na,
Ca, and Mg through acid-washing. However, it should be
mentioned that at higher temperature, for example 973 K,
compared to SLD, the NHj; release is greater than the HCN
decrease of SLR at the same gasification temperature,
which indicates there are other generation sources of NH3
during the steam gasification.

3.5 Effects of inherent alkali and alkaline earth
metals on the distribution of nitrogen

Figure 8 shows the distribution of nitrogen during the
steam gasification process of SLR and SLD at different
temperatures, respectively. In the figure, other-N represents
nitrogenous species except for char-N, NH; and HCN, and
its content is obtained by difference. From Fig. 8a, for SLR
steam gasification, at temperature 873 K, char-N is the
most abundant among the nitrogen products, occupying
48% of the total nitrogen content. Nitrogen content for
other products decrease in the order: NHj;-N > other-
N > HCN-N, with corresponding percentage of 27.34%,
23.09%, 1.61%, respectively. With the temperature
increase to 973-1073 K, NH;3-N is the dominant compo-
nent in nitrogen products, which account for 78.68%—
84.92%, followed by char-N(10%—-14.84%), other-
N(4.23%-4.39%) and HCN-N(0.69%-2.25%). For SLD
steam gasification in Fig. 8b, when temperatures are 873 K
and 973 K, char-N is the main component in nitrogen
products, which account for 51.76% and 56.24% of the
nitrogen content, respectively. NH3-N contains 28.27% and
32.63%, HCN-N includes 9.68%-15.94% and other-N
possesses 1.45%—4.03% of the nitrogen content at 873 K
and 973 K, respectively. When the temperature increases
to 1073 K, NH;3-N turns to be responsible for the most
nitrogen content 75.58% among products containing
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nitrogen, which much more than those of char-N (10.25%),
HCN-N (9.92%) and other-N (4.25%). In summary, Char-
N, NH;-N, HCN-N and other-N has different distributions
in the nitrogen products from steam gasification of SLR
and SLD. According to Sects. 3.2-3.4, the inherent alkali
and alkaline earth metals play essential role in the nitrogen
migration and transformation when forming char-N, NH;-
N and HCN-N, consequently affect the distribution of
nitrogen in the N-containing products of Shengli lignite
steam gasification.

3.6 Effects of inherent alkali and alkaline earth
metals on nitrogen transformation route

The conversion route of nitrogen in the steam gasification
of Shengli lignite is shown in Fig. 9. The nitrogen structure

@ Springer

in the Shengli lignite and gasified char in Fig. 9 is deter-
mined by X-ray photoelectron spectroscopy (XPS). The
nitrogen structure in the tar is determined according to the
literature (Li et al. 1998; Kelemen et al. 1998). In all of the
following processes, alkali metal Na and alkaline earth
metals Ca and Mg work as the catalysts. During gasifica-
tion, the inherent nitrogen is converted into tar-N, char-N,
NH; and HCN during primary gasification. As the reaction
proceeds, the nascent char-N undergoes a secondary reac-
tion with H radicals provided by H,O to generate NH3, thus
causing the decrease of residual nitrogen in the char. The
generated HCN reacts with H,O and is hydrolyzed to NH3,
results in the decreasing of HCN release and the increasing
in the NHj; release during the steam gasification. By
affecting these mutual transformation pathways of nitro-
gen, the alkali metal Na and alkaline earth metals Ca and
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Mg in coal alter the final distribution of nitrogen in gas and
solid phases after the Shengli lignite steam gasification.

4 Conclusions

This paper mainly studied effects of inherent alkali and
alkaline earth metals on the transformation of nitrogen
during steam gasification of Shengli lignite at different
temperatures. The following conclusions can be drawn
based on the experimental data:

(1)  Alkali and alkaline earth metals in the Shengli lignite
minerals, especially Na, Ca and Mg, affect the
nitrogen transformation to both gas phases (NHj,
HCN) and solid phase (Char-N) during the steam
gasification.

(2) In the steam gasification of Shengli lignite, inherent
Na, Ca and Mg catalyze the nitrogen conversion in
the coal to NH3, promote the secondary reactions of
the nascent char-N and the generated HCN convert-
ing to NHj, together with inhibiting the nitrogen
conversions to HCN and char-N.

(3) The N-X functional groups in the char is produced
by the steam gasification, and the presence of Na, Ca
and Mg is not conducive to the formation of N-X,
but beneficial to the formations of N-Q and N-6.
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