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Influence of SO, on Heterogeneous
Reaction between NO and Char
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ABSTRACT

Reactions between NO and char were investigated in a fluidised
bed reactor in the presence of SO,. The reactian between NO and
char is enhanced in the presence of SO,. NO conversion was
found to increase by about 50 to 100% when 1250 p.p.m. SO,
were present in the fluidising gas mixture. The products of the
reactions are CO, CO, and N, with the CO/CO, ratio decreasing
as the SO, concentration is increased. The SO, concentration
was found to be unaffected by the NO/char reaction.

ABSTRAK

Tindakbalas antara NO dan arang telah dikaji di dalam sebuah
reaktor lapisan terbendalir dengan kehadiran SO,. Tindakbalas
antara NO dan arang didapati meningkat dengan kehadiran SO,.
Pertukaran NO telah didapati meningkat antara 50 hingga 100%
bila 1250 p.p.m. SO, hadir di dalam campuran gas pembendalir-
an. Hasil-hasil tindakbalas adalah CO, CO, dan N,. Nisbah CO/
CO, telah didapati berkurangan apabila kepekatan SO, bertam-
bah. Kepekatan SO, didapati tidak berubah selepas tindakbalas
antara NO dan char.

INTRODUCTION

Heteroteneous reactions between NO and char/carbon have been
investigated by a number of workers employing varied techniques
and experimental conditions, namely Bedjai et al. (1958), Beer et
al. (1977), De Soete (19808, Edwards (1972), Kunii et al. (1980)
Levy et al. (1981), Pereira (1975), Pereira and Beer (1975), Abdul
Halim Shamsuddin (1983) and Shelef and Otto (1969). These
investigations show that the reaction between NO and char is
thermodynamically feasible, and it has been suggested that the
NO/char reaction plays an important role in the reduction of NO
alongside the homogeneous reactions between NO and the nitro-
geneous compounds in the volatiles as shown by Beer et al. (1977)
and Pereira (1975).

Most coal contain a certain percentage of sulphur. During com-
bustion, this sulphur is oxidised to give sulphur dioxide, which
is emitted as a gaseous pollutant into the atmosphere. Typically,
emissions in the range of 200 to 1200 ppm in the flue have been
recorded. Sulphur dioxide, together with nitric oxide, have been
considered to be among the most important pollutants emitted
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into the air from combustion of fossil fuels. The presence of
these two pollutants poses a lot of problems in the mean of
controlling them since the combustion conditions favourable
for the suppression of NO emissions are sometimes incompatible
with those necessary for the abatement of SO, emissions.

Work carried out by Wendt and Ekmann (1976) indicates
that sulphur present in the coal may influence the emission of
NOy. In their studies, they obtained a reduction in NOx emission
of 36% by the addition of sulphur to the flue gas from premixed
flames. Although high concentrations of sulphur were used
(corresponding to about 8% sulphur in the fuel), their results do
nonetheless imply that desulphurisation within a fluidised bed
might lead to increased NOx emissions. The work of Wendt and
Ekmann is further supported by Tang et al (1981). Using a re-
fractory tube to burn hexane droplets doped with pyridine and/
or tertiary butyl miercaptan, they concluded that the addition
of mercaptan reduces the formation of thermal NO only slightly
and that of fuel-NOx from pyridine significantly. In the present
work, the effect of the presence of sulphur dioxide on the re-
actions between NO and char in a fluidised bed reactor is inves-
tigated.

TECHNIQUES AND SCOPE

A bench-scale fluidised bed reactor was used in the investigation.
The layout of the experimental reactor and its ancillaries is shown
in Fig. 1. ;

The fluidised bed reactor was constructed from a 78 mm
internal diameter silica tube having a wall thickness of 5 mm and a
piece of 10 mm thick porous silica plate was used as the distri-
butor. The inert bed material was made up off pure fused silica
sand (composition: Si0, 99.75%; Fe,0; 0.011%) in the size
range of 300 to 600 um. The reactor was heated externally using
a 2 kW electric furnace. The temperature of the bed in the re-
actor was controlled using a proportional controller arid detected
by a Pt-Pt/Rh thermocouple immersed into the centre of the bed.

A chemiluminescent analyser was used to analyse continuously
the NO concentration in the gaseous mixtures, both before and
after the bed. Non-dispersive infra-red (NDIR) analysers were used
for continuous measurements of CO and CO, while  oxygen
analysis was carried out by means of a paramagnetic analyser. For
continuous monitoring of SO, and SO;, a pulsed fluorescent and
the SSL/MEL S0, analysers were used, respectively,

Four different grades of coals, covering a wide spectrum of
physical and chemical properties, were used in this investigation.
Table 1 gives the analysis of these coals.

Coal chars were prepared in situ in the hot bed at the
required temperature, fluidised by oxygen-free nitrogen prior to
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FIGURE 1. Schematic diagram of the bench-scale
fluidised bed reactor and anciliaries.

the actual investigation of the reaction. Coal samples were in-
troduced into the bed from the top of the fluidised bed reactor,
through a small opening on the cover. After approximately two
to three minutes, when devolatilisation had been completed, the
fluidising gas was changed to a gaseous mixture containing both
NO and SO; made up from known standard mixtures of NO in
argon, SO, in argon, and nitrogen. The range of experimental
conditions was as follows:

Fluidising gas flowrate, lit/min (n.t.p.) : 16

Temperature, °C : 750 - 910

Char particle size range, mm : 0.25 - 0.5;
0.5 — 1.0;
1.0 — 2.0

Carbon loading (coal), g : LD

Initial NO concentration, ppm. : 360 — 1300

Initial SO, concentration, ppm. - 0— 1875



TaBLE 1. Typical analysis of feeds

Ultimate analysis, wt. %

Feeds Proximate analysis, wt. % (Dry ash-free basis) Density,*g em 3
Rank
Feed or Origin Moisture  Ash  Volatile Fixed

Type matter carbon C H 0 N S Coal  Char

Anthracite 102 Cynheidre 1.3 6.5 8.7 83.5 93.0 37 13 13 07 145 130
501 Dinnington 1.7 38 338 60.7 86.8 53 52 17 10 131 084
702 Fryston 50 58 322 570 83.2 57 80 15 17 131 083
901 Snibston 54 84 314 54.8 810 51 104 16 19 137 087
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EXPERIMENTAL RESULTS
NO CONCENTRATION-TIME PROFILE

Upon the addition of a batch of char into the fluidised bed reactor
fluidised by a gaseous mixture containing known concentrations
of NO and SO,, the NO concentration dropped immediately to
zero, as observed previously by Abd. Halim Shamsuddin (1983}
for reaction without $O,. The NO concentration stayed at zero
for a length of time, depending on initial experimental conditions,
after which it increased to a steady-state concentration. Fig. 2
illustrates this NO concentration-time profiles for the reactions
with batches of char derived from coal Rank 702. The results for
the reaction between NO and char in the presence of SO, are
compared with those without SO,. Concentration in the initial
gaseous mixture decreases the steady-state concentrations of NO,
hence NO reduction is increased. It can also be observed from
these results that the initial transient period is shortened so that
the steady-state NO concentration is achieved faster as the SO,
concentration is increased.
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FIGURE 2. Influence of 504q on the reaction
between NO and char (Char 702).

Experiments were also carried out in which the SO, concen-
tration in the fluidising gas mixture was changed. After the NO
concentration had reached the steady-state condition for some
time, the SO, level in the fluidising gas mixture was reduced.
These results are shown in Fig. 3 for the reactions with char
derived from coal Rank 901. It can be seen from these results
that the NO concentration did not take long to respond to the
changes in SO, level. It increased to a new level after the SO,
concentration was decreased.
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FIGURE 3. Influence of 509 on NO/char reaction.

It can be concluded, from both experimental procedures,
that increasing the initial SO, concentration in the fluidising gas
mixture enhances the reduction of NO by char. Due to the charac-
teristics of the NO concentration-time profile the results of the
present set of experiments are reported in terms of fractional
conversion of NO, as defined by

G, — 0
No, — CNoy,

Cno;

XNO T

Where, CNOi = initial NO concentration, p.p.m.

CNOp, = outlet NO concentration at steady-state above
the expanded bed, p.p.m.

It was also observed in the above experiments that the SO,
level did not change very much through the bed and can be
assumed to be constant. To verify this observation, experiments
were carried out to see the effect of char on SO, in the absence
of NO. The results showed little variation in the SO, concen-
tration upon the addition of char.

INFLUENCE OF SO0, ON THE CONVERSION OF NO

The results on the influence of SO, on the conversion of NO by
reaction with char are shown in Figures 4 to 8. Figures 4 (a)
and (b) show the effect of SO, on the conversion of NO by re-
actions with chars Rank 501 and Rank 102, respectively. Figures
B, 6 and 7 show the results for char derived from coal Rank 702
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and Fig. 8 for char Rank 901. These results show that the presence
of 8O, in the gas mixture enhances at the conversion of NO by
reaction with char. The extent of this increased conversion is in
the range of 50 to 100% for SO, cencentration of 1250 ppm.
The actual extent of this increment depends upon the conditions
at which the experiments were carried out as well as the different
types of carbonaceous materials used.
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FIGURE 4. Influence of 8O2 on NO conversion.

REACTION PRODUCTS AND MATERIAL BALANCE

Table 2 gives the product distribution and the material balance
for the reactions between NO and char (coal Rank 702) in the
presence of SO,, at steady-state conditions.

It was observed during the experiments that the SO, con-
centration was zero and the SO, concentration was virtually
constant. On the other hand, the amount of CO and CO, in the
effluent from the reactor increases with a corresponding decrease
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FIGURE 6. Influence of 509 on NO conversion
(Char 702): Effect of particle size.
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in the concentration of NO. A material balance on the oxygen
accounted for over 98% of the oxygen from the initial NO and
indicated that the products of the reactions between NO an

char in the presence of 80,, are CO and CO,, as found previously
for the reactions without SO,, with nitrogen being released as
N,. These results also show that the ratio of CO/CO, generally
decreases with increasing SO, concentration depending on the

conditions of the experiment.

TABLE 2 Material balance and product distribution of the
NO/char reaction in the presence of 50,

Beq Inlet conc. Outlet conc.  Balance

Temp. (p.p-m.) (p.p.m.) M:t:r(i)al co XNO
O so, No No co co, B 0
750 Zero 700 650 7 27 1015 0.259 0071
625 710 600 10 54 1011  0.185 0.155
1250 700 S60 13 68 1013 0.191 02
850 Zero 710 580 18 60 101 0.325 0.183
625 700 3500 23 90 100.4 0.256 0.286
1250 700 470 29 108 102 0269 0329
910 Zero 690 520 30 80 103 0375 0246
313 690 440 36 111 101 0.324 0362
1250 730 370 37 156 98.5 0237 0493
1875 640 260 45 170 100.8 0264 0.59%
850 Zero 330 250 13 40 104 0.325 0.242
625 340 235 15 50 103 03 0309
1250 360 240 17 56 102.5 0304 0.333
850 Zero 1325 1100 32 104 101 0308 0.17
625 1250 962 39 133 1014 . 0293 023
1250 1325 9838 44 150 100.5 0.293 D.254
Other experimentat conditions
Fluidising gas flowrate,Q = 266.7 cm® s~ (n.t.p.)
Char particle size dp = 00711 cm
Mass of char sample, m = 0.593g
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ANALYSES AND DISCUSSIONS

The influence of SO, on the emissions of nitric oxide from
combustion processes has been a subject of disagreement amongst
research workers. It has been shown by Winkler (1921) that
calcium sulphate (CaSO,), formed by the reaction of SO, with
limestone, catalyses the reduction of NO with carbon monoxide
in a fluidised bed combustor. The data of Robinson et al. (1970)
and Tatebayashi et al (1980) did not show any noticeable changes
in the emissions of NO when limestone was added to the bed,
whilst on the other hand, the results of Jonke et al (1969) indi-
cated that limestone addition could lower NO emissions by a
significant margin. Hoke (1973) found that NO and SO, could
react with partially sulphated limestone (CaSO;) and it was
suggested that NO acted as an oxidant for the CaSO;.

Contrary to these findings, experiments carried out by Wendt
and Ekmann (1976) and Tang et al.(1981) indicate that sulphur
present in the coal may influence the emissions of NOy. In these
studies, significant reductions in the NO emissions were observed
by the addition of sulphur to the flue gas from the premixed
flames that they had used. These results imply that dcsulphunsa—
tion within a fluidised bed might lead to increased NO4 emissions.
Data obtained in the present set of experiments have shown that
the presence of SO, enhances the reduction of NO by coal char in
an inert atmosphere, i.e., with no combustion. It was also observed
that the concentration of SO, was not affected by the NO re-
actions and no trace of SO, was detected in the flue gas. The
products of the reaction are CO and CO, with the ratio of CO/f
CO, decreasing with increase in the concentration of SO, in the
fluidising gas.

The detailed mechanism of the chemical reaction and species
involved in the NO/SO, [char system are beyond the scope of this
investigation. It is possible however, on the basis of the experi-
ments, to postulate an overall reaction sequence. As the SO, is
not consumed by char, and it does not react with NO, it would
appear that it could act as a catalyst for the NO/char reaction.

It was stated previously that the reaction between NO and
char initially starts by decomposition of NO in the reaction zone
followed by chemisorption of the dissociated nitrogen and oxygen
atoms by the active sites on the char surface. This is then followed
by the rapid desorption of the chemisorbed nitrogen atoms to
form N.

NO + 2 —— CMN)+ C(0) ()
CN) + CN) —> N, + 2C 2)
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The oxygen atom produced by the dissociation of NO is strongly
chemisorbed and will inhibit further reaction. However, a point
is reached when an equilibrium is reached, as shown by the steady-
state concentration of NO after the initial transient period.

In the presence of 80,, the reactions between NO and char are
further enhanced. It may be assumed that the presence of S0,
disturbs the equilibrium of the reaction system. This is done by

ethe SO, sweeping off the chemisorbed oxygen atoms from the
surface of the char and thus creating more active sites that are
available for further reaction. If this is the case, then more NO
molecules are able to react with the active sites of the char. This
can also be deduced from the NO concentration-time profiles,
as in Figure 2, where the steady-state condition was achieved at
a faster rate as the SO, increases. There is, however, no evidence
to show a direct interaction between NO and SO, since the
_product distribution shows that 50, is not present and that the
S0, concentration remained constant after passing through the
bed.

The chemisorbed oxygen atom can either desorb to produce
CO or react with CO to form CO, which then diffuses out from

the reaction zone on the char particle surface, according to Equa-
tions 3 and 4 which arc:

c(0) NS ) ' CO (g) (3)

CO0) + CO( —> COyg) +C (4)

The present set of experimenﬁ also shows that the ratio of CO/
CO, decreases with increasing SO, in the fluidising bed. This is
implying that Reaction 4 is enhanced by the presence of SO, .

CONCLUSIONS

1. The conversion of NO by the reactions with char increases
significantly with increasing SO, concentration in the fluidising
gas mixture. The reaction products are CO, CO, and N, with
SO, passing through the bed virtually unaffected and no trace
of SO, detected. The ratio of CO/CO, generally decreases with
increasing SO, concentration.

2. The presence of SO, is merely to disturb the equilibrium that
exists between chemisorbed oxygen atoms and CO desorption
from the surface by sweeping the oxygen atoms from the surface,
thus creating more surface for further reaction between NO and
char, .

3. On the basis of these results, desulphurisation within the
combustion system would increase NO emissions from the com-
bustion processes. '
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NOTATION
CNoj initial NO concentration, ppm.
CNOL outlet NO concentration at steady-state above the
t expanded bed, ppm.
XNO Fractional Conversion of NO
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