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a b s t r a c t

A laboratory gasifier with the opposed multi-burners (OMB) was used to investigate the formation of
nitrogen compounds during coal water slurry (CWS) gasification. Various axial and radial concentrations
of HCN, NH3, NO and N2 (nitrogen compounds) in the gasifier were measured. The concentrations of
HCN, NH3 and NO (nitrogen pollutants) were maximal at the nozzle plane and decreased along the axial
eywords:
CN
H3

O

distances. Moreover, the ordering of nitrogen compounds in exit was N2 > HCN > NH3 > NO. An increase in
O2/C ratio tends to favour the formation of N2. Flow field distribution resulted in the radial concentrations
uniform at the exit and low near the side-wall at other axial positions. The results showed the majority
of nitrogen pollutants formed from coal volatile nitrogen during the rapid devolatilization. HCN and NH3

formed mainly from devolatilization at the nozzle plane but were not thoroughly converted from the
WS p
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. Introduction

Coal water slurry (CWS) gasification technology has prominent
dvantages over other gasification processes, including its safety,
ontrollability, capability of utilizing nearly any types of coals and
lmost complete carbon conversion. It has been widely used in
hemical production and power generation. During gasification
roduction, coal-N mainly forms HCN, NH3, N2 and NO, which
as many negative effects on environment, safe stability and long
un of industrial system. In scrubbing and purging process, some
H3 and HCN remaining in syngas would be the precursors of
Ox in integrated gasification combined cycle (IGCC). In methanol

crub section, NH3 lowers desulphurization efficiency, and causes
ehydrogenation catalysts poisoning in urea synthetic section. NH3
issolved in scrubbing leads to the increase of pH value of cir-
ulating water, and decayed the effect of stabilizer in circulating
ater. NH4HCO3 and CaCO3 are easily crystallized in low tem-
erature sections, resulting in equipment abrasion and pipeline
lugging. Therefore, large quantities of circulating water need to
e discharged and great quantities of fresh makeup-water must
e supplied. The regenerative cycle is energy-consumptive and the
reatment methods are not yet fully developed.
Due to problems mentioned above, it is desirable to understand
he formation processes of nitrogen compounds during gasification
n an attempt to minimize them by pollution control in production.
his aims to develop low-emission gasification-based technologies

∗ Corresponding author. Tel.: +86 21 64250784; fax: +86 21 64251312.
E-mail address: wfch@ecust.edu.cn (F. Wang).
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layed a vital role in converting coal-N into NH3 and HCN by providing H.
© 2009 Published by Elsevier B.V.

or power generation or for the production of liquid fuels and chem-
cals.

There have been many significant studies examining coal-N con-
ersion during gasification in fixed bed and fluidized-bed gasifier
1–4]. Studies in entrained-flow gasifier were rarely reported. Price
t al. measured the distribution of pollutants in a laboratory gasi-
er [5]. Hansen et al. measured nitrogen compounds in effluents

rom an entrained coal gasifier [6]. Highsmith et al. investigate
he fate of nitrogen and sulphur pollutants in a laboratory-scale
ntrained flow gasifier [7]. However, the conversion mechanism of
WS nitrogen in entrained flow gasifier was unknown. The purpose
f this study was to investigate the mechanisms for the formation
f nitrogen compounds during entrained flow gasification of CWS
n oxygen (99.6%). Based on the successful application of OMB CWS
asification technology [8,9], a laboratory-scale OMB gasifier, sim-
lating as near as practicable the conditions expected in a full-scale
MB gasifier, was constructed for the investigation.

. Experimental

.1. Coal water slurry sample

One CWS produced by Bayi Coal Water Slurry plant was selected
or use in this study and its properties are presented in Table 1.
.2. Gasifier

Fig. 1 shows the sketch of the gasifer used in this study. The
asifier mainly consisted of a gasifier chamber flanged by five sec-
ions and a quench bath. Each section contained thermocouples

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:wfch@ecust.edu.cn
dx.doi.org/10.1016/j.cej.2008.08.038
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Table 1
Coal water slurry sample properties.

Concentration (%) Viscosity
(mPa s)

Pcwm,
+0.3 mm (%)

Pd, −0.075 mm
(%)

Proximate analysis (wt.%) Ultimate analysis (wt.%) Qnet,v,cws

(MJ/kg)
Ash fusion/point
(◦C)

Mar
(1) Aar Var FCar Car HCar Nar Sar Oar

(2)

67.2 1215 0.08 81.87 32.8 6.90 22.07 38.23 49.68 2.84 0.95 0.43 6.4 19.30 1330

(1)as received basis; (2)by difference.
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Fig. 3. Flow sheet of experiment. (1) Nozzle; (2) gasification furnace; (3) synthetic
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Fig. 1. Schematic of the gasification reactor.

nd sample probes. The nominal inner diameter was 30 cm and
he height of gasifier chamber was 220 cm. The outmost layer was
tainless-steel casing. Castable ceramic insulation (wall thickness
0 mm) lined the interior of each section. On the top of the reac-

or, a video camera protected by argon was equipped to oversight
he inner case. The gasifer featured four diametrically opposed
urners in the side-wall at the upper part, and the included angle
etween any adjacent two burners is 90◦. Fig. 2 shows the schematic

Fig. 2. Schematic of nozzle.
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as vent; (4) cleaning and cooling room; (5) slag chamber; (6) mass flowmeter; (7)
lectronic balance; (8) fuel storage tank; (9) gear pump; (10) video camera; (11) gas
reating cabinet; (12) gas chromatography or mass spectrometer; (13) computer

f nozzle. Oxygen from high-pressure gas cylinders flowed into
he nozzle’s outer channel. Control valves were used to stabilize
ow and avoid pressure oscillations. CWS was continuously fed

nto the nozzle’s inner channel by single-screw pumps. Opposed
urbulent flow fields were obtained by four opposed round
ozzles.

Four streams of fuel and oxygen were injected through, atom-
zed and impinged at the nozzle plane to form impinging flow field
nside the gasifier. Thus rapid pyrolysis and gasification occurred
mmediately under much high temperature. From the gasifica-
ion chamber, the raw syngas flowed into quench chamber to be
crubbed, cooled and then discharged.

.3. Operating conditions

Gasification experiments were carried out with gasifying agent
2 (99.6 vol.%) at atmospheric pressure. Diesel oil was combusted

o preheat the gasifier for about 4 h before CWS was fed in. When
he gasification temperature was almost invariable, measurements
egan and usually took about 3 h.

The effects of O2/C ratio on the distribution of nitrogen com-
ounds were observed. The O2/C ratio was varied from 0.6 to

3
.4 Nm /kg. The radial sampling points in each axial position (dis-
ance from the centerline to the wall) were 0, 4, 8, 11 and 15 cm. The
ozzle plane (3#) was marked as 0 cm. The upper (1# and 2#) and
own (4#, 5# and 6#) were marked as negative and positive value,
espectively. The axial sampling points (distance from the nozzle
lane) were denoted in Fig. 3 and Table 2.
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Fig. 4. Schematic of sample probe.

Table 2
Distance between sample position and nozzle plane.

Location number Axial position (cm)

1# −50
2# −20
3# 0
4# 20
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5# 96
6# 144

.4. Sampling and analysis

Sample probe with water jacketed was made of 316 stainless-
teel 6 mm i.d. (Fig. 4). Water was injected into the sampling area
rom small injection port to the tip of probe to cool the gas from the
eactor. In measuring, sampling probes were horizontally inserted
nto the gasifier and could be traversed radially across the reactor
rom the centerline to the wall (Fig. 5).

HCN or NH3 was analyzed with HCN or NH3 Gas Detection Tube
hich could detect them to a ppm level. The tubes contain certain

eagents which could react with the specific gas species to be mea-
ured. As the gas sample was pulled through the tube by a specific
ump, a length of the tube was discolored in proportion to the HCN
r NH3 concentration. NO was measured with flue gas analyzer. N2
as measured online by gas chromatography. The analysis methods

re summarized in Table 3.

. Results and discussion

.1. Effect of flow field on concentration distribution

The distribution of nitrogen compounds was shown in Fig. 6. In
ll cases, the concentrations of HCN, NH3 and NO appeared maxi-

al at the nozzle plane and decreased dramatically along the axial

istances. The release processes of coal-N in entrained flow gasifi-
ation are closely correlated with flow field and can be classified
nto primary reactions and secondary reactions. Which type of
eaction occurs in one area of the gasifier depends on the flow char-

d
d
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able 3
ummary of analysis methods.

omponent Phase

CN Gas
H3 Gas
O Gas
2 Gas
O, H2, CO2, CH4, Ar Gas
Fig. 5. Schematic plan of sampling method at nozzle plane.

cteristic and mixing process. A structure of flow field was formed
hen four strands of jet stream were ejected and impinged, which
ight be described as Fig. 7 [8].
Jet flow region (I): flow ejected from the burners with high

elocity entrains materials from the neighboring area into the jet
ownstream. The width of the jet flow is increased and the velocity

s decreased. Finally, the boundary of the jet flow from one burner
ntersects with the boundaries of the jet flows from neighboring
urners.

Impinging region (II): impinging region is formulated where
oundaries of jet flows intersect. At the center of the impinging
egion, turbulent impinging is generated. The velocity direction of
he flow is deflected from the jet axis direction to the gasifier axis
irection under the effect of impinging. In this region, velocity fluc-
uation is strenuous, turbulent flow has high strength and mixing
ffect is well.

Impinging stream flow region (III): after jet flow impinging, the
irections of the main streams are changed to the gasifier axial

irection. The impinging flow streams are formed above/beneath
he impinging region with similar flow characteristics but in differ-
nt directions. Impinging streams, like jet flows, can entrain fluid
rom the neighboring area too, which increases the width of the

Analysis method Precision or detection limits

HCN detection tube <±5%, 1 ppm
NH3 detection tube <±5%, 1 ppm
Flue gas analyzer <±5%, 1 ppm
Gas chromatography 2500 mv × ml/mg
Mass spectrometer 1 ppm
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Fig. 6. Axial concentrations of

mpinging streams and decrease the axial velocity of impinging
treams.

Recirculation region (IV): since jet flows and impinging streams
an entrain the fluid of the neighboring area, recirculation phenom-
na exists at the near edge of the jet flow region and the impinging
tream flow region.

Reentry flow region (V): part of the fluid from the upward imping-
ng stream region impinges to the top of the gasifier and reenters
ownward along the wall.

Plug flow region (VI): at the bottom of the OMB gasifier, the veloc-
ty main direction is downward. At any part of the cross-section of
he gasifier vertical to its axis, the velocity is almost identical in

agnitude. The flow can be recognized as plug flow.
CWS gasification is a complicated physicochemical reaction

rocess, which includes the atomization of CWS, rapid heating,
vaporation of water, devolatilization, carbon gasification and
nter-reactions. Coal-N existed mainly in the form of aromatic nitro-
en [10–12]. Heavy hydrocarbons, aromatic compounds and the
ajority of volatile nitrogen (volatile-N) were liberated simulta-

eously from coal particles in devolatilization [13]. Coal-N primary
eactions include the release of volatile-N and the break of nitrogen

eterocyclic ring, in which abundance of CN and N were liberated
nd then combined instantly with H and O, forming large amounts
f HCN, NH3 and NO at the nozzle plane (Fig. 6(a–c)). This is the
rst stage which transfers solid aromatic nitrogen into gaseous
itrogen pollutants. Primary reaction process determines the initial

m
fi
c
a
p

a), NH3 (b), NO (c) and N2 (d).

oncentrations of nitrogen pollutants. Therefore, nitrogen pollu-
ants mainly come from volatile-N in the rapid heating process of
oal particles. Primary reaction regions include jet stream region
I) and impinging region (II), which are near the feeding point. The
ollowing reaction processes may be considered:

oal-N →
{

Volatile-N → HCN, NH3, NO
Char-N

(1)

Reaction (1) is primitive reaction, which is greatly faster than
he micro-mixing process [14]. Thus, the maximum of HCN, NH3
nd NO were immediately reached near the feeding point, i.e. at
he nozzle plane.

Coal-N secondary reactions include: (1) inter-conversion reac-
ions of nitrogen pollutants; (2) homogeneous and heterogeneous
eactions in which nitrogen pollutants react with permanent gases
e.g. H2, CO, CH4, H2O) and chars; (3) heterogeneous reactions
n which residual char-N react with the gaseous to convert some
har-N to gaseous nitrogen compounds. The reactions in impinging
tream region (III) belong to secondary reactions. Coal pyroly-
is and devolatilization generated large quantities of chars which

ingled with some unreleased char-N. Along with the char gasi-

cation, char-N continuously released, forming gaseous nitrogen
ompounds. This process was in direct ratio of carbon release rate
nd was much slower and minor than the releasing and cracking
rocess of volatile-N [15]. Char-N released got the same conversion
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Fig. 7. Diagram of flow field in OMB gasifier. (I) Jet flow region; (II) impinging region;
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Table 4
Relationship of O2/C and nozzle plane temperature.

O2/C (Nm3/kg) Nozzle plane temperature (◦C)

0.6 1247
0.8 1361
1
1
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III) impinging stream flow region; (IV) recirculation region; (V) reentry flow region;
VI) plug flow region

eactions of volatile-N. In region (III), products of primary reaction
ontinue the subsequent secondary reactions and the conversion
rocesses were probably described as (2)–(4).

O
CxHy, H, CO−→

Char
N2, HCN, NH3 (2)

O
NHi, HCN−→ N2 (3)

har-N → N2, HCN, NH3 (4)

Most reactions of (2) and (3) were homogeneous reactions and it
as reasonable to consider their reaction rates were greatly faster

han these in (4) [8,14,16–18]. In the secondary reaction regions,
itrogen pollutant conversion reactions happened in the similar
ypes of (2) and (3). Therefore, as the distance from nozzle plane
ncreased, nitrogen pollutants reduced and the majority of them
onverted to N2. Fig. 6 proves these results.

.2. Effect of O2/C ratio on axial concentration of nitrogen
ompounds

The relationship between the ratio of O2/C and the corre-
ponding nozzle plane temperature is listed in Table 4. The
emperatures were tested by thermal couples near the wall of noz-

le plane.

Fig. 6 shows axial concentrations in different O2/C ratios. Results
re reported as arithmetic mean values from the five radial loca-
ions. The effects of O2/C ratios on the mean concentrations of HCN,
H3, NO and N2 are illustrated.

r
t
S

g

.0 1469

.2 1550

.4 1657

From Fig. 6(a) and (b), the highest concentrations of HCN and
H3 appeared at the O2/C ratio of 1.0, while NO concentration

ncreased in all axial locations with the increase of O2/C ratio.
ercents of devolatilized nitrogen depend on the heating environ-
ent of coal particles and increase with the raise of gasification

emperature [15]. At the lowest O2/C ratio of 0.6, the CWS nebu-
ization appeared to be bad and the gasification temperature was
ow, resulting in the decrease of heating rate of coal particles. As
result, the volatile-N devolatilized and cracked were small. With

he raise of O2/C ratio, the gasifier temperature increased and the
elease of volatile-N increased. The raise O2/C ratios tend to favour
he formation of NO at the nozzle plane (Fig. 6(c)). NO was diffi-
ult to reduce in the richer oxygen atmosphere, and HCN and NH3
ould be partly oxidized. In spite of the fuel-rich environment, high
O levels still appeared in the exit. This may be due to the short

esidence time which is insufficient for complete reduction of NO.
From Fig. 6(a) and (b), HCN was about 100–200 ppm higher than

hat of NH3 at the same O2/C ratio and axial location. This might be
roadly illustrated that when aromatic nitrogen broke, CN active
roup was dominated. Formation of NH3 needed more H and was
relatively slow process, while formation of HCN was much easier.
H3 was more decomposable than HCN, which may be another

eason [12,13].
As the raise of O2/C ratio, the N2 concentrations at the same

osition increased (Fig. 6(d)), which indicates that oxygen-rich
tmosphere is favourable for the formation of N2. Different from the
rends of nitrogen pollutants, N2 concentration decreased slightly
nd then increased significantly as the distances from the nozzle
lane increased. In the effluent, N2 was the major nitrogen prod-
ct and its concentration was greatly higher than that at the nozzle
lane. These observations provide the following insight: some per-
ent of N2 in gasifying agent (N2 about 0.4 vol.%) were cracked
N N → N + N) and took part in the formation of nitrogen pollutants
ear the nozzle plane. If all N2 in gasifying agent could crack to N and
ook part in gasification, the ratio of N in N2 to coal-N was at most
6.2%. The data in Fig. 6 show the increased N2 with the decrease of
he other nitrogen compounds, implying that significant quantities
f N2 came from inter-conversion reactions of nitrogen pollutants.
ut the totally decreased amount of N element in nitrogen pollu-
ants were slightly lower than the increased amount of N in N2,
uggesting that some of N2 came from char-N.

.3. Radial concentration profiles for nitrogen pollutants

Fig. 8 illustrates the radial profile data for HCN, NH3 and NO in
he O2/C ratio of 1.0 Nm3/kg. This ratio was selected because max-
mal pollutant level was achieved under this condition. Significant
ariations in nitrogen pollutant concentrations were observed with
oth radial and axial locations, especially near the regions of the
ozzle plane (1#, 2# and 4#). Toward the exit-regions (5# and 6#),
adial concentration profiles for pollutants were more uniform and

he minimal axial concentrations of HCN, NH3 and NO appeared.
imilar trends were obtained in other O2/C ratios.

Entrainment phenomena and turbulent diffusion of jet stream
enerate large range of reflux region among the reactor wall, jet
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Fig. 8. Radial concentration profiles of HCN (a), NH3 (b) and NO (c).
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Table 5
Comparison of different experiments.

Authors Feed nozzle O2/C Steam/coal Pressure (atm

Tracy D. Price Top of the reactor 1.07 0.24 1
John R. Highsmith Top of the reactor 1.26 0.27 1
Present work Opposed four nozzle 1.0 – 1
Fig. 9. Conversion mechanism of coal nitrogen from literature.

tream and impinging stream region [19]. Near the top arch crown
1# region), the reentry flow regions (V) were formed. Secondary
eactions were absolutely dominant in the reflux flow (IV) and
eentry flow (V) regions, where reactants and products recirculate.
ecause of high level of entrainment and turbulent diffusion, res-

dence time in the above two regions is longer than that in other
egions, which have greater influence on nitrogen conversion. Thus,
he secondary reactions were more complete in regions (IV) and (V)
han those in (III), which resulted in decrease of nitrogen pollutants
ear the side-wall. Fig. 8 shows this radial trend.

Toward the exit of gasifier chamber, velocity directions were
ainly downward and the homogeneous plug flow region formed,

n which secondary reactions were still happening and radial con-
entration profiles were almost uniform.

.4. Effect of steam on nitrogen pollutant concentrations

Studies have reported that H is very critical for the formation of
H3 and HCN [3,4]. The presence of H2O in CWS (32.8%) leads to
igh concentrations of HCN and NH3. H2O has the following effects:
1) H2O supplies much H to combine with CN and N. (2) H attack
itrogen aromatics and make them activated and broken to liberate
uch more CN and N. (3) H2O results in fuel-rich atmosphere and
ore NO reduction.

.5. Nitrogen pollutant conversion mechanism

Fig. 9 gives a different mechanism postulated by Haynes [20] and
mith et al. [21]. They reported that HCN is formed early, directly
rom devolatilization. However, the presence of OH and H convert
CN to NH3, and then NH3 is oxidized to NO and N2. In the oxygen

ean zone, NO inter-reacts with char and is converted back to HCN,
H3 and N2. Two major routes in Fig. 9 may be described as the

ollowing reactions:

CN + H2O = NH3 + CO (5)

H3 + (5/2)O2 = NO + (3/2)H2O (6)

The chemical equilibrium constants of (5) and (6) in 1573 K are
1 = 28.24 and K2 = 5.96 × 10−6, respectively. These low constants

ay indicate the two conversion routes to be difficult.
Fig. 10 is a postulated mechanism model proposed from the

xperimental data. Due to the high temperature in entrained flow
asifier, volatile-N (aromatic nitrogen) were liberated from coal
articles in rapid devolatilization and cracked instantly to CN and N,

) C% H% N% Effluent concentrations

HCN (ppm) NH3 (ppm) NO (ppm)

77.6 1.6 0.6 1470 1000 500
72.0 1.4 0.6 1570 1422 347
49.7 2.84 0.95 605 481 205
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Fig. 10. Conversion mechanism of coal nitrogen based on present work.

orming HCN, NH3 and NO. The majority of HCN, NH3 and NO were
ormed early, directly and simultaneously from coal devolatiliza-
ion. Homogeneous and heterogeneous conversion reactions led
o HCN, NH3 and NO decayed and most of them were converted
o N2. Compared with Fig. 9, Fig. 10 fits more this laboratory
esults.

.6. Comparison with other gasifiers

Results reported by other researchers are compared in Table 5.
racy D. Price et al. and John R. Highsmith et al. have found that
igh concentrations of HCN, NH3 and NO occurred in the exit of
asifier [5,7], however, in our own work the effluent nitrogen pol-
utants were slightly low, although H2O in CWS tend to favour the
ormation of HCN and NH3. This may be due to the difference in
ow field distribution between OMB gasifier and other gasifiers
5,8,22]. OMB gasifier had a longer residence time (about 1.5–2.0 s)
han other gasifiers (about 400 ms), which enables secondary reac-
ions to proceed more completely. Therefore, large numbers of HCN,
H3 and NO could convert to N2.

. Conclusions

1) Most amounts of HCN, NH3 and NO came from the release
of volatile-N in the rapid heating process of coal particles.
Nitrogen pollutants were initially produced and reached maxi-
mum at the nozzle plane and the ordering was HCN > NH3 > NO.
The formation of HCN is easier and more direct than
NH3.

2) HCN and NH3 formed early, directly from devolatilization but
not thoroughly from the reduction of NO. Most of nitrogen pol-
lutants were decayed and converted to N2 and the raise of O2/C
tends to favour the formation of N2.

3) Part of N2 in gasifying agent cracked and took part in the for-

mation of nitrogen pollutants near the nozzle plane.

4) Flow field affected the coal-N conversion processes and the
distribution of HCN, NH3, NO and N2.

5) H2O in CWS played a vital role in converting coal-N into HCN
and NH3 by providing H.

[

[
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