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Introduction

The following sub-studies of nitrogen reactions were made here:

- N release and NO formation during black liquor pyrolysis and combustion
- NO formation from combustion air during black liquor combustion

- NH; oxidation and destruction by fume compounds

* - NO reduction by black liquor char and fume.

A model for N release and NO formation and destruction is formulated based on these studies,
the results from the previous DOE project (report DOE/CE/40936-T3), and research by other
investigators.

N Release and NO Formation During Combustion and Pyrolysis
of Black Liquor

Experimental

All the experiments of black liquor combustion and pyrolysis were made in a laminar entrained-
flow reactor. In it, solid particles of the material to be studied are entrained into a primary gas flow
and fed to the top of a mullite tube reactor. The particles and the primary gas are heated rapidly
by radiation from the hot reactor walls and convection from a preheated secondary gas. The *
secondary gas flow is typically two hundred times the primary gas flow rate, and particle heating
rates of up to 10000 °C/s can be obtained. The gases and particles exit the reactor via a water-
cooled collector in which they are rapidly cooled down by the addition of a quench gas. The fiow
of the quench gas is equal to or greater than that of the secondary gas. The residence time in the
reactor can be adjusted by changing the position of the collector and/or changing the gas flow
rates. A computational fluid dynamics model developed by Flaxman and Hallett (1987) was used

for determining the residence time in the reactor.

The temperatures studied were 400-1100 °C, and the residence times 0.3-2 s. The gases fed to
the reactor were nifrogen and oxygen, which were mixed to obtain O, contents of 0, 4 and 21%.
Additional experiments in which the nitrogen was replaced by a mixture of helium and argon were
made when determining the effect of the nitrogen in the combustion air. The outlet NO
concentrations were measured by a chemiluminescence NO-NOx analyzer, and the nitrogen
retained in the char was measured by a modified Kjehldah! nitrogen method at the Soil Science
Department at Oregon State University.




A southern pine black liquor was dried to make dry black liquor solids, which were ground and
sieved to the particle size of 90-125 um. The elemental composition of the black liquor is given in
Table 1. The nitrogen contents of the black: liquor solids varied somewhat from batch to batch, and
were 0.07 % in the low temperature (400-600°C) pyrolysis studies, 0.08 % in the combustion and
high temperature (700-1100 °C) pyrolysis studies, and 0.06 % in the determination of NO
formation from combustion air.

" Table 1. Composition of the black liquor solids used in the pyrolysis and combustion experiments.

Element Wit %
Carbon 35.70
Hydrogen 3.05
Sodium 22.65
Suifur 2.85
Potassium 0.62
Chloride 0.67
Nitrogen 0.06-0.09*
Oxygen** 34.37-34.40

* depending on batch of drying
** obtained by difference

N Release and NO Formation During Pyrolysis

The nitrogen release and NO formation during pyrolysis were studied earlier in the laminar
entrained-flow reactor, and the results are given in DOE report DOE/CE/40936-T3, Carangal
(1994) and lisa et al. (1995). Other studies of nitrogen release during black liquor pyrolysis
include Aho et al. (1994a) and (1994b). A considerable fraction of the nitrogen is released during
pyrolysis, mainly as N, and NH,. The laminar entrained-flow reactor experiments showed that
some NO was formed during black liquor pyrolysis as well. There was a maximum in the NO
content of the pyrolysis gases as a function of residence time: the NO content first increased, and
then decreased. The highest amount of NO corresponded to 20 % of the nitrogen in the black
liquor being converted to NO and was detected at 900°C at 0.5 s. The NO reduction was rapid,
and at the same temperature the NO content had reduced to less than 4 % by 1.6 s. The total
nitrogen release was 35-65 % in 0.3-1.6 s.

In this project, N release during low temperature pyrolysis was measured. Pyrolysis can be
divided into two stages: devolatilization and extended pyrolysis. Devolatitization refers to the initial




rapid loss of volatile material from the fuel, and extended pyrolysis to the effect of continued
heating on the residue after devolatilization. The rapid devolatilization is over by the shortest
residence times at the temperatures 700-1100 °C in the LEFR. In order to study the kinetics
during the rapid devolatilization stage, low temperature (400-600 °C) pyrolysis experiments were
made, and the N release during these experiments was studied as well.

Additional experiments of black liquor pyrolysis were made in the study of black liquor combustion
- at 700-1100 °C. Their main purpose was to serve as a reference point for the combustion studies.
The results of the high temperature pyrolysis experiments are presented here; those of the low
temperature pyrolysis in conjunction with the other pyrolysis data. A model for N release during
pyrolysis based on the low and high temperature data is developed.

The low temperature pyrolysis measurements are included in detail in the thesis by Phimolmas
(1997), the high temperature pyrolysis and combustion data in the thesis by Pianpucktr (1995),
and the model for N release during pyrolysis in the thesis by Rompho (1997).

High Temperature (700-1100 °C) Pyrolysis

Figure 1 shows the char yields as a function of residence time in the experiments made at 700-
1100 °C. At 900-1100 °C the rapid devolatilization was over by the shortest residence time 0.3 s
but at 700 °C the devolatilization continued until 0.6 s. At the end of the rapid devolatilization or at
the shortest residence time, the char yields varied from 65 to 50%.

The char nitrogen contents (by weight) versus residence time are shown in Figure 2 for all the
temperatures studied. The nitrogen content remained constant at 900 and 1100°C but decreased
with time at 700 °C. This indicates that, at 700°C, nitrogen is released from the black liquor faster
than total mass. Because the amount of nitrogen in the char was very low and only one sample for
each point was analyzed, there may be considerable error in the analysis. Carangal (1994) who
used the same laboratory for nitrogen measurement found that the deviation in the analysis was
+0.01 wt.% nitrogen.
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Figure 1. Char Yield as a Function of Residence Time During Black Liquor Pyrolysis at 700-1100
°C.

The measurement of the nitrogen content of black liquor and black liquor char is difficult due partly

to the low N content. Forssen et al. (1995a) had compared three methods for N measurement:

Kjehldahl, high temperature and low temperaturé combustion. The correlation between the low

temperature and either of the two other methods was poor. There was a linear relationship

between the Kjehldahl analysis and the high temperature combustion measurements. However,

the high temperature combustion method ¢ave values that were on average 68 % of those by the

Kjehldahi method. The high temperature combustion method is based on the assumption that all

N is converted to NO. The conversion may not have been complete, which would explain the

lower values by that method. Considering these results, the Kjehidahl method, albeit not perfect,

is currently the best method for measuring N contents in black liquors.

Figure 3 shows nitrogen release as a percentage of nitrogen originally present in the black liquor

solids as a function of residence time. At 0.3 seconds, fractions of nitrogen released were 22% of
fuel nitrogen at 700°C, 46% of fuel nitrogen at 900°C, and 58% of fuel nitrogen at 1100°C. The
fraction of nitrogen released increased as residence time increased. At 700°C, the amount of

nitrogen released increased rapidly to 50% of fuel nitrogen at 1.1 seconds, then increased more

gradually and reached 55% of fuel nitrogen at 2.2 seconds.
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Figure 3. Nitrogen Release as a Function of Residence Time During Black Liquor Pyrolysis.




At 900 and 1100°C, the amount of nitrogen released increased gradually during the residence
time range studied, 0.3-2.2 seconds. The lowest char yield in this study was 20% at 1100°C and
2.2 seconds; i.e. 80% of black liquor solids were released into the gas phase. The amount of
nitrogen release was aiso 80%. The nitrogen release increased with rising temperature as well,
except at 700 and 900°C, when it was about the same at residence times 1.6-2.2 seconds. The
results agree with the experiments of Carangal (1994).

" From the data, it can be concluded that the nitrogen release was 20-60% of black liquor nitrogen
at 700°C, 45-70% of black liquor nitrogen at 900°C, and 60-80% of black liquor nitrogen at
1100°C. Carangal (1994) found that the nitrogen release was 40-60% of black liquor nitrogen at
0.85 seconds and temperatures of 700-1100°. This agrees with our experiments that the nitrogen
release was 40-70% of fuel nitrogen in black liquor at 0.6-1.1 seconds and 700-1100°C.

Forssén et al. (1995a) reported considerably higher nitrogen release for liquors with nitrogen
contents of 0.06-0.09 wt.%. They found that at 600-900°C the fraction of nitrogen remaining in the
char was constant at an average of 20-30% of fuel nitrogen (which corresponds to 70-80% of
black liquor nitrogen released). They used a single droplet reactor in which the droplet is kept at
the Almost all of the nitrogen in black liquor was released at 1100°C. The main reason for the
higher fractions of nitrogen released during pyrolysis in Forssén’s experiments is believed to be
the longer residence time in their apparatus. In the experiments of Forssén et al. the pyrolysis
time was much longer than in our experiments (hundreds of seconds versus a couple of seconds).
Thus, more of the volatile nitrogen in the black liquor might be released in their experiments. In
our experiments, the nitrogen release continued at 2.2 seconds. In recovery boilers, char

combustion typically begins in a couple of seconds. Consequently the values from the laminar

entrained-flow reactor are going to be used as a basis for the model of nitrogen release during
pyrolysis.

Figure 4 shows the conversion of nitroger: originally present in black liquor solids to NO during
black liquor pyrolysis as a function of residence time at temperatures 700, 900, and 1100°C. The
results indicate that NO formation is dependent on residence time and the temperature. At 700
and 900°C, the NO level initially increased with increasing residence time, and then decreased as
residence time further increased. The maximum in the amount of NO formed was at a residence
time between 1.1 and 2.2 seconds at 700°C, and at 900°C the maximum was between 0.3 and
1.1 seconds. The highest NO conversion was roughly 12% of the nitrogen originally present in
the black liquor solids at both 700 and 900°C.
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Figure 4. NO Formation as a Function of Residence Time During Black Liquor Pyrolysis

At 1100°C, the NO level decreased with increasing residence time and, in the residence time
range studied (0.3-2.2 seconds), no maximum in the amount of NO formed can be observed.
Since there is no NO formed at 0 second residence time, there must be a maximum in the amount
of NO formed at a residence time below or near 0.3 seconds. The highest amount of fuel nitrogen
in black liquor that was converted to NO was 15% at the shortest residence time studied, 0.3
seconds. The NO level decreases at long residence times because NO destruction takes place
and the rate of NO destruction is higher than the rate of NO formation. At 1100°C, the destruction
of NO probably already dominates at the shortest residence time studied. The NO destruction
may be due to homogeneous reactions of NO with other gas species and/or heterogeneous
reactions of NO with fume or char to form molecular nitrogen. Based on rates of NO reduction by
black liquor char and fume, lisa et al. (1995) concluded that the dominating NO destruction
mechanism is the reduction of NO by char.

In the similar pyrolysis experiments of Carangal (1994), the maximum NO level at 900°C was
observed at 0.5 seconds. At 700°C, the highest NO formation measured was at 1.7 seconds,
which was the longest residence time in her experiments. The NO level only slightly increased
from 1.4 to 1.7 seconds, which may imply that there was a maximum in the amount of NO formed
near 1.7 seconds. The highest amount of NO formed was approximately 16% of fue! nitrogen at
700°C and 19% of fuel nitrogen at 900°C in Carangal experiments. This indicates that the results
from both of the black liquor pyrolysis experiments agree well. The slight difference in the amount
of NO formed may have been due to the fact that, in our experiments, only 5 residence times were




used. Thus the actual maximum NO level might have been higher at other residence times. The
other reason may be differences in the black liquor solids. Although the black liquor was the
same, they were dried at different batches and at different times. For instance, the nitrogen
content of black liquor solids in our experiments was 0.09% by weight, and 0.11% by weight in
Carangal's experiments. The decrease in nitrogen content from 0.11 to 0.09 was probably
because more volatile nitrogen was lost. Thus it is reasonable that the NO formed during pyrolysis
was lower for the 0.09% nitrogen liquor. Aho et al. (1994a and 1994b) found that the fuel nitrogen
" released as Nj, (NH,, NO and HCN) is higher for a black liquor that has a higher nitrogen content.

Nitrogen Release Model for Pyrolysis

A model for nitrogen release during pyrolysis was developed based on the low temperature
pyrolysis experiments at 400, 500, and 600°C and those at 700, 900, and 1100°C presented in the
previous section. The experimental results are combined in Figure 5, which shows the nitrogen
~release as a function of residence time during black liquor pyrolysis at those six furnace
temperatures.
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Figure 5. Nitrogen release as a percentage of nitrogen originally present in the black liquor solids
as a function of residence time during blaclk liquor pyrolysis.

The nitrogen release increased as residence time increased at all temperatures. At low

temperatures (400 - 600°C), nitrogen release increased at about the same rate at all
temperatures. At high temperatures (700 - 1100°C), on the other hand, the amount of nitrogen
released increased rapidly until 0.3 seconcls and after that it increased gradually during 0.3 to 2.2
seconds.




The nitrogen release also increased as temperature increased. Figure 6 shows the nitrogen
release as a percentage of nitrogen originally present in the black liquor solids as a function of
temperature.
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Figure 6. Nitrogen release as a percentage of nitrogen originally present in the black liquor solids
as a function of temperature.

A model for nitrogen release during pyrolysis couid be developed from these data by separating
the pyrolysis stage into two sub-stages. The first stage is the initial stage during which nitrogen is
rapidly released from black liquor solids. The amount of nitrogen release during this stage
depends on temperature, and increases as temperature is increased. At high temperature, the
initial stage was over by 0.3 seconds. At 1100°C, more than 50 % of the nitrogen was released in
less than 0.3 seconds. At low temperatures, the effect of the first stage is negligible.

The second stage is in the residence time range during which nitrogen is released gradually
compared to the first stage. In the second stage, the nitrogen release depends on temperature
and residence time. Here, an attempt was made to correlate all the nitrogen release data in the
two studies with a common equation. The percentages of nitrogen rélease (% of fuel nitrogen
originally present in black liquor solids) were fitted with residence time by using a logarithmic
relationship of the form

Eq. 1: Nrelease (% of fuel N =AIn(t) + B




where t = residence time (s)
A and B= functions of temperature

A and B were obtained from a fit according to Eq. 1 at each temperature. The values are A
presented in Table 2.

Table 2. A and B versus temperature for nitrogen release model for pyrolysis.

Temperature (°C) A B Equation (Aln(t) + B)
1100 13.037 | 70.491 | 13.037In(t) + 70.491
900 8.254 | 55.594 | B.254In(t) + 55.594

700 20.236 | 47.821 | 20.236In(t) + 47.821
600 13.177 | 30.028 | 13.177In(t) + 30.028
500 16.319 | 29.451 | 16.319In(t) + 29.451
400 16.466 | 23.577 | 16.466In(t) + 23.577

A was estimated to be constant and is given as the average of A at different temperatures that is
with 95 % confidence interval

Eq. 2: A = 146+4.3
and B was found to be linear as respect to femperature that is

Eq. 3: B = 0.0687T - 5.24

Figure 7 shows the relationships between A and B, and temperature.
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Figure 7. The relationship between A, B and temperature.

Thus, Eq. 1 becomes
Eq.4: Nrelease (% of fuel N) =14.58 In(t) + 0.0687T - 5.24

where t = residence time (seconds)
T = temperature (°C)
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Figure 8. A schematic diagram of the sub-stages during pyrolysis

This equation is valid at residence times 0.3 - 2.0 seconds and temperatures 400-1100°C for
pyrolysis experiments. A schematic diagram of the sub-stages during pyrolysis is illustrated in
Figure 8.

Figure 9 shows the fit of the model with the data at 400 - 1100°C. The data seem to fit very well at
400, 500, and 1100°C. However, at 600°C, the model predicts higher values than those obtained
from the experiments. At 700°C, on the other hand, the model predicts somewhat lower values
than those obtained from the experiments for all residence times. At 900°C, the model predicts
slightly lower values at short residence times and slightly higher values at long residence time.
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Figure 9. The mode! versus the values obtained from the experiments at 400 - 1100 °C.

Carangal (1994) had conducted pyrolysis experiments at 0.85 seconds residence time at
temperature 500 - 1100°C as well. The fuel nitrogen that was released during pyrolysis in her
experiments is shown along with values predicted by our model in Figure 10. The predicted values

agree quite well with her data.

A model correlating nitrogen release to carbon release was developed based on the low
temperature (400 - 600°C) pyrolysis experiments. The amounts of carbon and nitrogen release

were calculated from his data. Figure 11 shows the nitrogen release as a function of carbon

release for 400-600°C.
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Figure 10. The fuel nitrogen that was released during pyrolysis in the experiments by Carangal
(1994) and values predicted by our mode! at 0.85 seconds
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Figure 11. The fractional nitrogen release as a function of fractional carbon release for 400-600°C.

The results indicate that nitrogen was released faster than carbon at all temperatures studied. The
rates of nitrogen release with respect to the rate of carbon release were almost the same at the
three temperatures studied. The data were fitted by linear correlations. At 400 and 500°C, nitrogen
was released at a rate 1.44 times the rate of carbon release. However, at 600°C, nitrogen release
was slightly slower but still 1.25 times the carbon release. This suggests that the rates of nitrogen
release with respect to the rate of carbon release decrease as temperature is increased, and that
nitrogen may be released slower than carbon at high temperatures.

In the experiments presented here, only NO in the gas phase was measured. Aho et al. (1994a)
measured the NH,; and NO during pyrolysis of single droplets at different furnace temperatures.
The total amounts of N release and NH; and N, measured in the gas phase are shown in Figure
12. At 500-600 °C, approximately 50 % of the N release was NH,. At higher temperatures the
fraction was less than 50 %. This may, however, be due to increased NH, reduction and oxidation
at the higher temperatures. These reactions will be taken into account in other parts of the model.
Therefore, the N release during pyrolysis is modeled so that 50 % is released as NH,, and the rest
as N, as long as there is hydrogen left in the char, i.e. until completion of devolatilization. After
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completion of devolatilization, that is during extended pyrolysis, all of the nitrogen is released as
N..
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Figure 12. Release of nitrogen, and formeation of NH; and Ng, (= NH; + NO) during pyrolysis of
black liquor in a single dropiet reactor. Data based on Aho et al. (1994).

N Release and NO Formation During Black Liquor Combustion

The combustion experiments are reported in detail in the thesis by Pianpucktr (1995). Black liquor
combustion experiments were made at temperatures 700-1100°C, and O, concentrations of 4 and
21 %. Figure 13, Figure 14, and Figure 15 show the char vields at constant temperatures during
both pyrolysis and combustion.
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Figure 13. Char Yield as a Function of Residence Time During Pyrolysis and Combustion of Black

Liquor at Reactor Temperature 700°C.
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Figure 14. Char Yield as a Function of Residence Time During Pyrolysié and Combustion of Black

Liquor at Reactor Temperature 900°C.
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Figure 15. Char Yield as a Function of Residence Time During Pyrolysis and Combustion of Black
Liquor at Reactor Temperature 1100°C.

At 700°C, the char yields with 4% O, were the same as during pyrolysis at all residence times,
and with 21 % O, they were the same at 0.3-1.1 s. This suggests that only pyrolysis took place at
700°C, except at 1.6 and 2.2 seconds in 21% oxygen when combustion begun. No distinction
between char burning and volatile combustion is made here, and we refer to both as combustion.

Based on the char yield, at 900°C, the ignition occurred between 0.6 and 1.1 s in 4 % O, and
between 0.3 and 0.6 s in 21 % O,. At 1100°C, the ignition occurred between 0.3 and 0.6 sin4 %
O, and before the first measurement point at 0.3 s in 21 % O,.

Besides the onset of combustion, information on the completeness of combustion can be obtained
from the char yield. The char yield remains approximately constant after complete combustion. At
1100°C the combustion is complete by the first measurement point, 0.3 s, and in 4 % O, at
approximately 1.5 s. At 900°C, combustion was complete in 0.6 s but in 4 % O, combustion
appears to continue still at 2.2 s. At 700°C there was combustion only with 21 % O,. There is very
little change in the char yield between 1.6 and 2.2 s, which suggests that the combustion is
complete. However, there may have been only volatiles combustion at this condition, and no char

or very slow char oxidation.

Table 3 summarizes the procession of combustion at different conditions. This information is

importaht for the interpretation of N release and NO formation results.
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Table 3. Ignition and completion of combustion at different conditions. t,, = time at ignition, t.,; =

time at completion of combustion, char yield,; = char yield at compietion of combustion.

Temperature, °C | Oy % tign S time,ng, S Char yield,.q, %
700 4 - - -
700 21 1.1-1.6 1.1-1.6 33
1 900 4 0.6-1.1 >22s
900 21 0.3-0.6 0.3-0.6 14
1100 4 0.3-0.6 1.1-1.6 14
1100 21 <0.3 <0.3 11
N Release

Figure 16 and Figure 17 show the nitrogen remaining as a percentage of the char weight versus
residence time in 4 and 21% oxygen. There is considerable scatter in the N content
measurements, which makes the interpretation of the results more difficult. In particular at 900°
with 21 % O, there seems to be erroneous points at 0.6-1.1 s. At 1100°C with 4 % O, the nitrogen
content decreased sharply when combustion took place (0.3-1.1 s). The data at 1100°C, however,
suggests that there was a gradual decrease in the nitrogen content even after combustion was
complete (0.3-2.2 s).

Figure 18 and Figure 19 show the cumulative nitrogen release versus residence time in 4 and
21% oxygen. in 4% oxygen, at 700°C no combustion took place. There is rapid N release during
the initial devolatilization (until 0.6 s) and more gradual N release during the extended pyrolysis
(after 0.6 s). There was combustion at 800°C until the longest residence time 2.2 s with 4 % O,
and until 0.6 s with 21% O,, and at 1100°C until 1.1 s with 4 % O,. When combustion takes place
there is relatively rapid nitrogen release. At all conditions with complete combustion there seems
to be continued slow nitrogen release. '
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Figure 17. Char Nitrogen Content as a Function of Residence Time During Black Liquor
Combustion in 21% Oxygen.
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Figure 18. Nitrogen Release as a Function of Residence Time During Black Liquor Combustion in

4% Oxygen.
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Figure 19. Nitrogen Release as a Function of Residence Time During Black Liquor Combustion in

21% Oxygen.
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NO Formation

Figure 20, Figure 21, and Figure 22 show the NO formation as a function of residence time at

temperatures 700, 900, and 1100°C respectively. Both pyrolysis and combustion data are
included. At 700°C there was no combustion with 4 % O, at any residence time studied or with 21
% until 1.1 s or after 1.6 s, and the NO formation is consistent with this. For pyrolysis conditions,

_the typical behavior of a maximum in the amount of NO formed as a function of residence is seen.
With 4 % O, the NO formation is equal to that during pyrolysis only. With 21 % O, the NO
formation increases between 1.1 and 1.6 5 when the combustion takes place to a value slightly
higher than that for pyrolysis. At 2.2 s the NO remains at a value that is approximately as much
higher than the pyrolysis value as the NO at 1.6 s.

At 900°C with 4 % O, the amount of NO increases as long as there is combustion, i.e. until 1.6 s.
After that, the amount of NO slightly decreases. Based on the char yield all combustion occurred
between 0.3 and 0.6 s at 900°C with 21 % O,. The NO content increases rapidly in this time
interval but it continues to increase until 1.6 s after which it decreases. At 1100°C with 4 % O,
there was combustion between 0.3 and 1.6 s. The NO content increased in this temperature
interval and decreased after that. With 21 % O, combustion was complete by 0.3 s, and the NO
was formed by that time after which there was a gradual decrease in the NO content.
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Figure 20. NO Formation as a Function of Residence Time During Pyrolysis and Combustion of
Black Liquor at Reactor Temperature 700°C.
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Figure 21. NO Formation as a Function of Residence Time During Pyrolysis and Combustion of
Black Liquor at Reactor Temperature 800°C.
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Figure 22. NO Formation as a Function of Residence Time During Pyrolysis and Combustion of
Black Liquor at Reactor Temperature 1100°C.
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Thus there was NO formation always when combustion took place, and in most cases after

combustion was complete there was a decrease in the NO content of the gases. This means that
the char N is oxidized in parallel with the carbon, and that reactions accounting for NO reduction
are important. The only exception is the data at 900°C with 21 % O.,. it shows considerable NO
formation after combustion was deemed to be complete. The data at these conditions had some
other anomalies as well, e.g., the amount of N release showed a decrease between 0.6 and 1.1 s.
" There may have been a problem in these runs. Alternatively, under these conditions considerable
amounts of N may be retained in the char at the end of combustion, and the N is then released as
NO. Forssen et al. (1995a) showed that at low O, contents (1 %) and low temperatures (800°C)
nitrogen is retained in the smelt residue and becomes oxidized after combustion is complete. The
O, content in this run was high, however, and temperature relatively high so those conditions do
not seem applicable to these results. At 700°C there was no NO formation after combustion was
complete. Further, the amount of N releaised should not decrease as residence time increases.
Therefore it seems justified to assume that the data at 900°C with 21 % O, is erroneous.

The NO contents are given as percentages of the nitrogen in the black liquor solids. The highest
NO contents corresponded to approximately 50 % of the black liquor nitrogen being converted to
NO. They occurred at 1.6 s with 21 % O, at 900°C, at 1.1-1.6 at 1100°C with 4 % O,, and at 0.3 s
at 1100°C with 21 % O,.

NO Formation from Combustion Air

All of the pyrolysis and combustion experiments described in the previous sections were made in
nitrogen or mixtures of nitrogen and oxygen, and there may have been some formation of NO
from the combustion air. This includes thermal NO and prompt NO formation. The former takes
place at high temperatures and the latter early during hydrocarbon combustion. The formation of
NO from the combustion air was studied here. The results are given also in the thesis by Rompho
(1997).

To test whether any NO was formed from the combustion air, combustion and pyrolysis
experiments in which the nitrogen was replaced by an inert gas mixture were made. The
composition of the inert gas was chosen so that the heating ratés were the same as with nitrogen.
A mixture of 99% argon and 1% helium gave very similar heating rates as nitrogen. Figure 23
shows the temperature of black liquor particles in nitrogen, helium and the mixture of argon and
helium at 800°C.
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Figure 23. The temperature of 100 um black liquor particles in nitrogen, helium, and a mixture of
argon and helium in the proportion 1:98 at 900°C.

The experiments were conducted at three different temperatures, which were 700, 900, and
1100°C, and at two residence times: 0.6 and 1.6 seconds. Figure 24, Figure 25, and Figure 26
show the char yields both in nitrogen and the inert gas atmosphere.
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Figure 24. Char yields versus residence time at 700°C in nitrogen and the argon/helium
atmosphere.
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Figure 25. Char yields versus residence time at 900°C in nitrogen and the argon/helium
atmosphere.
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Figure 26. Char yields versus residence time at 1100°C in nitrogen and the argon/helium
atmosphere.

in most cases (all data at 900° and most data at 1100°C) the char yields in N, and in the Ar/He
mixture were the same within the uncertainty of the data. This indicates that the combustion was




at the same stage at each data point, and a comparison between NO formation in the presence
and absence of molecular nitrogen can be made.

The char yields during pyrolysis (0 % O,) were slightly lower in N, indicating that pyrolysis may
have proceeded somewhat further in N, than in the inert mixture. As seen in Figure 23, the
heating rate was slightly higher in N, than in the inert mixture, which is consistent with the lower
char yields. Based on the earlier data, the NO content in the pyrolysis gases either increases or
" decreases as a function of time depending on temperature and residence time. At 1.6 s at 900°C
the NO content decreased as a function of residence time, as well as at 1100° at 0.6 s. Thus
having more complete pyrolysis would yield in a lower NO content in these conditions. The
pyrolysis was more complete in N,. Consequently the observed formation of NO from nitrogen in
the combustion air may be lower than if the heating rates had been exactly the same. At 700°C,
the maximum in the NO content is approximately at 1.6 s, and at this condition a more complete
pyrolysis might either increase or decrease the NO content. The same is frue at 900°C at 0.6 s.

At 700°C with 21 % O, the char yield was considera'bly lower with the Ar/He mixture than with the
N,. This means that more combustion had taken place in the Ar/He mixture. This is expected to
have a great impact on the NO formation at this condition, and this point can not be used to
assess the formation of NO from combustion air. At 100°C with 21 % O, the char yields were also
slightly lower in N,. However, combustion is complete at both residence times, and this difference

is not expected to have an impact on NO formation.

Figure 27, Figure 28, and Figure 29 show NO formation during black liquor pyrolysis and
combustion with nitrogen and the argon/helium mixture. At all other conditions except at 700°C
with 21 % O, the NO contents were higher in N, than in the Ar/He mixture. As discussed earlier, at
700°C with 21 % O, combustion had proceeded further in the Ar/He mixture, and this point can
not be included in the comparison. Thus there was NO formation from the nitrogen in the

combustion air at all conditions.
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Figure 27. NO formation versus residence time at 700°C in nitrogen and the argon/helium
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Figure 28. NO formation versus residerice time at 900°C in nitrogen and the argon/helium
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Figure 29. NO formation versus residence time at 1100°C in nitrogen and the argon/helium

atmosphere.

During combustion, the difference in NO was highest at 900°C with 4 % O, at 1.6 s when the NO
in the Ar/He mixture was only about half of that in the N, mixture. Combustion was still proceeding
at that time. At the same temperature with 21 % O, at 1.6 s combustion was complete, and the
NO in Ar/He was approximately two thirds of that in N,. The differences between the N, and Ar/He
atmospheres were smaller at 1100°C, when the NO in the Ar/He mixture was 10-15 % lower than
in N,. The difference was approximately the same whether combustion was complete or still

proceeding.

Figure 30 shows the difference in NO formed in nitrogen and NO formed in the argon/helium
atmosphere as a function of temperature at 1.6 seconds residence time. For all oxygen contents,
the difference in NO formation decreased as temperature increased. This indicates that the NO
formation from the combustion air is not thermal NO, because thermal NO formation increases
rapidly with rising temperature. On the other hand, prompt NO takes piace at low temperature and
may decrease as temperature is increased as observed in our experiments. Therefore the results
suggest that the NO formation from the combustion air in our experiments was prompt NO.
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Figure 30. The difference in NO formation between N, and Ar/He atmosphere versus temperature
at1.6s.

Figure 31 shows the difference in NO formed in nitrogen and NO formed in the argon/helium
atmosphere as a function of residence time at 900 and 1100°C. At 900°C, and 0% oxygen, the NO
formation from the combustion air or the prompt NO formation was the same at both residence
times. At this condition, fast devolatilization was over by 0.6 seconds, the shorter residence time,
and there was only extended pyrolysis after that. Prompt NO was thus formed during the fast
initial devolatilization stage. The oxygen necessary for the NO formation comes from the volatiles
released during this stage. The prompt NO corresponded to NO formation of about 5 % of fuel
nitfrogen.

At 900°C, in 4% oxygen, the difference in NO formation increased as the residence time
increased. The char yield shows only a slight decrease and there is no change in the amount of
NO in the Ar/He atmosphere. This indicated that the combustion may be just beginning. The NO
from combustion air or the prompt NO corresponded to about 25 % of the fuel nitrogen. Thus the
formation during early combustion was about 20 % of fue! nitrogen.
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Figure 31. The difference in NO formation between N, and Ar/He atmosphere versus residence
time.

At 1100°C, 4 and 21% oxygen, the NO formation from the combustion air was the same at a given
oxygen level regardiess of the residence time. With 21% oxygen, combustion was complete by
0.6 s; but with 4% oxygen, there was combustion in this time interval. There was no additional NO
formation from combustion during this stage. Thus there is NO formation from the combustion air
during devolatilization and early combustion. This is consistent with prompt NO formation.

Figure 32 further illustrates when during combustion prompt NO was formed. It shows the
difference in NO formed in nitrogen and NO formed in the argon/helium mixture as a function of
carbon release at 900°C with different oxygen contents and residence times. The amount of
carbon released is an approximate measure of the completeness of combustion. At low
temperatures and low oxygen contents, combustion was never complete, and the data presents
what happens during pyrolysis and early combustion. On the other hand, at high temperatures
and high oxygen contents, combustion was complete or nearly complete before the first data
point, and the data show prompt NO formation during late combustion.
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Figure 32. The difference in NO formation between N, and Ar/He atmosphere at 900°C versus
carbon release.

The NO from the combustion air (prompt NO) was formed during devolatilization at a level
corresponding to around 5% conversion of fuel nitrogen to NO as stated earlier. After
devolatilization but before combustion occurred or in the extended pyrolysis stage, hetween 45
and 70% of carbon release, the amount of prompt NO was almost constant. Ignition then occurred
between 75 and 80% of carbon release. At this stage, the amount of prompt NO formed increased
rapidly to 25% of fuel nitrogen and remained constant after that. This indicates that prompt NO
formation occurred at a level of 5% of fuel N during the devolatilization, and that additional 20%
occurred at the beginning of the combustion stage. The amount of prompt NO remained constant
after combustion was complete.

To assess if NO was formed from combustion air during the char burning stage separate
experiments of black liquor char combustion were made. The char was prepared in N, at 1100°C
at a residence time of 2.2 s. The char was then burned at 900°C for 2.2 s. One experiment was in
a mixture of O, and N, the other in a mixiure of O, and He. A high O, content was used. Due to
an error in setting the mass flows the O, contents were different: 21 % in N, and 16 % in He. This
is, however, not expected to affect the resiults since at both conditions the char combustion was
complete. The amounts of NO formed were the same: 32.1 % in He {average of two runs) and
32.3 % in N,. This indicates that during char combustion there is no NO formation from the
combustion air. Thus the NO formation from combustion air that was observed during black liquor
combustion stems from pyrolysis and vciatiles burning. This further confirms that the NO is
formed by the prompt NO mechanism.




Catalytic Effect of Recovery Boiler Fume Compounds on NH,
Oxidation

NH; is the main fixed nitrogen compound that is evolved during black liquor pyrolysis. The impact
of fume compounds on the reactions of NH,; was studied. The results are reported in the thesis by
- Tangpanyapinit (1995) as well.

Objectives of the Study

The reactive intermediate NH,, which is found during the pyrolysis of black liquor in recovery
boilers as the volatile nitrogen compound, could be oxidized to NO or N, by many possible
reactions. Fume compounds, which are produced during the process of black liquor combustion,
are potential catalysts for reactions of NO, formation and reduction. These catalytic reactions may
take place in the region between the char bed surface and the upper part of the furnace.

The primary chemical components of fume are Na,SO,, Na,CO,. In addition, there are mainly
potassium salts, and chiorides. The fume composition depends on combustion conditions and
changes due to chemical reactions when fume is transported from the lower part of a recovery
boiler (char bed) to the upper part (convective section).

The importance of catalytic NH; oxidation by fume compounds in recovery boilers was studied.
Na,CO,; and Na,S0O,, the two main constituents in fume, were used as catalysts in a fixed bed
reactor.

The objectives of this work were:

1. To study the rate of NH, destruction and oxidation by Na,CO, and Na,SO,

2. To investigate the effect of NO on NH; oxidation in the above reactions

3. To compare th'e catalytic activity of the two fume compounds

4. To obtain global kinetic expressions for the important reactions

5. To estimate the importance of the reactions in recovery boilers.

Experimental

Materials
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Na,CO, and Na,SO, (fume species) were used as the catalysts in this study. Both chemicals were
prepared from anhydrous granules from Mallinckrodt company. The purity of Na,CO, was 99.62%
and that of Na,S0O,99.49%.

Backman et al. (1985) had studied the kinetics of sulfation of Na,CO, in artificial flue gases in the
temperature range 300 °C to 700 °C. They found that the available surface area of Na,CO,
decreased due to sintering. To reduce the effect of sintering during the experiments, it was

' suggested that the compounds should be presintered before use. In this study, each sodium
compound was sieved and the particle size of 90 to 125 pm in diameter was collected. This
fraction was treated in a ceramic crucible in a muffle furnace at 780 °C, 1 atm for % hour. After
cooling down, the presintered sodium comipounds were sieved once again and the same particle
size range (80 to 125 ym) was collected. Both untreated and presintered sodium Na,CO, were
analyzed for BET surface area. The BET surface area of the untreated Na,CO, was 0.26 m?/g and
that of the presintered Na,CO, was 0.18 m%g. The analysis gas was N,.

NH,;, NO, and air were used as the reactant gases in the experiments with the following
concentrations.

NH; : 476-514 ppm in He (differences in NH; concentrations due to different gas cylinders used)
NO: 2050 ppm in He (with other oxides of N <20 ppm)

Air: 21% O, in N,

He: 99.999% (grade 5 high purity)

Helium was used as an inert gas to dilute the concentration of the other reactant gases and also
as a purge gas to flush the experimental system.

Equipment

The fixed bed reactor used in the experiments was made of quariz glass. It had a 1.3 cm inside
diameter and a length of 95 cm. A sintered quartz glass plate was used to support the fixed bed
particles (Na,CO, and Na,SO,) and it was located in the center of the reactor. Quartz wool was
placed between the fixed bed particles and the sintered quartz glass to avoid direct contact of
these two materials. This prevented the catalyst particles from depositing in the pores of the
sintered glass, which might have caused errors in the subsequent exberiments, in particular, in
empty bed tests or in experiments with the other catalyst. Na salts may have also reacted with the
sintered quartz.



In this study, a Fourier Transform Infraréd Spectrometer was used for the quantitative analysis of
nitrogen compounds (NH; and NO) in the reactants and the gaseous products. The spectrometer
used in these experiments was a Bomem MB100 mid IR FT-IR with a 7 meter pathlength gas cell.

A calibration curve for each interesting gaseous species (NH, and NO) was prepared before doing
all the quantitative analysis. The wavelengths used for the NH, analysis were 980-900 cm™, and
the wavelengths used for NO were 1970-1780 cm™. An average reproducibility of the

measurements was better than 3%.

A Teflon FEP gas sampling bag was used to collect the outlet gas from the reactor and to supply it
to the FT-IR for gas analysis.

The experimental equipment was set up according to the schematic diagram shown in Figure 33.
Reactant gases flowed through rotameters, and were mixed. The mixed gas was led to the three-
way valve, which was used to select the path between by-pass and reactor. The by-pass was
selected when the initial concentrations of the reactants in the mixed gas were to be analyzed. In
the reactor path, the mixed gas flowed downward through the heated fixed bed reactor, which
contained a known amount of the catalyst. The gas lines from the reactor and from the by-pass
were joined and connected to the other three-way valve, which was used to select between
exhaust line or sampling line. The sampling line was connected to the gas sampling bag, which

was used to collect the outlet gas for analysis.
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Figure 33. Schematic diagram of the experimental equipment setup.

Experimental Method

A predetermined amount of the presintered Na,CO, or Na,SO, was pléced on quartz wool, which
was held by a fritted quartz glass at the center of the reactor. Both ends of the reactor were
connected to the gas lines. The fixed bed reactor was set to be at the center of a cylindrical
furnace in both vertical and radial directions. The furnace was heated up to the lowest experiment




temperature (550 °C) at the rate of about 10 °C/min. During the heating process, there was a He
fiow of 13.0 cm®sec (25 °C, 1 atm) through the reactor to purge the system.

Before the temperature reached the set point (at approximately 500 °C), the gas was switched to
by-pass the reactor and the gas flows were set to those of the experiment. After the gas flows had
stabilized in about 5 minutes, a sample was taken to analyze the concentration in the reactor inlet
gas. The gases by-passed the reactor, and the outlet was taken through the sampling line, which
" was connected to the gas sampling bag. When the sampling bag was nearly filled up to its full
capacity (4.7 liters}, the increase of gas pressure in the sampling bag caused the gas flow rates to
decrease. To reduce this problem, the sampling bag was filled with the outlet gas to less than its
full capacity but enough for gas analysis each time. The sample was immediately taken to the
Fourier Transform Infrared Spectrometer (FT-IR) for analysis. Two samplings were conducted for
one gas analysis. The first sampling was used to flush the gas chamber of the FT-IR, and the
second sampling was used for gas analysis by the FT-IR. At least two samples were made at
each experiment, and the average value of the gas concentrations was calculated. After each
sample collection, the sampling bag was evacuated'to be ready for being used again.

After the samples of the reactor inlet gas were taken, the gas was switched back to flow through
the reactor. The same reactant gas flow rates were used as when the samples of the by-pass gas
were collected. After the reactant gases had flowed for about 10 minutes through the reactor, the
outlet gas was collected and analyzed by the FT-IR. After at least two samples for the FT-IR were
taken, the flows of the reactant gases were stopped. He was used to purge the system again,
while the temperature in the reactor was increased to the next set point. The same steps of
experiment were repeated.

When measuring the gas concentrations with the FT-IR, the FT-IR detector was first filled with
liquid nitrogen. The gas sampling chamber was preheated by electrical heating to above 70 °C to
prevent gas adsorption from the sample on the gas chamber walls. Before starting the sampling,
He was used to flush the gas chamber for at least five minutes to purge all undesired gas residual
from inside the chamber. Then the sampling chamber was evacuated and the inlet gas line was
connected to the gas sampling bag. The gas chamber was flushed with the sample gas with
almost its volume capacity (about 1.2 liters) and was evacuated. For the measurement, the inlet
valve was left open to let the gas flow into the chamber until the press‘ure in the chamber was at
atmospheric pressure. After finishing the scanning, the chamber was evacuated and was
prepared by the same steps to be ready for the next analysis.
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Experimental Conditions

The importance of external mass transfer (film diffusion) limitation was tested by experiments at
the same residence time but with different gas flow rates and different catalyst weights at the
highest temperature studied (750 °C). The rate data obtained were also used to estimate the
effect of film mass transfer by comparing to the Mears’ criterion (Fogler, 1992). The importance of
internal mass transfer (pore diffusion) effect was tested by the Weisz-Prater criterion (Fogler,
- 1992).

In order to obtain the rate constants and the activation energy, each reaction was studied at five
different temperatures: 5§50, 600, 650, 700, and 750 °C. Two initial concentrations of NH,, 250 and
500 ppm, were used in these tests. In order to obtain the reaction order, the analysis method was
determined first. For differential reactor, only the inlet concentration of NH, was varied in the
experiments (Levenspiel, 1972). For integral reactor, the ratio between the weight of the catalyst
and the volumetric gas flow rate was varied in the experiments (Levenspiel, 1972). A summary of
all the experimental conditions is shown in Table 4.

Tabie 4. The experimental conditions studied.

Na,CO, (particle size 90- | 0.38-3.0+0.1 g
125 um)

Inlet gases Temp., NQ inlet, ppm | NH;inlet, Flow rate,
°C ppm cm’/s

NH, 550-750 - 115-500 13.0

NH;+NO 550-750 250-1250 150-400 13.0

NH;+0, (1% O,) 550-750 - 250,500 6.3, 13.0

NH,+O,+NO (1% O,) 550-750 | 250 250 13.0

Na,SO, (particle size 90- | 3.0+0.1 g
125 um)

Inlet gases Temp.°C | NO inlet, | NH;inlet, Filow rate,
ppm ppm cm®/s

NH, 550-750 . 500 © 1 13.0

NH;+NO 550-750 250 250 13.0

NH,+O, (1% O,) 550-750 | - 500 13.0

NH,+O,+NO (1% O,) 550-750 | 250 250 13.0




Results and Discussion

Four catalytic reactions were studied in the temperature range from 550 °C to 750 °C. They were
decomposition of NH, in the absence of any oxidative gases (referred to as NH; reaction in the
following), decomposition and oxidation of NH; in the presence of NO (referred to as NO + NH, in
the following), destruction and oxidation of NH; in the presence of O, (referred to as NH; + O,),
- and decomposition and oxidation of NH; in the presence of both O, and NO (referred to as NH, +
0, + O,). Two species of fume compounds (Na,CO,;, and Na,S0,)} were used in the experiments
as the catalysts. All the experiments were conducted in a fixed bed reactor. The inlet and outlet
concentrations of NH, and also those of NO, were measured in each experiment.

Reactions in an Empty Bed

The purpose of the experimental runs in the empty bed was to test whether there were gas phase
reactions or catalytic effects of the reactor materials on the NH; reactions. If the effects were
significant, the empty bed reaction kinetics would be used to correct the kinetic data obtained for
the fume catalytic reactions.

In the empty bed tests, all reactor materials (quartz wool and fritted quartz glass), except fume
compounds were the same as in the fume catalytic experiments. Reactions of NH; (with inlet NH,
= §00 ppm), NH,+NO (with inlet NH, = 250 ppm, NO = 250 ppm}, NH,+O, (with inlet NH; = 500
ppm, 1% O,), and NH,+O,+NO (with inlet NH; = 250 ppm, NO = 250 ppm, 1% O,) were tested at
550 °C, 650 °C, 700 °C and 750 °C at the same total gas flow rate of 13 cm®/s. Figure 34 shows
the NH, conversions of all the reactions in the empty bed in the temperature range studied. At the
temperature of 650 °C and lower, there was no NH; conversion detected for any of the reactions
studied but some at the highest temperature studied (750 °C) for all of them. At 750 °C, for the
reactions NH;, and NH,+0O, the conversions of NH; were 5%, and 8%, respectively, and no NO
was detected. For the reactions NH;+NO, and NH;+O,+NO at 750 °C, the conversions of NH,
were 10%, and 15%, respectively. The outlet NO concentrations in both the reactions were

unchanged from the inlet concentrations.
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Figure 34. NH; conversions as a function of temperature in the empty bed experiments.

Conversion with Na,CO; as a Catalyst

Reactions in the Absence of O,

The conversions of NH; as a function of temperature are shown in Figure 35 for the reactions of
NH,, and NH,+NO with Na,CO; as the catalyst in the reactor bed. The inlet concentration of NH,
was 500 ppm in the absence of NO. When both NO and NH, were present in the inlet gases, the
concentrations of NH; and that of NO were equal (250 ppm). In each run, the total gas flow rate
was 13 cm®s at 25 °C and the amount of Na,CO, used was 3.0 g. For both reactions, the
conversion of NH; increased with increasing temperature, and the conversion was slightly higher
in the presence of NO. With and without NQ, the conversions of NH; were less than 5% at 600 °C
or below. At 750 °C, the conversions of NH, were 25-26% without NO and 25-30% with NO.

The NO conversion for the NO + NH; is shown in Figure 36. It increased with increasing
temperature and was less than 5% at 600 °C or below and was approximately 17 % at 750 °C.
The NO conversion was lower than the corresponding NH; conversion for this reaction (e.g., at
750 °C 17 vs. 28 %). However, the NO conversion was significantly higher than the difference
between the NH; conversion in the presence and absence of NO (28 % vs. 25 % at 750 °C).
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Figure 35. NH; conversions as a function of temperature of the catalytic reactions. NH;, and
NH,+NO with 3.0 g Na,CO; and a total flow rate of 13 cm®/s at 25 °C.
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Figure 36. NO conversions as a function of temperature for the reactions NH;+NO and
NH;+O,+NO, 3.0 g Na,CO, at a total flow rate of 13 cm3/s at 25 °C.
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Reactions in the Presence of O,

Figure 37 iliustrates the conversion of NH; in the presence of O, both with and without NO
(NH,+O, and NH,+0,+NO) as a function of temperature. The total gas flow rate was 13 cm¥s,
mass of Na,CO, 3.0 g, and O, concentration 1 %. For the reaction of NH,+O,, two different inlet
concentrations of NH; - 250 ppm and 500 ppm - were tested. The NH, conversions increased with
- temperature and were significant at temperatures higher than 550 °C and almost 100% at 750 °C.

A NH3+NO+02 (NH3inlet 250
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@ NH3+02 (NH3inlet 500 ppm,
1% 02)
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Figure 37. NH; conversions as a function of temperature of the catalytic reactions NH,+0, and
NH,+0,+NO, 3.0 g Na,CO; at a total flow rate of 13 cm¥s at 25 °C.

For the reaction NH;+0O,, the conversions of NH, were close with the two NH, concentrations: The
difference was less than 1 percentage point at 550-650 °C. At 650 °C and 750 °C, the conversion

was slightly higher with the lower NH3 cencentration. The presence or absence of NO did not‘

make a significant difference in the NH; conversion.

When only NH; and O, (and inert gases) were present in the reaction gases, NO was found as
one of the products. Figure 38 shows the NO production based on the inlet concentration of NH,
as a function of temperature for the NH,;+O, reaction. The amount of NO formed increased as
temperature was increased, was less than 5 % at 550-600 °C and 28-38 % at 750 °C. As the
Figure shows, at each temperature, the fractions of NH, that formed were almost the same
regardless of the NH; conversion.
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Figure 38. NO production as a function of temperature for the NH;+0, reactions with two different
NH; inlet concentrations (500 ppm and 250 ppm), 3.0 g Na,CO, at a total flow rate of 13 cm*/s at
25°C.

The amounts of NO produced were not equal to the amounts of NH, converted. This is because
NH; could decompose by itself, and NO could be reduced by NH,; or the products of NH,
destruction. Figure 39 shows the ratio of moles NO produced per mole of NH, reacted. The data
in this Figure have more scatter than the data of NO production based on inlet NH;. A possible
explanation is that the effects of any errors in the amounts of NO produced are magnified by the
smaller values of denominators (NH; reacted < NH; inlet). Any errors in the amount of NH,
reacted also contribute to the scatter.

At most temperatures (550-700 °C), the fraction of NH, that exited as NO was higher with the
higher NH; inlet concentration. It is not known if this a true effect or the result of errors in the
measurements. At 650 °C, the fraction of inlet NH; that exited as NO seemed to be the same
regardiess of the NH, concentration but the overall conversion of NH, was lower for the higher
NH; concentration. On the other hand, at 600 °C the overall NH; conversion seemed to be the
same regardiess of the NH; concentration but the fraction of the inlet NH; that exited as NO was
higher with the higher NH, concentration.
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Figure 39. Moles of NO produced per mcle of NH, reacted as a function of temperature for the
NH,;+0, reaction with two different NH, inlet concentrations (600 ppm and 250 ppm), 3.0 g
Na,CO, at a total flow rate of 13 cm®¥s at 25 °C and 1 % O..

The data seems to suggest that the fraction of NH; reacted that exited as NO increased as
temperature was increased. At 600-700 °C, the average fractions of NH, that reacted to NO were
26-28 % and at 750 °C it was 35 %.

In the presence of NH;, NO and O,, the outlet NO concentration was always lower than the inlet
NO concentration. The NO conversions were shown in Figure 4. There was a maximum in the No
conversion. The NO conversion was about 5 % at 550 °C, increased to 17 % as temperature was
increased to 650 °C and was less than 5 % at 750 °C. An explanation for the decreasing
conversion is that the rate of NH; oxidation increases more rapidly than the rate of NO reduction
as temperature is increased from 650 °C to 750 °C.

Conversion with Na,SO, as a Catalyst

The same amount of bed material (3.0 g().1g) was used in the tests with Na,SO, as in the tests

with Na,CO,. All other conditions were the same as well.




Reactions in the Absence of O,

Figure 40 shows the NH; conversion as a function of temperature with only NH; in the inlet gases,
and that with NH, and NO. The highest conversion of NH, without NO was less than 5%, while for
the reaction of NH,+NO, the highest conversion was 7% at 750 °C. The conversions in the empty
bed experiments were 5% for NH; and 10% for NH,+NO. For the NH;+NO reaction, the outlet
- concentration of NO did not change from the inlet concentration at any temperatures studied,
which is the same result as in the empty bed. The resuits thus indicated that the decomposition of
NH, or the oxidation of NH; by NO in the absence of O, was not catalyzed by Na,SO, at the

conditions studied.
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Figure 40. NH; conversions as a function of temperature for the catalytic reactions of NH, and
NH,+NO, 3.0 g Na,SO,, at a total flow rate of 13 cm®/s at 25 °C.

Reactions in the Presence of O,

The graphs between NH, conversion and temperature for the reactions with in the presence of O,
are shown in Figure 41. Only one inlet NH; concentration, 500 ppm, was used in the experiments
with Na,SO, for the reaction of NH;+O,. For the NH,+0, reaction, the NH; conversions were less
than 10% and no NO was produced at 700 °C or below. The highest conversion of NH, was 17%
and the highest NO outlet concentration was 6 ppm. These were higher than the values in the
empty bed experiments (8% NH, conversion, and no NO produced) at 750 °C. For the reaction
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NH,+0,+NO, 10% of NH; inlet or less was converted at 700 °C or below. At 750 °C, the NH,
conversion was 22%, which was higher than the conversion in the empty bed experiment (15%).
The outlet NO concentration was always within 3 % of the inlet NO concentration.

—&— NH3+02 (NH3inlet 500
/ ppm, 1% O2)

—&— NH3+NO+02 (NH3inlet
250 ppm, NOinlet 250
ppm, 1% 02)

NH3 conversion (% inlet NH3)

650 700 750 800

Temperature (C)

Figure 41. NH; conversions as a function of temperature for the catalytic reactions NH;+O,, and
NH,+0,+NO, 3.0 g Na,SO,, at a total flow rate of 13 cm?s at 25 °C.

Summary of Initial Tests

The NH; conversion data in the empty bed indicated that there were no gas phase reactions or
catalytic effect of the reactor materiais at 650 °C or below. There was some reaction at 700-750
°C (5-15 % conversion). In the absence of O,, the NH, conversions in the empty bed were about
25% to 30% of the conversions in the Na,CO, bed at the highest temperature and were equal to
the conversions in the Na,SO, bed. In the presence of O,, the NH, conversions in the empty bed
were 8% to 15% of the conversions in the Na,CO, bed and were 50% to 70% of the conversions
in the Na,SO, bed at 750 °C.

With both bed materials, the NH; consumption was considerably higher in the presence of O, than
in the absence of O, above 550 °C. In the: presence of O,, the highest conversions over Na,CO,
were approximately 100% at 750 °C, while without O, they were 25-30%.




Over the Na,SO, bed the highest conversions with O, were 17-22%, while without O, they were 4-
7% at 750 °C. The comparison with the empty bed data showed that Na,SO, had no catalytic
effect of in the absence of O, at any temperature studied. The catalytic effect in the presence of
O, initially showed at 750 °C but the effect was minor when compared that over the Na,CO, bed.

in conclusion, the data indicated that Na,CO, had a higher catalytic effect than Na,SO, did on the
reactions. Therefore, only the kinetics of the reactions in the Na,CO, bed were to be studied
' further. The data of all the reactions in the Na,CO, bed should be corrected with the empty bed
data except at 550-600 °C.

Global Catalytic Reaction Rate for the Destruction and Oxidation of NH,
over Na,CO,

Kinetic data for each reaction over Na,CO; was obtained by either differential reactor or integral
reactor analysis. The maximum conversion of NH, for each reaction was considered the main
factor in selecting the interpretation method. Different experiments were used for differential
reactor and integral reactor analysis to obtain data for the determination of the reaction orders and
the rate constants.

In the absence of O,, the highest percentage conversions of NH; at the studied experimental
conditions were less than 45%, and differential reactor analysis was accepted. The following
equation was used.

' FNH3,O . XNH3
Eq. 5! —rnHsave = W =K CRle.ave

The experiments were conducted by varying the inlet concentration of NH;. A graph between In(-
I'nnaave) @Nd IN(Cyuaave) Should give a straight line whose slope equals the reaction order (n). The
interception with the Y-axis can be used to determine the rate constant k.

In the presence of O, the highest percent conversions of NH, were almost 100% at the
experimental conditions studied. Integral analysis of the integral reactor was used for these
reactions. The following equations were used for this analysis method in the interpretation of the
experimental data

Eqg.6: (n=1): k'FW =-In(1~ Xyns) !

NH3,0 NH3,0

=Yg
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1 1 1

Fromo ~ {0=1) ~ (-n)

Eq.7: (n=1): kK 1= Xz )™

CRHS.O S
These equations can be derived by integration of the nth order performance equation in a plug
flow reactor (-r' = V/W*dc/dt = K'c” and the substitution X = 1-c/c,).

The experiments were performed by varying W, while the other experimental variables were kept

- constant. If a straight line through the origin is obtained for a plot of -In(1-Xyus)/Cyns, VErsus
W/F s, the reaction can be regarded to be of first order with respect to NH; concentration. The
slope of the line is then equal to the reaction rate coefficient. For an nth order reaction a plot of
Youen VErsus WiF,,, should similarly yield a straight line through the origin with the slope equal to
k'. Y., depends on the reaction order (n), and therefore a trial and error method is used to select
the line that gives the best linear fit. The value of n that gives the smallest sum of square of errors
could be selected as the reaction order n.

Destruction of NH, in the Absence of NO and O,

The experiments to find the reaction order were performed by varying the inlet concentration of
NH, from 115 to 500 ppm at the same total flow rate (13.0 cm®s at 25 °C), amount of Na,CO, (3.0
g) and temperature (750 °C). The NH; conversions at the different NH; inlet concentrations are
shown in Table 5.

Table 5. NH; conversions at the different NH; inlet concentrations with 3.0 g Na,CQ,, total flow of
13.0 cm?/s (at 25 °C) at reactor temperature 750 °C.

NH; inlet concentration (ppm) NH, conversion (%)
455 26
453 25
274 27
243 34
115 45




The NH; conversions depended on the inlet concentrations of NH;. The lower the concentration of
NH;, the higher the conversion of NH; was. This implied that the reaction order was lower than
first order. The plot of IN(-I'yuz.ave) @nd IN(Cyuaave) @ccording to the differential reactor analysis is
shown in Figure 42. The reaction order value obtained is 0.53 with respect to NH, concentration.
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Figure 42. Differential reactor analysis of the NH3 reaction with NH3 = 115 to 500 ppm, and 3.0 g
Na,CO,, total flow 13.0 cm®/s 25 °C at 750 °C.

NH; +NO

The effect of NO on NH, conversion was tested by varying the inlet concentration of NO from 0 to
1253 ppm while the inlet concentration of NH, was kept constant at 250 ppm. The total flow rate
was 13 cm®/s at 25 °C and the experimental temperature was 750 °C. The amount of Na,CO,
used was 3.0 g. Figure 43 shows the relationship between NH; and NO conversions and the inlet
concentration of NO. There was little variation in the NH; conversion as the NO concentration
was changed: Without NO, the NH; conversion was 34 %. It decreased to an average of 28% at
250 ppm NO. As the concentration was further increased from 250 to 1250 ppm, the NH;

conversion again increased to 34%.
One possible explanation for this behavior is that, initially, when NO is added, the rate of NH,
disappearance decreases because NO occupies catalytic sites and prevents NH, from adsorbing

on them. As the NO concentration is further increased, the rate of the reaction between NH, and
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NO increases and the overall effect is that the rate of NH, disappearance increases. For the
purpose of this work, however, it seemed that the effect of NO on the NH; conversion was
insignificant. Therefore the global rate of NH, destruction in the presence of NO but absence of O,
was based on NH,; concentration only.

The NO conversion is shown in the same figure. Even though the NO did not significantly impact
the NH; conversion No was consumed. The moles of NO consumed per mole of NH; consumed

" varied from 0.58 to 0.93, and were highest at high NO concentrations. The effect of NO on NO
conversion is discussed separately in the section on global rates for NO destruction.

Experiments in which the inlet concentration of NH, was varied, were conducted at the same
conditions (3.0 g Na,CO,, 13 cm?¥s total flow, 750 °C). The inlet NH; concentration was varied
from 150 to 400 ppm while the inlet concentration of NO was constant at 250 ppm. Figure 44
shows the relationship between NH, and NO conversions and the inlet concentration of NH,.
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Figure 43. Effect of inlet NO concentration on NH; conversion and NO conversion with 0-1250
ppm NO and 250 ppm NH,, and 3.0 g Na,CO,, 13 cm¥/s total gas flow and 750 °C.
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Figure 44. Effect of inlet NH; concentration on NH, conversion and NO conversion with 0-1250
ppm NO and 250 ppm NH,, and 3.0 g Na,CO,, 13 cm?¥s total gas flow and 750 °C. A
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Figure 45. Differential reactor analysis of the NH;+NO reaction with 115-400 ppm NH,, 250-1250
ppm NO, and 3.0 g Na,CO;, 13 cm®/s total flow rate at 25 °C, and at 750 °C
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For this reaction as well the conversion of NH; depended on the inlet concentration of NH,. The
NH, conversion was lower when the inlet concentration of NH; was higher. This suggests a
reaction order, which is lower than first crder. The relationship between -I'yy3,.. @nd Cyuzave IS
illustrated in Figure 45. The global reactior: order from the plot in Figure 13 is 0.48 with respect to
NH; concentration. There is a lot of scatter in the data. Therefore, the same reaction order as
found in the absence of NO (0.53) was accepted for the purpose of reaction rate comparison.

. NH,+O,

The kinetics of NH; destruction in the presence of O, was obtained according to integral analysis
by experiments in which the amount of N&,CO, (W) was varied. The weight ranged from 0.38 to
1.53 g. The inlet concentration of NH,; was 500 ppm and the O, concentration 1%. A total flow rate
of 13.0 cm®/s at 25 °C was used in all runs. The temperature was 750 °C. The method of trial and
error was used for the nth order reaction to find the order of reaction (n) that gave the highest
value of R? for a straight line through origin for a plot between Y., and W/Fy,;,.. An order of 1.27
with respect to NH; was found (R? = 0.85). Howevér, the R? value for a first order reaction plot
was not much higher (shown in Figure 46). Within the uncertainty of the data, a first order reaction
with respect to NH; seems to be acceptable.

NH,+0,+NO

The experiments were similarly performed by varying the amount of Na,CO, from 0.38 to 1.53 g,
while the inlet concentration of NH, and that of NO were equal to 250 ppm with 1% O, at a total
flow rate of 13.0 cm®/s at 25 °C. The temperature of the reactor was 750 °C. The reaction order of
1.2 with respect to NH, gave the best fit to the experimental data (R? = 0.99). However, the fit for
~ the first order reaction expression (shown in Figure 47) could be accepted as well within the
uncertainty of the data.
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Figure 46. Integral analysis of the NH,+O, reaction (n=1) with 500 ppm NH,, 1% O,, 0.38-1.53 g
Na,CO,, 13 cm®/s (25 °C), at 750 °C.
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Figure 47. Integral analysis of the NH;+0,+NO reaction (n=1), with NH, = 250 ppm NO = 250
ppm, 1% O,, 13 cm®/s (25 °C), at 750 °C.
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Examination of Mass Transfer Effects on the Global Reaction Rate

In this study, the effect of film mass fransfer was investigated by both experiments and a
theoretical criterion (Mears’ criterion, Fogler, 1992). The tests were conducted at the temperature
which yielded the highest rates of reaction (750 °C). The amount of catalyst and the total flow rate
were reduced to half of the values used in the kinetic data experiment. This condition yielded the
. same residence time but a different gas velocity. The reaction NH,+O, was chosen for the test of
the film mass transfer effect. Other reactions studied were investigated by using the rate of
reactions from the experimental data to evaluate the Mears’ criterion. The effect of pore diffusion
- was examined by the Weisz-Prater criterion (Fogler, 1992). The experimental data of all the
studied reactions were used to evaluate the satisfaction of the Weisz-Prater criterion.

The results of the test for the mass transfer effect and the calculations are shown in Table 6. For
the film mass transfer resistance test of the NH,+O, reaction, the higher gas velocity gave a
slightly higher NH; conversion (2-4 percentage points higher). The difference in the NH,
conversions was of the same order as the uncertainty in the measurement. The Mears’ criterion
was satisfied for all the reactions studied at 750 °C. Therefore, it was concluded that there were

no external mass transfer limitations.

Table 6. Evaluation of mass transfer effecis in the reactions at 750 °C.

Reaction Na,CO, Total flow | Inlet NH; | NH, Mears’ Weisz-
mass, W, rate, V, | conc., conversion, | criterion Prater
g cm’ls ppm X, % criterion

1.53 6.3 488 94 0.0042 0.039

1.53 6.3 488 96 0.0042 0.039

3.09 12.3 475 98 0.0028 0.037

NH;+0,+NO 3.05 13.2 241 99 0.0041 0.055

NH, 3.07 12.7 451 25 0.0001 0.002

NH,+NO 3.09 12.5 236 30 0.0001 0.002

the Mears’ criterion < 0.15, no film mass transfer limitation
the Weisz-Prater criterion << 1, no pore cliffusion limitation

For the investigation of pore diffusion control, the Weisz-Prater criterion was satisfied for all the
reactions studied at 750 °C. In conclusior: the mass transfer effects could be ignored at 750 °C.
For the conditions at temperatures lower than 750 °C, the reaction rates are slower, which causes




the mass transfer effects to be less important, too. So, it can be concluded that neither film
transfer control nor pore diffusion control is important at the experimental conditions studied.

Kinetic Rate Constants for NH, Disappearance and Arrhenius plots

The experiments in the empty bed showed the possibility of gas phase reactions or catalysis by
the reactor walls occurring at 750 °C. Thus the rate constants obtained from the performance
equations are the total rate constants (k') which include the impacts of both Na,CO, and the
empty bed. With the assumption that the reactions in the gas phase (or catalyzed by an empty
bed) have the same reaction order as the catalytic reactions, the total rate constant is given as

Eq. 8: Kiotar = K’ *+ Vzone/W*Kempty
where
Kwe = Observed kinetic rate constant, (cm®)"/mol®™".g.s
k = kinetic rate constant of the catalytic reaction, (cm®)*/mol®"-g.s

Kemsy = kinetic rate constant of the gas phase reaction, (cm*mol)™"/s
where n = reaction order
Vzone = volume of the gas phase reaction zone, cm®

=n*(d/2)*h, =31cm®

d, =diameter of reactor, 1.3 cm
h, = the length of reactor which has uniform temperature, 23 cm
w = weight of catalyst used in the catalytic reaction, g

The values of k.., for each reaction are calculated from the reaction rate equation of a
homogeneous reaction with differential reactor analysis. The values of K., for the reactions at
750 °C are shown in Tabie 7. At other temperatures, the reaction in the empty bed was

insignificant.

The value assigned to V,,,. is arbitrary and the values of k.., depend on the value chosen for
V.one- However, for the evaluation of k', the value used for V,,,. is not important. Since the same
value is used to evaluate k., in the absence of Na,CO, and the overall reaction, the value of K’
is independent of the value chosen for V..
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Table 7. Keny Of the reactions at 750 °C

Reaction Kempty
NH; (n=0.53) 1.00710%, (mol/cm®)®*/s
NH;+NO (n=0.53) 1.30*10°, (mol/cm®)®4s
NH;+0O, (n=1) 0.12, 1/s
NH;+O,+NO (n=1) 0.23, 1is

Reactions in the Absence of O,

The reaction order (n = 0.53) which was derived at 750 °C, is assumed to be valid at other

temperatures studied (550-700 °C). At each temperature, the data from the experiments are
directly inserted into the performance equation, and the rate constants (k') are calculated. Except
at 750 °C, the vaiue of the rate constant obtained is the total rate constant (k'total). Once K, is
known, k' can be calculated from the correlation equation. Both the rates of reaction and the rate
constants are based on the mass of catalyst in this study. Figure 48 shows the Arrhenius plots
both in the absence and presence of O,.
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0.0 0.001  0.00105 0.0011 000115  0.0p1

m NH3+NO, E=103 kJ/mol
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Figure 48. The temperature dependencies of the rate constants according to Arrhenius’ law for the
NH; reaction (n=0.53) at NH; = 500 ppm, and the NH;+NO reaction (n=0.53), at NH; = 150-400
ppm, NO = 250- 1250 ppm.




The activation energy of the decomposition of _NH3 is 98+3 kJ/mol (95% confidence interval), while
the activation energy of NH, oxidation by NO is 10316 kJ/mol (95% confidence interval) in the
temperature range studied. Thus the activation energies are not significantly different. The
average reaction rate constants at each temperature studied are shown in Table 8. The rate of
NH, decomposition is slightly faster than the rate of the reaction NH,+NO at the temperatures
studied.

Table 8. The average reaction rate constants for NiH; destruction over Na,CO, in the absence of
0, at the temperatures studied.

Temperature, °C Reaction of NH, Reaction of NH3+NO
K, (mol®# (cm®)°*%%/g.s) K, (mol®¥ (cm®)°%¥/g.s)

550 -* -*

600 -* 3.90*10°

650 1.08*10* _ 8.40*10°

700 2.09*10* 1.67*10*

750 3.80*104 3.11*10*

Note: (*) no reaction observed at the temperature

The kinetic data of the reactions can be summarized as follows: the reaction orders with respect
to NH; and the activation energy values very close (0.53th order with E = 88 kJ/mol). NO
consumption in the reaction NH,+NO was also present but the rate of NH; disappearance was
independent of the NO concentration. The details of a rate of NO reduction in the NH;+NO are
illustrated and discussed later in the section on global rate for NO reduction.

Reactions in the Presence of O,

The rate constants of the two reactions can be obtained by the equation for first order reaction in
an integral reaction. The experimental data at each temperature are used to calculate the rate
constants separately. At 750 °C, the total rate constant (k') is used to calculate the catalytic rate
constants (k) from the correlation equation. The temperature dependencies of the rate constants
according to Arrhenius’ law are shown in Figure 49. The rate constants of both reactions at
different temperatures are exhibited in Table 9.
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Figure 49. The reaction rate constants of the NH,+0, reaction (n=1), at 500 ppm and 250 ppm
NH; with 1% 02, and the NH;+0O, +NO reaction (n=1), at NH; 250 ppm, NO 250 ppm and 1% O,,
with Na,CO,.

In the Arrhenius plot, the two reactions seem to be almost indistinguishable. The activation energy
of the NH,+0, reaction is 170+23 kJ/mol and that of the NH,+0O,+NO reaction is 185+42 kd/mol.
The reaction rate constants indicate that the reaction rates are slightly higher when NO is present

at temperatures above 600 °C.

Table 9. The reaction rate constants of the NH,+O, reaction and the NH,+0O,+NO reaction over
Na,CO,with an inlet concentration of NO of 250 ppm.

Temperature, °C NH; +O, Reaction of NH,;+O,+NO
k', (cm3)/3.s K, (cm®)/g.s

550 0.498 0.483

600 2.06 227

650 7.30 9.02

700 27 311

750 63.3 95.0




Global Reaction Rate for NO Reduction

The NO conversion was increased by an increase in the inlet NH, concentration and was
decreased by an increase in the inlet NO concentration at 750 °C. The only exception was the
" measurement at 322 ppm NO. With 250 ppm NH; and 250 ppm NO, the highest NO conversion
was 18% at 750 °C.

The kinetics of the rate of NO consumption was found by differential analysis. First, the reaction
order of NO reduction with respect to NH; concentration was studied by experiments in which the
NH; was varied from 150 to 400 ppm. The NO concentration was kept constant at 250 ppm and
the mass of Na,CO, was 3.0 g. The temperature was 750 °C. The order with respect to NH, was
1.4 as seen in Figure 50. The reaction order of NO reduction with respect to NO was tested by
experiments in which the NO concentration was varied from 250 to 1250 ppm. The NH;
concentration was constant at 250 ppm. The mass of Na,CO; was 3.0 g and the temperature 750
°C. The order with respect to NO was found to be 0.4 as shown in Figure 51.
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Figure 50. The plot to find the reaction order with respect to NH; concentration for the reaction
NH;+NO with 150400 ppm NH,, 250 ppm NO, and 3.0 g Na,CO, at 750 °C.
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Figure 51. The plot to find the reaction order with respect to NO concentration for the reaction
NH;+NO with 250 ppm NH,, 250-1250 ppm NO, and 3.0 g Na,CO, at 750 °C.

The reaction rate constants at different temperatures were found from the reaction rate equation:

EQ- 9 'r'NO.ave =K (CNH3.ave )1'4(CNO.ave) 04

where -r'yo.ve = average rate of reduction of NO, mol/g.s
K = reaction rate constant of NO reduction, (cm®)*®/moi®%.g.s
Cuamzave = @verage concentration of NH;, mol/cm®

Cnoave = average concentration of NO, mol/cm®

The rate constant obtained at 750 °C did not need to be corrected for a reaction in the empty bed
because no NO consumption occurred in the empty bed experiments. The temperature
dependency according to Arrhenius’ law is shown in Figure 52. The activation energy from the plot
is 100+24 kJ/mol (95% confidence interval). This activation energy is close to that of the rate of
NH, disappearance in the reaction NH;+NO (1036 kJ/mol). The average rate constants at
different temperatures are shown in Table 10. The results indicate that the NO consumption rate
depends more on the NH;, than the NO concentration.
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Figure 52. Temperature dependency of the rate of NO reduction according to Arrhenius’ law for
the reaction NH;+NO at the temperatures studied.

Table 10. The NO reaction rate constants of the NH;+NO reaction with 150 to 400 ppm NH,, 250
to 1250 ppm NO and 3.0 g Na,CO; at the temperatures studied

Temperature, °C Reaction of NH, +NO
K’, (cm%)'®/g.s.mol*®

550 ' -

600 2.74*10°

650 5.79*10°

700 1.13*107

750 2.07*107

Sources of Error in Experimental Measurements

For the calculation of the reaction rate coefficients for NH, disappearance, the following values
were needed: mass of catalyst, gas flow rate, NH; conversion, and in some cases NH; inlet
concentration. The mass of the catalyst was typically 3.0 g and was measured to an accuracy of
0.001 g. The gas flows were measured by rotameters whose accuracy was 5 % of the reading.
For NH; conversion, both the inlet and outlet NH; concentrations were needed and measured.
The NH, concentration was the major source of error in most experiments.
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FTIR spectroscopy was used to determine the NH3 content in grab samples of both the inlet flow
and outlet flow. One reason for inaccuracies in the NH; measurements is that NH; can easily be
adsorbed on the surface of gas lines or sampling system. Heating tape was used to warm part of
the lines to minimize the effect of this. Another source of error in the conversion is the use of a
different path of gas flow when the inlet and outlet concentration of NH; were measured (flow
through by-pass or reactor). Due to rotameter inaccuracies and the difficulty of maintaining a
- constant flow, the inlet concentration with gas flows through the by-pass and the reactor may not
have been the same. The inlet gas concentrations that were measured were compared to those
that were calculated from the gas flows. In most cases, the calculated and measured inlet
concentrations were within 10% but in some cases the errors were larger than that. Using the
values calculated from the rotameter settings gave considerably less scatter in the results.
Because of this, the value calculated from rotameter settings was used as the inlet NH,
concentration in the calculations of the conversions and reaction rate coefficients. - To minimize
the impact of measurement inaccuracies two measurements of the NH, concentrations were
made for each experiment and the average was taken. For each condition two tests were made.

The errors in the conversion were estimated based on the errors in NH; measurements and

rotameter readings. The relative error in the NH; measurement was taken to be 5 %. The highest
and lowest relative errors for each reactior are given in Table 11.

Tabie 11. Estimates for accuracy of the NH; conversions.

Reactants Error,

+ percentage points

NH, 5-6

NH, + NO 6-9

NH, + O, 9-10

NH, + NO + O, 9-10

The absolute errors were to be 5-10 % points at all conditions. The reactions in which more

rotameters were used have slightly larger errors in the conversion data. In the reaction with only
NH;, only one rotameter was used, in the NH;+O, two rotameters, in the NH,+NO three

rotameters, and in the NH,+O,+NO four of them. At low conversions the relative errors in NH,
conversion could be very high: in excess of 100 %.




Prediction of the Importance of NH, Oxidation Catalyzed by Fume Species

in a Recovery Boiler

In this section, data presenting a typical recovery boiler (Adams and Frederick, 1988) were
combined with laboratory data to roughly estimate the importance of NH; oxidation by fume
species in a recovery boiler.

First, a potential reaction zoné for NH, oxidation by fume compounds in a recovery boiler was
defined. The catalytic activity of Na,CO, was substantially higher than that of Na,SO, in promoting
NH, oxidation at the temperatures studied (600 to 750 °C), while the oxidation data were
insignificant over both Na,CO; and Na,SO, at 550 °C. It is assumed that the reaction mechanisms
are the same at higher temperatures (> 750 °C) than at 550-750 °C. Thus the reaction zone is the
location in the boiler where fume particles are primarily composed of Na,CO; and the temperature
is higher than 550 °C.

The fraction of Na,SO, in submicron fume particles increases from the bottom of the furnace to
the top of the furnace. In a study by Rizhinshvili and Kaplun (1983), Na,CO; was almost the only
component in fume particles above the char bed surface, while Na,SO, was the major fume
component at the outlet of the boiler. The Na,SO, content in fume particles was 64% at the
tertiary air level while at the furnace outlet it was 96% Na,SO,. The gas phase above the char bed
contains mostly N,, CO,, O,, and H,O with only a small amount of SO, (1 ppm) and thus very little
Na,SO, is formed. The concentration of SO, in the gas phase increases significantly near the
tertiary air level and is enough to convert Na,CO, to Na,S0O,. Thus the possible reaction zone was
defined to be from the char bed surface to the tertiary air level.

The NH, consumption was calculated by the rate equation for NH; disappearance in the presence
of O,. The rate of reaction based on the weight of Na,CO, was changed to be based on Na,CO,
surface area by dividing it with the BET surface area (0.18 m?%g). The rate obtained is shown

below:
Eq. 10: Pz = 1.62*107 cmi/s* exp(-20400 K/T) *Cynz

The reaction zone was treated as a plug flow reactor and the fume droplets and the flue gas were
assumed to flow at the same velocity (i.e., that the terminal velocity of the fume particles was
zero). The temperature was assumed to be uniform. It was further assumed that all fume and NH,
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were produced instantaneously at the base of the reaction zone, and that the structure and
composition of the fume remained unchanged.

Integration of the rate equation yields NH, conversion (Xy,) as a function of temperature (T), total
surface area of Na,CO; (Syazcos CM?/s), total flue gas flow rate (V, cm®/s), and average residence

time (t,q, S).

" Eq. 11: 1.62*107 cm/s* exp(-20400 K/T) Syazcos tag Ve = IN(1-Xypi)

The average furnace gas temperature is about 1100 °C in the lower fumace (for a black liquor
loading of 0.18 kg/s.m? Adams and Frederick, 1988), and this is taken as the reaction

temperature. The average residence time in this reaction zone is 1.3 s.

The amount of fume needs to be specified. The liqguor Na content was taken to be 19.5 %. It was
assumed that 9% of the Na became vaporized in the boiler and formed Na,CO, (Borg et al.,
1974). The fume was taken to consist entirely of Na,CO; in the reaction zone. This gives 4.0 kg
Na,CO, fume per 100 kg black liquor solids fed into the boiler. The fume particles were assumed
to be spherical droplets of a uniform size. Mikkanen et al. (1994) had studied particle size and
chemical species distributions of aerosols generated during kraft black liquor combustion. In
experiments conducted in a recovery boiler with two different black liquor sources (hardwood and
softwood), the dominant fume particle size was 0.7 um on an average, and was taken as the fume
particle diameter. This gives the Na,CO, surface area as 1.9*10° cm?/s per 100 kg black liquor
solids.

Since the reaction is first order with respect to NH; the conversion is independent of the NH,
concentration. The total amount of the flue gas generated is 664 kg/ 100 kg BLS with 15% excess
air (Adams and Frederick, 1988) and the average flow rate corresponding to the amount of flue
gas is 390 m¥s.

With these assumptions, the reaction of NH; over Na,CO, in the presence of O, was found
consumed 40% of the NH, at the average residence time from char bed to the tertiary air port (1.3
s). The estimate suggests that NH; decomposition by fume may be important but that there could
be other dominant reactions to efficiently consume NH; in a recdvery boiler. Examples of

competing reactions are gas phase reactions and char catalyzed reactions.

This is a rough estimate that is based on several oversimplified assumptions. A significant source
of uncertainty in the model is the extrapolation of the kinetic data from 750 to 1100 °C. The
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mechanism of the reaction and thus the rate may be considerably different at 1100 °C. Fume is
solid at 750 °C and molten at 1100 °C, which makes a change in the reaction mechanism likely.
The conditions in the boiler were assumed to be constant with respect to temperature, gas flow,
and fume amount and composition. All of these vary with the location in the boiler. For the reaction
rate estimation, the use of an average temperature often leads to serious errors because of the
exponential temperature depending of the reaction rates.. The validity of the assumption of the
gas flow patterns in the boiler is also essential for the accuracy of the estimation.

Summary and Conclusions

The catalytic effects of recovery boiler fume compounds on NH, both in the presence and
absence of NO and O, were studied in the temperature range 550-750 °C. The fume compounds
were Na,CO, and Na,SO,. The inlet gas concentrations were: 115-1250 ppm NH;, 0-1250 ppm
NO, 0 or 1 % O,. The amounts of Na,CO, ranged from 0.38 to 3.0 g and that of Na,SO, were 3.0
g. The total gas flow rate was 6.3-13.0 cm®’s, at 25 °C.

The conclusions from the study are stated as follows:

1. There was significant NH, consumption over Na,CO, at 600-750 °C. In the presence of O,, the
highest NH, conversions were almost 100% at 750 °C, and the conversions were 30 without O..

2. The effect of Na,SO, on the studied reactions was significantly less than that of Na,SO, at the
experimental conditions. Therefore only the effect of was studied in more detail.

3. The rate of NH; disappearance over Na,CQ, in the absence of O, was almost independent of
the NO concentration. ,

4. The reaction order with respect to NH, concentration for NH, decomposition over without O,
was 0.53 and the activation energy was 98+3 kJ/mol at 95% confidence interval in the
temperature range studied.

5. Even though the NO concentration had little impact on NH; conversion, NO was consumed in
the reaction, up to 18% at 750 °C. The NO conversion was increased by an increase in NH,
concentration.

6. With O,, the disappearance of NH; was first order with respect to NH, both in the absence and
presence of NO in the temperature range studied. The activation energies were 170£23 kJ/mol
and 185142 kJ/mol (95% confidence interval) without and with NO, respectively.

7. For the reactions in the presence of O,, the rate of NH, disappearance was slightly promoted by
the presence of NO.

8. NO was produced when NH, reacted with O,. The average fraction of NH, reacted that formed
NO was 0.28 in the temperature range 600-700 °C and 0.35 at 750 °C.
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9. NO disappearance with both O, and NO was highest at 650-700 °C. At 750 °C, the conversion
decreased possibly due to an increase in NO production in the reaction.

10. A simple model for the estimation of the importance of the reactions gave an NH, conversion
of 40%. This suggests that other reactions of NH, consumption may be significant.

Reduction of NO

" In recovery boilers, reduction of NO after it has been formed may be significant. In a study by
Nichols and Lien (1993) substantial NO reduction was observed in a laboratory reactor designed
to simulate conditions in a recovery boiler. This reactor consists of a 4-meters-tall tube furnace
placed on top of a char bed furnace. Black liquor dropiets are introduced at the top of the tube
furnace and they fall through the furnace onto the char bed in the bottom. Primary air is added at
the char bed surface and secondary air al the lower sections of the tube furnace. The gases rise
countercurrent to the droplets, and the droplets undergo drying and partial devolatilization in-flight.
The highest NO concentrations were measured 2.8 m from the bottom of the furnace. The outlet
concentrations were 60 % of the maximum; in other words 40 % of the NO had become reduced.

Reduction by char and homogeneous gas phase reactions are deemed the most important
reduction mechanisms in fossil fuel combustion (Goel et al.,, 1996). Due to its high sodium
content char black liguor char is more efficient in reducing NO than char from e.g. coal
combustion. Another possible NO reducing mechanism in recovery boilers involves reactions with
sodium salts. The kinetics of NO reduction by molten sodium compounds has been investigated
by Thompson and Empie (1995) and Thornpson (1995). NO reduction by char was studied in the
first DOE project (report DOE/CE/40936-T3, also in Wu and lisa, 1998).

Here, some additional experiments of NO reduction by char and fume compounds were made.
The kinetics of NO reduction by char and sodium saits is reviewed and compared to the rates of
NO reduction measured in laminar entrained experiments.

NO Reduction by Black Liquor Char

NO reduction by one char was studied at 450-650°C by Wu and lisa {1998). The reason for the
low temperature range is that a fixed bed reactor was used, and due to the melting of the sodium
salts higher temperatures could not be used. The char that was used in this study had a total
surface area of 14.6 m?/g, and it contained 7.6 weight % fixed carbon.




The rate of NO reduction by black liquor char was approximately three orders of magnitude faster
than by other carbonaceous material. The reduction rate was enhanced by the presence of a
reducing gas such as CO. The rate was first order in NO both in the presence and absence of
CO. The reaction rate expression for NO reduction by the char in the absence of CO was

Eq. 12: -y, = 0.204 m¥(m?s) exp[-67 kJ/imol /(RT)] pxo at 450-650°C

and in the presence of 4 % CO

Eq. 13: “I'no = 1.46 m¥(m?s) exp[-73 kJ/mol /(RT)] pno at 450-650°C.

The rates are based on the total surface area of the char.

The activation energies are consistent with those for NO reduction by other carbonaceous
materials in this temperature range (Chan et al., 1983, Furusawa et, 1980 and 1985, Suuberg et
al., 1991, Kaptejn et al., 1984). For the carbon other materiais the activation energy increases at
temperatures above 650°C and becomes approximately 240 kJ/mol (Furusawa et al., 1980,
Suuberg et al., 1991).

The rate of NO reduction increased as CO was added to the gases. The pseudo first order rate
coefficient in the presence of 4 % CO was approximately three times the first order reaction rate
coefficient in the absence of CO. The change in NO reduction as the CO concentration was

increased is shown in Figure 53.
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Figure 53. Effect of the ratio of CO to NC on NO reduction. 560°C, 500 ppm NO, 0.2 g of black
liquor char with 14.6 m%g and 7.95 l/min total gas flow at 25 °C.

In the absence of CO the main global reaction was
Reaction 1: 2NO + C(s) > CO, + N,
and in the presence of CO the reaction became catalytic

Reaction2:  NO+CO > %N, + CO,.

For other carbonaceous materials without CO there is a shift in the reaction mechanism as the
temperature exceeds 650 °C (Chan et al., 1983, Furusawa et al., 1980, Suuberg et al., 1991) and
more CQ is produced according to the following global reaction

Reaction 3: NO + C(s}) 2 CO +N..

A model that would account for the effect of CO on NO reduction was developed based on these
earlier results. The model needed to fulfill the foliowing criteria:

1) The rate is first order in NO both in the: presence and absence of CO.

2) The rate increases as CO concentration increases.




The simplest rate expression that would account for this behavior is of the form

Eq. 14 ~f'no = (Ky *+ KsPeo) Pro-

In this model the rate constant k, is equal to the rate constant in the absence of CO. The rate
~ constant k, can be determined from the pseudo first order reaction rate constant with 40320 ppm
NO. The pseudo first order constant will be equal to k, + k,peo. From this expression

Eq. 15: ky = 0.204 m¥(m?s) exp[-67 kJ/mol /(RT)] 450-650°C
and
Eq. 16: k, = 3.78*10° m¥(m?s ppm) exp[-76 kJ/mol /(RT)] 450-650°C

Figure 54 shows the conversions of NO predicted by this equation versus the measured
conversions at 550°C. The figure covers data taken at 500-1640 ppm NO, 500-40320 ppm CO,
and CO fo NO ratios of 1-100. The predicted reduction was always within 10 % of that measured.
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Figure 54. Correlation between NO reduction predicted by Eq. 14 and that measured in the
experiments. 550°C, 500-1460 ppm NO, 500-40320 ppm CO, ratio of CO to NO 1-100.
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The above equations are valid in the temperature interval 450-650°C. At temperatures above
850°C the activation energies of both reactions are assumed to become 240 kJ/mol. The reaction
rate coefficients above this temperature are

Eq. 17: K, = 1.26*10° m®/(m3s) exp[-240 kJ/mol ./(RT)] T>650°C
and

. Eq. 18: k, = 7.12*10* m%(m?s ppm) exp[-240 kJ/mol /(RT)] T>650°C

NO Reduction by Char at High Temperatures

Experiments were made in the laminar-entrained flow reactor to study the rate of NO reduction by
black liquor char at high temperatures (800°C-1100°C). The black liquor char was prepared from a
char that had been initially pyrolyzed for four hours in N, at 700 °C (Char 1 in appendix HI of this
report). To complete the pyrolysis and prevent any further carbon loss during the NO reduction
experiments, the char was further pyrolyzed by heating it to 800 °C in N, and holding for four
hours. No analysis of the char was made after the additional pyrolysis.

A limited set of experiments was made mainly fo determine the activation energy at higher
temperatures. The NO concentration was 250 ppm, and the temperatures 800-1100 °C. The total
gas flow rate was 11.3 I/min (at 25 °C) and the solid feed rates 0.07-0.37 g/min.

In analyzing the data it was assumed that the gas and solid flow velocities were the same, and
that there was perfect mixing in the radial direction and no mixing in the axial direction (i.e. plug
flow of both solids and gas). The performance equation for a first order reaction with concurrent
piug flows of both solids and gas is

Eq. 19: -In(1-X) = kt w/V

where kK is the rate constant (m%s-g), X is the fractional conversion, w is the solid feed rate (g/min),

V is the gas flow rate (I/min), and t is the ressidence time (s).

An Arrhenius plot of the results is shown in Figure 55. The activation energy was 233 kJ/mol. This
is close to the value 240 kJ/mol reported for other carbonaceous sources in this temperature
range.
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Figure 55. Arrhenius plot for NO reduction by black liquor char in the laminar entrained-flow
reactor. NO concentration 250 ppm, gas flow rate 11.3 I/min (at 25 °C) and soiid feed rate 0.07-
0.38 g/min.

The internal surface area of the char used in the high temperature experiments was not
measured. The char was prepared at a higher temperature and for longer times (four hours at 800
°C versus 40 minutes at 700 °C) than that used in the low temperature experiments. This may
have resulted in a lower internal surface area. An internal surface area of 1 m?/g for the char in the
high temperature experiments would give the same reaction rate coefficients at 650 °C. This is the
temperature for the shift in mechanism based on data from other carbonaceous materials. The
comparison of the two sets of rate data is shown as an Arrhenius plot in Figure 56.

Additional experiments were conducted to analyze the effect of CO on NO reduction at high
temperatures and to determine the activation energy of the reaction. The NO concentration in
these experiments was 250 ppm, and the CO concentration 5000 ppm. The Arrhenius plot of the
pseudo-first order reaction rate coefficient in the experiments is presented in Figure 57. The

activation energy was 234 kJ/mol, which is the same as in the experiments without CO.
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Figure 56. Comparison of low temperature and high temperature reaction rate coefficients. The
internal surface area of the char in the low temperature experiments is 14 m%g and that in the

high temperature experiments is taken to be 1 mzlg._
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Figure 57. Arrhenius plot for pseudo-first arder reaction rate coefficient for NO reduction by black

liquor char in the presence of CO in the laminar entrained flow reactor. NO concentration 250

ppm, CO concentration 5000 ppm , gas flow rate 20.0 /min (at 25 °C) and solid feed rate 0.045-
0.45 g/min. :

The reaction rate was slightly higher in the presence of CO than when no CO was present in the

feed. The average pseudo-first order reaction rate coefficient at 700-1000 ° was 1.2 to 1.7 times




that in the experiments without CO but at 1100 °C 2.5 times that. Based on the equations for the
model

Eq. 20: o = (ks + K [CONO]

the rate coefficient would be expected to be higher by a factor of 1.3. This shows good agreement
. between the experimental values and those predicted by the model except at 1100 °C. The data
without CO at 1100 °C may be erroneous. Without CO, the rate was lower at 1100 °C than at
1050 °C.

NO Reduction by Fume

Fume particles are another possible source of NO reduction. At the temperatures of the recovery
furnace the sodium saits are molten. Therefore, we will have a gas-liquid reaction. In general,
rates for reactions between a gas component A and a liguid component B depend on the mass
transfer from bulk gas to the gas-liquid interface, solubility of the gas component in the liquid,
mass transfer in the liquid phase and the chemical reaction. The rate of disappearance of the
gaseous component A can be presented as (e.g. Levenspiel, 1996)

" A
Eq. 21: oy = 3 1p 3

+ +
Kaga Haka@E Hpkegh,

g

Here -r,"” = overall rate of reaction for A per unit volume of reactor, mol/(m?® reactor s)
kag = gas side mass transfer coefficient, mol/(m?Pas)
ka = liquid side mass transfer coefficient, (m®liquid)/m?s)
a = interfacial surface area, m?/(m?®reactor)
Ha = Henry's law coefficient, mol/(Pa m? liquid)
k = second order reaction rate constant, (m? liquid/(mols)
¢g = concentration of the liquid component B in the liquid phase, mol/(m? liquid)
f, = fraction of liquid in the reactor, (m?® liquid)/(m? reactor)

" Often, a phase distribution coefficient which is equal to the reciprocal of Henry’s law coefficient is
used for gas-liquid reactions. The use of Henry’s law constant was adopted here because the
equilibrium data is more frequently available as Henry's law coefficient.
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E = enhancement factor

Here, the reaction rate in the liquid phase is assumed to be of second order, i.e. first order in the

concentrations of A and B. If there is a reaction consuming the gaseous species A in the liquid

film, the gradient of A in the liquid film becomes steeper. Therefore the rate of mass transfer

through the film becomes faster. This increase in the mass transfer rate is taken into account by

the liquid film mass transfer enhancement factor E. E is defined as the ratio of the rate of mass
. transfer of A from gas with reaction to the absorption rate without reaction.

The enhancement factor E has been shown to depend on two other dimensionless groups, E; and
M, (Hatta number) (Levenspiel, 1996). E; is the the enhancement for an infinitely fast reaction. It is
the ratio of two hypothetical overall reaction rates: that of an infinitely fast reaction with the actual
liquid side transfer rates for A and B and the highest possible rate of mass transfer of A without
reaction. In the first case, all A consumed in the liquid film. In the latter case, the concentration of
A is zero in the bulk liquid. E; depends on the diffusivities of A and B in the liquid phase and the
stoichiometric coefficient..

Eq. 22: £ g4 22
q. <& i Dub

where D, = diffusion coefficient for A in the liquid, m%/s
D, = diffusion coefficient for B in the liquid, m?%/s
b = stoichiometric coefficient for reaction A + bB - products

The other dimensionless number, Hatta number, relates the maximum possible rate in the liquid
film to the maximum rate of transfer of A through the film. The square of the Hatta number is equal
to the ratio of the two rates. The maximum rate in the liquid film refers to that of the actual reaction
in the film in the absence of liquid side mass transfer limitations (concentration of B in the film
equal to the bulk liquid concentration and that of A equal to the gas/liquid interface concentration).
The maximum transfer of A through the film refers to the rate by mass transfer alone without any
reaction and with bulk liquid concentration equal to zero.

The Hatta number characterizes whether the reaction takes place predominantly in the liquid film
(fast reactions, My, > 2) or the bulk liquid (slow reactions, M,; < 0.02), or to significant extents in
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both (intermediate reactions, 0.02 < M, < 2). Simplifications can be made in equations for both
fast and slow reactions. For fast reactions, the third term in the denominator, which signifies the
reaction in the builk liquid, can be ignored. For slow reactions the enhancement factor E is equal to
1.

Expressions relating the enhancement factor E to M,, and E; have been developed (Levenspiel,
1996). In special cases for fast reactions, the relationship is simple and E equals either E; or M,,.
. This depends' on the relative magnitudes of M, and E,. If E; is much larger than My (E>5M,), E
equals M,. Conversely, if E; is much larger than M,, (M;>5Ei), E is equal to M.

For the special case of fast reactions with E = M, the rate of reaction becomes

apa
1 1

+
kAg HA'JDAkcB

Eq. 24: = (fast reaction, M>2, E>M,,)

If the concentration of the liquid reactant B is so high that it remains essentially constant, the
second order reaction rate coefficient kcg can be replaced by a pseudo first order reaction rate
coefficient k, = k c;.

Thompson and Empie (1994) had studied NO reduction by fume compounds by bubbling a gas
containing NO through a molten poo! of Na,CO, at 863-930 °C. Substantial NO reduction was
observed. The reaction was shown to be fast with the reaction taking place in the liquid fitm and
Eq. 24 to be valid. The foliowing pseudo first order rate constant was obtained

Eq. 25: k = 3.09*10%2 s exp[-372 kJ/mol/(RT)]

The overall reaction was determined to be decomposition of NO

Reaction 4: NO > %N, +%0,.

In this project, experiments of NO reduction by black fiquor char were made in the laminar
entrained-flow reactor. The experiments were made at two different temperatures: 800°C, which is
lower than the meiting point of sodium carbonate, and 900°C, which is higher than the melting
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point of sodium carbonate. The particle size of the inlet was 90-125 um. Table 12 shows the
results from the experiments.

Table 12. NO reduction by 90-125 urn Na2C03 droplets in laminar entrained-flow reactor
experiments.

Temperature, °C 800 800 900 900

Residence time, s 5.2 52 5.2 5.2
|Gas flow rate, I/min 7.9 7.9 7.9 7.9

Na,CO; feed rate, g/min .073 .083 .206 .199

NO inlet concentration, ppm 100.82 [100.82 [102.05 [100.64
NO outlet concentration, ppm 100.72 {100.78 [101.39 |99.97
NO conversion, % 0.10 0.04 0.64 0.67

The conversions were low at both temperatures. At 900 °C, the pseudo-first order reaction rate
coefficient was calculated from the rate equation by rearranging it. Since the change in the NO
concentration was less than 1 %, differential analysis was used. The reactor was assumed to be a
plug flow reactor, and the velocity of the particles was taken to be equal to that of the gas. Further,
the volume of the Na,CO, droplets was assumed to be negligible compared to the volume of the
gas.

With these assumptions, the reaction rate -ry,"” was calculated by

Eq. 26: o= Cnoin 't'cNOoit

where cyon = inlet NO concentration, mol/m?®
Cnoout = OUtlet NO concentration, mol/m?®

t = residence time, s

Hyo and Dyona. depend on temperature and were taken from correlations found in the literature.

(117.3x 10" cm? / s), /cp ————-————-MN/ai:l:o'?’ —;(E
Eq. 27: Do g/mo : (Treybal, 1980).

cP m?3 / kmol

where Nyona = diffusivity of NO in molten Na,CO,,

o} = association factor for solvent = 1




M, = molecular weight of sodium carbonate, 106 g/mol

i = viscosity of molten sodium carbonate (cP)

= 3.832 x 10° cP exp(13215K/T), T is temperature (Janz et al., 1968)
T = temperature (K)
v = solute molal volume at boiling point of NO (m®kmol)

= 0.0236 m®kmol

The Henry's law constant My, can be calculated from the following correlation (Andersen, 1979)'

-4 7Nr 27
Eq. 28: H =(mol/m-atm —
q v =(mol/m-atm) exp (g 0T 7K
where N = Avogadro’s number = 6.022 x 10
r = molecular radius (m) =1.26 x 10" m
Y = (254.8 - 0.0502t/°C)/1000 (N/m), t = temperature (°C) (Janz et al., 1969)
T = temperature (K)

k,, is the gas side mass transfer coefficient expressed in the units of mol/(m? Pas). Its relationship
to the more commonly used k; is
Eq. 29: k= 8

a5 I RT

For forced convection around a solid sphere, k, is given by (Cussler, 1984)

k,d
Eq. 30: -2 =2.0+0.6Re"Sc™"®
where Re = Reynolds number = dup/p
Sc = Schmidt number = n/(pD)

By assuming that the gas velocity is equal to the solid velocity, Re = 0 and Eq. 30 becomes

Eqg. 31: Kg = 2
d
where D = diffusivity of NO in nitrogen (m?/s)
d = diameter of the particle (m)

The diffusivity of NO in nitrogen can be calculated by using equation
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ONO-
p ( NO 'jz_)ZQ

atm= A

where T, = film temperature (K)
Mi = molecular weight (mol/g)
P = atmospheric pressure (atm)
Oneoz = Lennard-Jones parameter, collision diameter (A)

Q = collision integral (-)

The collision integral depends on the value of a second Lennard Jones parameter, k. Values for
both parameters and how to evaluate for the collision integral can be found in e.g. Sherwood et al.
(1975).

In estimating the interfacial surface area a it was assumed that the droplets were spherical and
that there was no fume formation. a is given by

Eq. 33: a = particle surface area/ reactor volume

m 4Tl.’|"p2
panty /3 _ 3m
V, proVy

= total mass of sodium carbonate input (g)

= density of sodium carbcnate (g/cm®)

=2.4797 - 0.4487 x 10° T/K (27), T = temperature (K)
T = radius of sodium carbonate particle = 120x10° m
Vr = reactor volume, m*

To verify that Eq. 24 is applicable, the Hatta number was also calculated. In this case, the Hatta
number is much higher than 2, which indicates that the reaction takes place only in the liquid film
(Levenspiel, 1996). The enhancement factor was also caiculated to classify the reaction as fast or
slow. It was found to be considerably higher than the Hatta number, thus it suggests that the
reaction of NO in molten sodium carbcnate is fast and it is appropriate to use Eq. 24 for
calculations.




The rate constant was calculated and is compared to that obtained by Thompson and Empie
(1995) in Table 13. There is good agreement between the rate constant despite the very different

experimental systems and several assumptions used in the calculations.

Table 13. Comparison of NO reduction by Na,CO, in the experiments of Thompson and Empie
(1995) and the current study.

Reactor Temperature | Conversion of | Ea/R k, at 900°C (1/s)
°C) NO (%) (K)

Gas containing NO | 860 - 973 10-75 44,780 | 0.81x 10°

bubbled through

molten Na,CO,

Droplets of Na,CO; | 900 0.64-0.67 1.2 x 10°

entrained in a gas

containing NO

This is the rate of NO reduction by Na,CO, in the absence of any reducing gas components.
There is some evidence that the rate may be enhanced if gases such as CO are present. As part
of the earlier DOE project the reduction of NO by fume had been studied in a fixed bed reactor at
temperatures 550-750°C. Na,CO; and Na,SO, were used as the fume particles. Limited reduction
of NO was detected with Na,CO, in the absence of CO but an enhanced rate of NO reduction
when CO was added. Without CO there was reduction only at the highest temperature (less than
3 %) but with 5000 ppm CO a reduction of 40 % was obtained with the conditions used.

Assuming pseudo-first order kinetics in NO the rate coefficient with 5000 ppm CO was

Eq. 34: k = 59400 m¥/(m?s’ exp(-180 kJ/mol/RT).(5000 ppm CO, 550-750°C)

No reduction of NO was detected over Na,SO4, regardiess of whether CO was present or not.

Some experiments were made in the laminar entrained-flow reactor to study the effect of CO on
the reduction of NO by molten Na,CO,. In these experiments, the NO concentration was 250 ppm
and the CO concentration 5000 ppm and the temperature 900-1100 °C. The feed rates of Na,CO,
varied from 0.016 to 0.83 g/min. The NO reduction with Na,CO, and CO was 1.1-5.7 %. At 900
°C, the pseudo first order reaction rate coefficient with 5000 ppm was on average 50 times the
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rate coefficient without CO. Using the sarne form of reaction rate equation as for NO reduction by

char

EQ. 35 -ry = (k, + k,JCO])INOJ.

The rate coefficients at 900 °C are

Eq.36 k, =0.8x10°1/s

Eq. 37 k,=0.0078 1/(s ppm)

Comparison of NO Reduction in the LEFR to the Rates of NO Reduction by
Black Liquor Char and Fume.

NO reduction had been observed in the laminar entrained-flow reactor experiments of black liquor
combustion and pyrolysis. The reduction during pyrolysis experiments was very rapid, and up to
90 % of the NO formed during pyrolysis hecame reduced. The reduction during combustion was

more limited.

The rates of black liquor reduction in the laminar entrained-flow reactor experiments were
compared to the rates of NO reduction by black liquor char and fume. During combustion, NO
reduction was detected only when there was no char left. Therefore only fume was included in the

comparison during combustion.

In black liquor pyrolysis and combustion experiments, NO reduction was observed at the following
conditions

at 700°C, 0,4 and 21 % O., 1.6 - 2.2 residence time

at 900°C, 0 % O,, 0.6 - 2.2 residence time

at 900°C, 4 and 21 % O,, 1.6 - 2.2 residence time

at 1100°C, 0 % O,, 0.3 - 2.2 residence time

at 1100°C, 4 % O,, 1.6 - 2.2 residence time

NO reduction by molten sodium carbonate was calculated for these conditions. The calculations
were made at 900°C, which is in the temperature range studied by Thompson and Empie (1995).
First, the amounts of fume at that condition must be found. The amounts of fume were caiculated
based on LEFR experiments by Reis (1995). Table 14 shows the percentages of sodium
carbonate fume produced at each condition at 900°C.




Table 14. The percentages of sodium carbonate fume at 900 °C (Reis, 1995).

Oxygen Fume production as | Na,CO, content in fume Na,CO; in fume as a fraction of
content a fraction of black | (Wi%) black liquor solid
(%) liquor solid (wt.%) (wt%)
0 3 498 1.49
14 3 67.6 2.03
21 16 97.4 15.58

The conversion of NO was calculated by assuming that the gas velocity was the same as the
black liquor solid velocity, and that there was complete mixing in radial direction but no mixing in
axial direction. in other words the reactor was treated as a plug flow reactor with cocurrent flows
of the gas and particles. This can be treated as a batch reactor.

The change in concentration can be solved from the following equation:

CnooV Mot dXyno
Eq. 38: t= v | e
where t = residence time (s)
Cnoo = initial NO concentration (mol/m?)
Vv, = reactor volume (V,)
Xno = NO conversion (-)
Xnos - = NO conversion at time t (-)
\Y = void volume in the reactor (m®)
-y = rate of reaction based on reactor volume (mol/m?-s)

By assuming that the void volume of the reactor is approximately the same as the reactor
volume, Eq. 38 becomes

Xnot
Eq. 39: t=Cyopo j
4]

dXno

IARE]
—'No
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By inserting equation Eq. 24 into equation- Eq. 39 and integrating, the concentration of NO is given
by

Eq 40: CNO = CNO.O exp (-KRTt)

where C,, = NO concentration at timre t (mol/m?)
Crnoo = initial NO concentration (mol/m3)
R = universal gas constant = 8.314 J/mol-K
T = temperature (K)

_ a
1/ kag +1/ HNODNO/NaK1

K

The NO concentrations at each residence time were calculated by using the rate constant of
Thompson and Empie(1995). Thus, these concentrations were calculated based on the effect of
molten sodium carbonate only. The results are presented in Table 15. The table shows, for the
periods when NO reduction was detected the concentrations that were actually measured in the
LEFR and the concentration based on the effect of molten Na,CO,.

in the pyrolysis experiments (at 900 °C, (% O,), the NO reduction calculated based on the effect
of molten sodium carbonate accounted for less than 2 % of the NO reduction that actually
occurred. During combustion, the NO reduction by Na,CO; accounted for 5 - 6 % of the total NO
reduction.

Table 15. The comparison between the concentrations obtained from calculations and

concentration obtained from experiments at different residence times at 900 °C.

1.6
2.2

12.02
12.02

Oxygen | Residence | Time Time NO at|] NO at time | NO at time

(%) Time Beginning Ending | time ending from | ending from
Range {s) (s) beginning | calculations | experiments
(s) (%) (%) (%)

0 0.6-22 0.6 1.1 12.04 12.02 10.68

3.01
1.45

16-22

1.6

2.2

39.07

38.99

37.73

2.2

48.78

48.23

40.38




During pyrolysis, the NO reduction has been attributed to NO reduction by char (lisa et al., 1995).
There was good agreement between the NO reduction observed and that by black liquor char.
The reduction rates by black liquor char were of the same order of magnitude as the total NO
reduction rates but The rates by fume particles were about five orders of magnitude slower than
the total reduction rates. It was concluded that the reduction by fume was negligible during
pyrolysis and that reduction by black liquor char was significant.

However, in the combustion experiments (at 900 °C, 4 and 21% O,), there was not much char left,
in particular in the experiments conducted in 21% O,. Black liquor char, in this case, may not be a
significant factor in NO reduction.

One reason for the estimated low effect during combustion is that molten sodium carbonate may
not be the only substance that can reduce NO. Thompson (1995) also found that the depletion of
NO was greatly enhanced by the presence of Na,S. This may account for part of the NO reduction
in our experiments.

Another possibility for the higher measured NO reductions is that the presence of CO might
increase the NO reduction rate. For solid sodium carbonate, there was a huge difference between
NO reduction depending on if CO was present or not. The same might be true for molten sodium
carbonate. From these reasons, it can be concluded that the presence of Na,S and/or CO may
increase the reduction rate and it may account for the total NO reduction observed in the
combustion experiments.

Model for NO Formation During Black Liquor Combustion

Model for NO Formation from Nitrogen in the Black Liquor

There are two sources of fuel nitrogen: volatile N and char N. For the release of volatile N from the
black liquor the equations were developed in the experimental section for N release during
pyrolysis. The N is to be released as 50 % N, and 50 % NH,. This estimate is based on
measurements of NH; release by during black liquor pyrolysis by Aho et al. (1994). For the
oxidation of NH, two routes will be taken into account: homogeneous gas phase reactions and
reactions catalyzed by fume compounds. )

NO formation from black liquor char strongly depends on the gas atmosphere. Forssen et al.
(1995) had studied the char nitrogen oxidation by single droplet experiments. At higher gas
temperatures (>800 °C) and higher oxygen concentrations (>1%) the char nitrogen was oxidized




at the same time as char carbon, and NO was formed. At low temperatures and low oxygen

contents, however, the nitrogen was nct released until all of char carbon was consumed. If
oxidation was stopped, the N remained in the char. During gasification in 20% CO, there was little
formation of NO, and approximately two thirds of the original char nitrogen was retained in the

residue.

These results suggest that under oxidalive conditions NO is formed but if the atmosphere is

- reducing, no NO is formed. A model taking this difference into account is suggested. Here, the
difference between an oxidative or reducing atmosphere is made based on whether O, reaches
the char surface or not. In the former case, char oxidation occurs by reactions with O,, in the latter
by gasification reactions with either H,O or CO,. The NO formation will be the following:

1) If O, reaches the char surface, all of the N remaining in the char forms NO. The release of N
and formation of NO is taken to occur proportionally to the carbon conversion in the char.

2) If O, does not reach the char surfaca, there is only N release that is consistent with the N
release during extended pyrolysis. This N is released as N,.

This model does not take into account the finding by Forssen at al. (1995a) that at temperatures
below 800 °C, when it is more likely that O, reaches the char surface, NO was not formed
simultaneously with CO,. However, the chiar temperatures are typically higher than 800 °C, and it
is expected that the impact of this is negligible. A change could be made requiring that the char
temperature exceeds a certain value before any NO is formed. Increases in both the gas
temperature and the O, concentration increase the char surface temperature. Thus the
introduction of a threshold char surface temperature would account for the observed impacts of
both the gas temperature and bulk gas oxyygen concentration.

Homogeneous NH, Oxidation (Volatile Fuel NOx)

During fossil fuel combustion, fuel nitrogen is mainly released as HCN. Therefore, most of the
giobal reaction mechanisms for fuel NO formation apply to HCN intermediate, and not to NH,.
However, global reaction schemes have been developed for selective non-catalytic NO reduction
in which NH; reacts with NO in the preserice of excess O,. One such mechanism was developed
by Duo et al. (1992), and it has been selected here to present volatile fuel NOx formation.

The reaction scheme by Duo et al. consists of two reactions, one in which NO and NH, react to
form N, and one in which NH; is oxidized to NO. The reaction rate coefficient of the first reaction is
ko.x and of the second k.. Globally the rates of NO disappearance or formation and NH; formation

are presented as



Eq. 41: Mo = KedNHg] - K, [NH,] [NO]

Eq. 42: nra = ~Kox [NH3] - Kk, [NH;] [NO]
The reaction rate coefficients are

Eq. 43: ko = (2.21 £ 0.33) *10™ s exp[-(38160 £ 170)K/T]

Eq. 44: k = (2.45 % 0.49) *10" s exp[-(29400  250)K/T]

The expressions were developed from experiments with O, contents of 4 %, and are therefore
strictly valid only under those conditions.

Prompt NOx

De Soete (1974) developed an expression for prompt NO formation during ethylene combustion:
Eq. 45: d[NOJ/dt=1.2*10"(RT/p)"* [0 [N J[Fuei]*exp[-250 (kJ/mol)/RT]

where [i] = molar concentration of species i, mol/m*
R = universal gas constant, 8.314 J/(mol*K)
T = temperature, K
p = pressure, Pa
b = reaction rate order with respect to O,

The reaction order with respect to the O, concentration (b) depends on temperature and fuel/air
ratio. No values for the reaction order were given in the paper. it was stated that at high
temperatures typical of hydrocarbon flames it is close to one but approaches zero at low
temperatures. A value for b was calculated based on the experimental data and the model in the
paper. The values varied from 1.1 to 0.58 depending on temperature, and they are given in

Table 16.
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Table 16. Reaction rate order b for prompi NOx formation in experiments by de Soete.

Temperature b
2200K 1.1
1950K 0.68
1800K 0.58

These temperatures are considerably higher than those encountered in recovery boilers. No data
are available for lower temperatures. It could be assumed that b is between 0 and 0.58.

The model by de Soete was later modifiead by Dupont et al. (1993) for other fuels. Their model
takes into account the impact of fue! air molar ratio.

Eq. 46 d[NOYt=FK’, *[O.I°IN,][Fuel**exp(-E, /RT)

Eq. 47: f=4.75+C,n-C,0+C,6%-C,0°

where k', = reaction rate coﬁstant, depends on fuel type
. = activation energy, depends on fuel type and temperature, J/(mol*K)
b = reaction order with respect to O,, depends on T and 6, -
a = reaction order with respect to fuel concentration, depends on T, -
C, through C,= constants: C,=8.19*102, C,=23.2, C,=32, C,=12.2
n = number of carbon atoms in fuel molecule
0 = equivalence fuel/air ratio

The values of C, are given to be valid for aliphatic hydrocarbons and for equivalence ratios
between 0.62 and 1.43. Here, the reaction rate coefficient and E, depend on the fuel species.
The activation energy is given as 178 kJ/mol for temperatures below 1650 °C for natural gas
{mainly CH,). The coefficient a for the fuel reaction order is one for low temperatures (less than
1500 K). Dupont et al. report that the reaction order with respect to O, is 0 at temperatures below
1000 K, and rises with temperature approaching 1 at high temperatures. No values for the
reaction rate coefficient k' are given.

Since thermal NOx is not believed to contribute to NO emissions from recovery boilers, no
equation describing thermal NOx formation is included. Equations for the rate of global thermal
NOx formation can be found in e.g. Bartok and Sarofim (1991).
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Abstract

The rate of sintering of dust particles from a kraft recovery boiler was measured experimentally
by measuring the shrinkage of pellets made from the dust. The dust used was low in chloride content and
high in potassium. The rate of sintering was measured constant temperature, from 300°C to 550°C, for
times up to 8 hours. Microstructural changes of the sintered specimens were measured using scanning
electron microscopy.

Sintering began at 350°C and increased rapidly with temperature over the temperature range
investigated. At the higher temperatures, sintering was so rapid that deposits would densify to the point
where they may not be removable by soot blowing in less than the normal soot blowing cycle. The three
stages of sintering which have been reported for other materials were observed as well in this study.

The rate of sintering was modeled using rate models that had been used for sintering of other
materials. The initial and intermediate stage sintering data fit well with models proposed by others for
when volume diffusion is the controlling mechanism. A general, semi-empirical model for the sintering

process of a well-packed dust is presented.

Introduction

Fouling of heat transfer surfaces and plugging of gas passages in kraft recovery boilers is a
critical, production-limiting problem in many kraft pulp mills. The main method of removing these
deposits is by soot blowing. A key issue for operators with boilers that foul and plug rapidly is how to
optimize the frequency of soot blowing and the locations of the soot-blowers along the gas flow path of
the boiler. The optimum frequency of soot blowing depends upon both how rapidly dust deposits on
superheater, boiler bank, or economizer tubes, and how rapidly the deposit hardens to the point where
soot blowing is ineffective in removing it. Earlier work by Tran et al.' showed that the strength of pellets
made from recovery boiler dusts increase exponentially with pellet density. Their work showed that the
time required for recovery boiler deposits to harden to the point where soot blowing would be ineffective
could be as short as 15-20 minutes.

Sintering, the process of densification of the porous deposits, is responsible for hardening of
recovery boiler deposits that form at temperatures below their lower melting point. In microscopic terms,
sintering is a combining of small solid particles in contact into a single unit solid body®. There has been
relatively little information available on the kinetics of the sintering of fume deposits, and there has been
no way to predict the rate at which these deposits densify and harden.

The sintering process can be divided into three stages, labeled respectively the initial,
intermediate, and final stages. Figure 1 shows the changes in microstructure during each stage of

sintering process. The initial stage sintering, which is the least complex, involves inter-particle bridging,




forming necks between the individual particles. Particles in contact will start forming necks while there
still is a continuous open-pore channel within the particle assemblage. Neither grain growth nor a
decrease in the number of voids occurs in this stage. However, as the necks become larger, the void
space within the particle assemblage becomes smaller. At some point, smaller particles will combine
with larger particles and disappear, resulting in a measurable increase in average grain-size. This is
where the intermediate stage starts. The final stage occurs when all the pores are closed and only grain
growth continues. Shrinkage or densification occurs mostly in the first two stages. In the final stage, the
densification rate is extremely low. In real particle assemblages, there is no clear transition point between
each stage because the compact material contains particles with a distribution of sizes and packing
densities.

The basic mechanism of the sintering process is solid state mass transfer. Sintering is a diffusion-
controlled process that involves the transport of atoms through different kinds of defects in the atomic
structure. These defects may be vacant atom sites, interstitial atoms, or substitution of a foreign atom for
a normal one. For a pure ionic or metallic compound, a sintering model can be from vacancy diffusion
flux equations, with the equations specific to the diffusion mechanism(s). The motion of atoms from a
normal position into an adjacent vacant site results in the movement of vacancies in the opposite
direction. Mobility by means of this vacancy mechanism is the most common process, giving rise to the
motion of atoms. For ionic species with more than one component, the diffusion process is controlled by
the slower diffusing species®.

Transport of the diffusing species can occur by a variety of mechanisms as illustrated in Figure
2. These include evaporation-condensation, surface diffusion, volume diffusion, and grain-boundary
diffusion. Gas species which react with the solid phase can accelerate sintering®‘. More than one

diffusion mechanism may occur simultaneoustly.
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Figure 1. Microstructural development in each stage of sintering. (a) no sintering; (b) initial stage;
(c) intermediate stage; (d) final stage.

Figure 2. Diffusion mechanisms that occur during sintering. (i) Evaporation-condensation;
(ii) surface diffusion; (iii) volume diffusion; (iv) grain boundary diffusion.

There has been very little work published on sintering of recovery boiler dusts or sodium salts in
general. Tran et al.’ investigated sintering of fume particles by heating pellets made from dusts collected
in the electrostatic precipitator of a kraft recovery boiler. The pellets were heated for different times at
temperatures from 300-600°C, and the changes in dimensions of the pellets were measured. They
concluded that the minimum temperature for the sintering of fume dusts is about 300°C, and that the rate
of sintering increases with temperature. Skrifvars et al’® evaluated the effect of dust chemical
composition on the sintering of recovery boiler dusts and synthetic dusts. They sintered particle
assemblages for fixed time periods (typically 4 hours) at constant temperature and measured the strength,
rather than the dimensional changes of sintered specimens. Their work showed that both chloride and
potassium content has significant effects on the degree of sintering of synthetic dusts, with chloride

having the greater effect. Skrifvars and Hupa found no clear trend of the degree of sintering with




composition of their boiler dusts. In neither of these studies were microstructural development or the

kinetics of sintering evaluated.

Objectives
The objectives of the work reported here were to evaluate the mechanism of thermal sintering of
dust deposits in kraft recovery boilers and to develop a model to predict the rate of sintering of these

deposits in the convective heat transfer sectionis of kraft recovery boilers.

Experimental

In the work reported here, the rate of sintering was measured experimentally using peliets made
from the precipitator catch (dust) from a kraft recovery boiler. Figure 3, a SEM photo of the dust used,
shows that the grain size of the individual particles was 1 micron or less. The composition of dust is as
follows: 26.0% Na, 9.9% K, 2.2 Cl, 58.6% SO.*, 3.1% CO,. It was relatively low in chloride and high
In potassium content in comparison with many recovery boiler dusts, but typical of the precipitator catch

of recovery boilers operated hot in the lower furnace’.’

—
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Figure 3. SEM photo of the dust (precipitator catch) used in this study.

The rate of sintering was measured by heating pretreated pellets at a constant temperature,

ranging from 300°C to 550°C, for time intervals of 10 minutes to 8 hours and measuring the change in



diameter and thickness of the pellets after heating. Pellets one inch (2.54 cm) in diameter were formed by
by placing 3 g of dust into a cylindrical pellet mold and applying a pressure of 2500 psi (170 bar). Pellets
that separated into layers upon removal from the press were rejected. Each pellet was then weighed to 0.1
mg and its thickness measured to 0.001 inch with a micrometer. The pellets produced had an average
density of 1.43 g/cm®. A few pellets were pressed at lower pressures to determine the effect of density
on sintering rate.

The apparatus used to sinter the pellets is shown in Figure 4. For each sintering time and
temperature, three pellets were placed on a ceramic plate and placed into the conditioning furnace at
200°C for 1 hour. This temperature was low enough so that no sintering occurred. The pellets and
ceramic plate was then moved quickly to the sintering furnace that had been preheated to the desired
sintering temperature. The ceramic plate was placed so that the thermocouple was in contact with the
center pellet on the plate. The thermocouple measurements indicated that the pellets reached the
temperature of the sintering furnace in 2-3 minutes.

When the pellets had been sintered for the desired time, the pellets and ceramic plate were
removed from the sintering furnace and allowed to cool to room temperature. The thickness and diameter
of each pellet were each measured three times at random positions on the pellet, and the average value of
each was recorded as the pellet thickness and diameter. The pellets were again weighed. The sintering
time and temperature were also recorded. Measurements were made with at least three pellets for each
data point. Microstructural changes of many of the sintered specimens were measured using scanning

electron microscopy.

Thermocouple

300-550°C

/

_

////

=

PREHEATING SINTERING
FURNACE FURNACE

Figure 4. Experimental apparatus used for the sintering measurements.




Table 1 shows the sintering temperature and times and the initial density of the sintered pellets

for the measurements made in this study.

Table 1. The sintering temperature and times and the initial density of the sintered pellets.

Temperature, °C Initial density, g/cin® Sintering times, min

300 1.43 60, 120, 240, 480"

350 1.43 15, 20, 30, 45, 60, 90, 120, 180, 480"
400 1.43 5,7, 107, 15, 20, 307, 45, 60°, 120, 480°
450 1.43 3%,4,5,7,10°, 157, 20, 30%, 60°, 480°
450 1.36 5, 10, 15, 30, 60

450 1.19 5, 10, 15, 30, 60

450 0.88 5, 10, 15, 30, 60

500 1.43 1,2,3,5%,7,10°, 15, 30, 60, 120, 240, 480"

550 1.43 30
*SEM analyses were made of pellets made at these conditions.

Results

Table 2 shows the degree of reproducibility obtained in the sintering measurements. The
standard deviation of the pellet density was on average 1.1% and in the worst case 2.7% of the average
density. In general the standard deviation decreased with increasing degree of sintering (density). The

full set of experimental data are in Attachment A of this appendix.

Table 2. Reproducibility of sintering measurements.

Sintering Sintering Number of Average Standard
temperature, °C time, min pellets density, g/cm’ deviation, g/cm’

400 30 7 2.086 0.030
400 480 2420 0.025
450 60 2.465 0.013
500 1 1.837 0.050
500 2 2.085 0.026
500 3 2.181 0.029
500 7 2.444 0.009
500 2485 0.012




Figure 5 shows how the density of the dust pellets changed with time at different sintering
temperatures. At 300°C, the pellets sintered very little in eight hours. At 350°C sintering occurred more
rapidly. The pellets sintered at 450°C and 500°C reached the final stage of sintering, where the density no
longer changes with time, in 60 minutes and 15 minutes respectively. As expected, the densification rate
and the final density increased as the sintering temperature increased. This is in agreement with the
sintering theory mentioned earlier that the process is thermally activated, and confirms the conclusion

drawn by Tran et al.®
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Figure 5. Pellet density versus time for fume pellets sintered at different temperatures. (4) all data;
(B) expanded view of data to 60 minutes.

The densification rate was extremely low at 350°C and below, and the density increased very

little during sintering. The lowest temperature at which sintering was observed was 300°C. Very little




sintering occurred at temperatures below 400°C. The sintering rate was much faster at 400°C and above. -

The pellets reached their final density in less than 15 minutes when sintered at 500°C. At 450 and 500°C,
the final density was independent of the sintering temperature. From 400°C to 500°C, some sintering had
already taken place during heat-up in the sintering furnace before the pellet sample reached the desired
temperature. The recorded density values at time zero for these temperatures are therefore higher than
the density of an unsintered pellet. At lower temperatures, no sintering was detected during heat-up.

The upper limit for sintering temperature is defined by the fact that the material will begin to
melt at a certain temperature. The existence of liquid phase at temperature above the first melting point
results in a different densification mechanism. A detailed investigation of sintering above the onset of
melting is beyond the scope of our study. However, in a few measurements of sintering made at 550°C,
the final density of the pellets (2.20 g/cm®) was less than that (2.49 g/cm®) of pellets sintered at 500°C.
SEM photos showed circular inclusions, indicative of entrapment of air bubbles during intermediate
sintering®.

Figure 6 shows how the final sintering increases with temperature. The SEM photos in this figure
are all for pellets sintered for eight hours. At 300°C, only particle bridging occurred and. the average
particle size did not increase. The pores are still open and connected. This photo shows that only initial
stage sintering took place.

For the pellet sintered at 350°C, sintering occurred to the extent that some pores became closed
and the average grain size increased slightly. This extent of sintering represents the transition between
the end of the initial stage and the beginning of intermediate stage of sintering. The corresponding extent
of linear shrinkage, which is about 10% for this pellet, was used as the criterion for the transition
between the intermediate stages in the modeling work discussed later in this paper.

For the pellets sintered at 400-500°C for 8 hours, significant grain growth occurred. There were
still some pores left in the 400°C pellet sample, but most of them are closed. The densification rate of
this pellet had slowed very much by this point time (see Figure 5a). This indicates that sintering of dust
pellets at 400°C reached the transition point between the intermediate stage and the final stage after 8
hours of sintering. At 450 and 500 °C, almost all of the pores were eliminated before 8 hours of sintering.
There were still some tiny pores trapped at the grain corners, but the volume fraction of these pores is
very small compared to the grain volume. The pellets sintered at these two temperatures reached the final

stage in less than 30 minutes as can be seen in Figure 5b.




300°C

| 500°C

10 um

Figure 6. SEM photos of pellets sintered for eight hours at temperatures from 300-500°C.

The final grain size, determined by direct measurement from the SEM photos, is shown as a

function of temperature in Figure 7. The final grain size increases sharply with sintering temperature.
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Figure 7. Final grain size at each sintering temperature. Error bars are standard deviations.




Figures 8-10 are SEM pictures of pellets sintered for different periods of time at 400, 450, and
500 °C respectively. At 400 °C, There was no grain growth for the pellets sintered for 5 and 10 minutes,
but substantial grain growth after 30 minutes. Therefore, the intermediate stage sintering started
somewhere between 10 and 30 minutes of sintering. At 450°C, there was no grain growth for the pellet
sintered for 3 minutes, but substantial grain growth by 7 minutes. At 30 minutes, most of the pores were
already eliminated and the sintering was in the final stage. This is in agreement with Figure 5 which
shows that by 30 minutes the final density had been reached. At 500°C, the pellet sintered for 3 minutes
experienced substantial grain growth and some degree of pore of closure. Hence, the sintering at this
temperature reached the intermediate stage before 3 minutes. For the pellet sintered for 10 minutes, most
of the pores were already eliminated and the sintering was already in the final stage. This agrees with
Figure 5b which shows that at this time, the final density had been reached.

480 min

A 3
4

> 10um
Figure 8. SEM photos of pellets sintered at 400°C for 5-480 minutes.
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Figure 9. SEM photos of pellets sintered at 450°C for 5-480 minutes.
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Figure 10. SEM photos of pellets sintered at 500°C for 3-60 minutes. .

Grain size versus time data at each sintering temperature were obtained by direct measurement

from the SEM photos. The isotherms of average grain size and its standard deviation versus time are

shown in Figure 11.
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Figure 11. Grain size versus time at sintering temperatures from 400-500°C. Error bars are standard
deviations.

The final grain sizes at each temperature were shown in Figure 7: The final grain size increases
sharply with sintering temperature, from less than a micron to about 10 microns over the temperature

range shown.




Effect of Initial Density on Sintering

A series of experiment were conducted to study the effect of the green density of pellets on the
sintering kinetics. Pellets pressed to four different initial densities were sintered at 450°C for different
period of time. The results are shown in Figure 12. The densification rate of these pellets was
independent of the initial density of the pellet. All of the pellets reached their final density within about

60 minutes. The differences in final density were roughly the same as the differences in initial density.
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Figure 12. Sintering data for pellets with different initial densities at 450°C.

A Sintering Model

The basic mechanism of sintering is solid state mass transfer, i.e. a diffusion process which
involves the transport of atoms through defects in the atomic lattice. These defects include vacant atom
sites, interstitial atoms or substitution of a foreign atom for a normal one, and grain boundaries. For a
pure ionic or metallic compound, a sintering model can be developed by using different vacancy
diffusion flux equations depending on different diffusion mechanisms. The motion of atoms from a
normal position into an adjacent vacant site results in the movement of vacancies in the opposite
direction. Mobility by means of this vacancy mechanism is probably the most common process giving
rise to atom motion. For multicomponent ionic species, the diffusion process is controlled by the slower
diffusing species. Therefore, sintering is treated as a mass transfer due to chemical potential gradients of

the constituents as recommended by Ready”.
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In this work, rate models that had been used for sintering of other materials were evaluated with
the experimental data we obtained for recovery boiler dust. For the initial stage sintering, we used the

model proposed by Kingery and Berg®’ when volume diffusion is the controlling mechanism, Eq. 2.

AL [k, 'yQD]" .
—_— t
L,

T kTGP

AL/L, =relative linear shrinkage
= surface energy

= vacancy volume

= Boltzmann’s constant

= absolute temperature

Y

Q

D = self diffusion coefficient for cither volume or grain-boundary diffusion
k

T

G,

0 = inifial grain size
t = time

n,p,k,” = numerical constants

Equation 2 applies when either volume or grain-boundary diffusion is the dominant mechanism
in sintering. In earlier studies; the values of n and p have been found to be 0.4-0.5 and 3 respectively
when volume diffusion dominates, and 0.3 and 4 respectively when grain-boundary diffusion dominates.

For intermediate stage sintering, we used the models developed by Coble' to predict the
decrease in porosity of the particle assemblage with time. Eq. 3 applies for volume diffusion control and

Eq. 4 for grain-boundary diffusion control.

dP _ -720DyQ
dt —  G%T
P — [ZDGBbYQ]ZI3t2/3

G*kT

P =porosity
b = grain-boundary thickness
D¢y = grain-boundary diffusion coefficient

D, =volume diffusion coefficient




Grain growth kinetics was described using a model developed by Yan et al.', Eq. 5.

EGR)

GN - G"oN = moe—[ T (t "to) )

where N = grain growth kinetic exponent
m, =numerical constant
E; = apparent activation energy for the grain growth process

R =ideal gas constant

The experimental sintering data obtained in this study was used to evaluate the parameters n, p,
k,’, N, m,, and ¢, in Egs. 2 and 5. The time at which the transition from initial stage to intermediate stage
sintering occurred (¢,) was taken as the time at which grain growth began to be observed. The grain size

at the transition (G,(?,)) was also determined from these measurements.

Table 3. Experimentally determined values of t, and G, used in developing the sintering model.

Temperature, Time at transition to G,(t,),

°C intermediate stage (t,), | micron
min

300 >480 0.50'

350 >480 0.50

400 30 0.57

450 7 0.75

500 3 0.70

'The average initial grain size of the dust.

The rate-controlling mechanism during initial stage sintering was determined by plotting the data
from Figure 5 as relative linear shrinkage versus time on a log-log scale (Figure 13). At 400°C, the
shrinkage at time zero was subtracted from the data points. Data above 400°C were omitted because there
were too few points before the onset of intermediate stage sintering. The slopes of the three data sets are
approximately 0.4, indicating that volume diffusion is the dominant sintering mechanism for this stage.

To develop the model for initial stage sintering, a value of 3,-corresponding to the volume
sintering mechanism, was assigned to the exponent p in Eq. 2. The constant %, and the terms y, , D,
and k in Eq. 2 were combined as a single term (k,) and evaluated at each temperature from the intercepts
of the three data sets in Fig. 14. An initial grain size (G,) of 0.5 microns was used to evaluate k,.

Logarithms of the three k, values were plotted versus 1/T to obtain a pre-exponential factor (8.71x10°)
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and an apparent activation energy (-227,900 kJ/mol) for volume diffusion. The resultin"g expression for £,

was inserted into Eq. 2 to yield the model for linear shrinkage during initial stage sintering, Eq. 6.
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Figure 13. Relative linear shrinkage versus time for the initial stage sintering data.

To obtain the parameters m, and E; for the grain growth model (Eq. 5), The grain size data in
Figure 11 was plotted as G" - G," versus #-f,. The values of G, and ¢, used at each temperature are those
shown in Table 3. The slopes of these linear plots were then plotted as Arrhenius plots to obtain Eg, the
apparent activation energy for grain growth (263.6 kJ/mol) and the constant m, (1.42x10"® pm*/min). The
model for grain growth is then ‘

_{31,700
G’ -G} =142x10"%¢ ( /T)(t —)




To model shrinkage during intermediate stage sintering, we first assumed that the sintering
mechanism was volume diffusion. Since grain size changes during intermediate sintering, an expression
for G’ from Eq. 5 was substituted into Eq. 3, and Eq. 3 was integrated to yield the Eq. 8 for the porosity
of pellets during intermediate stage sintering. The ratio of terms 720D,yCV%k was combined into the

constant &, in Eq. 7. The term m, in Eq 8 equals 1.42x10'® um*/min as in Eq. 7.

P -k, n mo(t—t0)+Gg
" m,T G]

+F @®

The constant k, was evaluated at each temperature by plotting the porosity of the pellets versus

t—t,)+G;

the term h(__(_%o_} . The slopes of the linear plots obtained were used in an Arrhenius plot to
¢}

obtain k, = 3.99x10"7 349D Qubstituting the values for k, and m, into Eq. 8 yielded the model for

decrease in porosity during intermediate stage shrinking, Eq. 9.

3
_Z 0.281 e3%'T 111 142 1018 g-31700/T (t ~ o, )+ Gy

P
T G,
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The apparent activation energies obtained for initial stage and intermediate stage sintering have
very similar values, 228 kJ/mol and 235 kJ/mol. This supports our assumption that the sintering
mechanism, volume diffusion, is the same for these two stages of sintering.

The sintering model represented by Egs. 6, 7, and 9 was compared with data obtained in this
study. To evaluate the sintering rate, the transition point from the initial stage to intermediate stage is set
at 10% relative linear shrinkage. Grains start growing as soon as the intermediate stage begins. For the
initial stage sintering, the porosity of cylindrical pellets can be calculated from the linear shrinkage using
Eq. 10

-3
P= 1—(1 - ‘Punsintered)(l_-éé) (10)
LO

where P,,.....r.s 15 the porosity of an unsintered pellet. For the pellets pressed to a density of 1.43 g/cm’ in
this study, P,,.i.eres 15 0.43. The porosity of a sintered pellet at the start of intermediate stage sintering (P,
in Eq. 8) is about 0.218. The average grain prior to the onset of intermediate stage sintering and grain

growth (G,) is about 0.5 mm The time intermediate stage sintering and grain growth begin can be
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calculated from Eq. 5 when AL/L, = 0.1. Intermediate stage sintering is assumed to continue until the |
pore volume within the pellets is zero.

A comparison of the sintering model with experimental results is shown in Figure 14. The data
are for pellets pressed to an initial density of 1.43 g/cm’. The model agrees quite well with the
experimental results. The largest disagreement between calculated and measured values occurs at 450
and 500°C. The model predicts a more rapic densification rate than was measured.. The model predicts
that the initial stage ends within 1 minute at 450°C, while the experimental result indicate that the initial
stage continued for 3 minutes. This implies that during the sintering test, the bulk of a pellet was
significantly cooler than the surface of the pellet and slower to reach the sintering temperature.
Therefore, these pellets did not shrink as much as predicted during the first few minutes of sintering. The
effect of a temperature gradient in the pellet is more important at higher sintering temperatures. This

effect also results in slower grain growth than predicted early in sintering at the higher temperatures.

This limitation to the model could be overcome by including a heat transfer model to predict the

temperature locally within the pellet until it reaches the furnace temperature.
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Figure 14. Porosity change with time for dust pellets with the same initial densities, sintered at
different temperatures. Data are shown on an expanded time scale, 0-60 min. Solid lines
were calculated with the sintering model.

The other deviation between the calculated and measured porosities was the higher final density
predicted by the model at 400°C (not shown in Figure 14). This may be because intermediate stage
sintering was assumed to occur until the porosity reached zero. It is likely that final stage sintering

begins at the lower temperatures when there is still a significant pore volume within the pellets.




The model was also tested against the experimental result at 450°C for pellets of different initial
density as shown in Figure 15. The model predicts a slower rate of densification than is actually observed
for pellets of low initial density. This may be an effect of poorer heat transfer within the less dense
pellets. The effect of heat transfer and other factors related to initial density clearly need to be accounted
for in the model before it is applied to dust deposits on heat transfer surfaces in kraft recovery boilers.
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Figure 15. Porosity change with time for dust pellets with different initial densities, sintered at 450°C.
Data are shown on an expanded time scale, 0-60 min. Solid lines were calculated with the
sintering model.

Conclusions and Implications

The sintering behavior of the kraft recovery boiler dust evaluated below the onset of melting is
similar to that of ceramic materials. Sintering occurs in three distinct stages, with densification but no
grain growth in the initial stage, and both grain growth and densification rate in the intermediate stage.
Sintering occurred via a volume diffusion mechanism.

The sintering rate data obtained in this study show that recovery boiler dusts can sinter and
harden rapidly. In kraft recovery boilers, soot-blowers are normally activated on cycles ranging from two
to eight hours. At temperatures between 400°C and the onset of meltifg, sintering was so rapid that
deposits would densify to the point where they may not be removable by soot blowing at normal
frequencies.

The model that has been presented here provides a basis for evaluating soot blowing strategies.

The constants in the model probably depend on dust composition, so those presented here should not be
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considered universally applicable. Evaluations of sintering with dusts that encompass the range of

variation in kraft recovery boilers need to be made to determine the influence of dust composition on
sintering rate.

The data and model presented here do not account for the impact of reactive gases such as SO,
on sintering rate. A parallel investigation of the impact of reactive gases on sintering of kraft recovery

boiler dusts needs to be performed.
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Chapter 1: Summary

Experimental data have been obtained on the rates of formation of particulate matter
during char bed burning under controlled conditions, using a laboratory char bed reactor.
This is the first data of this type ever obtained. A major effort was made to obtain closure
of sodium balances during the experiments, and this objective was successfully met.

The experiments were carried out with chars prepared separately using black liquor
obtained from a kraft pulp mill. The main independent variables in the experiments were
the composition of the gas stream passing over the bed and the chemical composition of
the char. The oxygen content of the gas stream was the primary variable used to control
the bed surface temperature, which was varied over a range from 800 to 1200°C. The CO,
and H,O content of the reacting gas stream was also varied. Most of the experiments were
carried out with a char produced from as-fired black liquor obtained from the mill. Some
experiments were also carried out with chars produced from liquor enriched with sodium
sulfate and from liquor enriched with sodium carbonate.

The experimental system was designed to collect the sub-micron sized fume particles
produced during bed bumming and this worked effectively. Quantitative data on the
quantity and chemical composition of the fume as a function of bed temperature and
burning rate as well as gas and char composition were obtained.

During the initial test runs it became apparent that two different types of particulate were
being produced. In addition to the fume particles, significant quantities of larger-sized
particulate (generally in the 1 - 100 um range) were also found to be released. We refer to
these larger particles as ejecta, following the terminology of Verrill [1]. The amount of
these larger ejecta particles was surprising. These data are the first quantitative data on the
rates of formation of ejecta during char burning, and the first data of any type on ejecta
under conditions where closed sodium balances were obtained.

Char composition was found to affect char burning rates. The sulfate-rich char bumned
faster than the base-case char and the carbonate-rich char. The faster burning rate was not
accompanied by higher bed surface temperatures (they were slightly lower). These data
show that sulfate in the char provides an additional path for buming char carbon through
the reduction of sulfate to sulfide [2].

Fume production during bed burning behaved, in general, in accordance with expectations
based on existing concepts of fume forming processes. The amount of sodium released as
fume varied from about 0.5 % to 12% of the sodium present and was a very strong
function (exponential-like) of bed surface temperature. In the range of typical bed
temperatures from 950°C to 1050°C, the amount of fume ranged from about 1% to 6% of
the sodium in the char. The fuming rate was much more strongly correlated with bed
temperature than with bed burning rates per se. The fume produced is a composite of




sodium vaporized as chloride and as sodium vapor. Chloride vaporization is predominate
at low bed temperatures, but becomes overwhelmed by sodium vaporization at high bed
temperatures. There was some indication that CO; in the reacting gases acted to suppress
the rate of fume formation. This was most evident with the base case char and the
carbonate-enriched char. The fume composition in these experiments generally contained
more Na,CO; than is typical of a recovery furnace. The main reason for this was that a
substantial part of the sulfur in the black liquor was released during pyrolysis and was not
available to participate in fume sulfation reactions in the laboratory furnace. Sulfate/sulfide
_sulfur was generally not volatile under these char burning conditions.

The ejecta particles were generally light brown in color and 1-100 pum in diameter. They
were clearly produced by mechanical removal processes as distinct from vaporization
processes. The mechanisms by which this material is formed are still basically unknown at
this time, although it was clear from char burning video tapes that it was not simply a
sweeping of loose char particles off the bed, but occasionally groups of fine particles were
blown out of the bed at very high velocities. What is known is the amount of ejecta
formed and the functional dependence on the experimental variables. The amount of
sodium released as ejecta varied from 0 to 11% of the sodium originally in the char. For
most experiments, the ejecta amount lay between 3 to 7% of the char sodium content. The
amount of sodium released seemed to increase with temperature up to about 1000°C, but
then decrease. The amount seems to correlate better with bed temperature than with char
bed burning rate. There were limited indications that the amount of ejecta decreased when
the gas velocity over the bed was decreased. However, decreasing gas velocity also
decreased bed temperature which also affects the amount of ejecta, and most experiments
were conducted at the same gas velocity, so the relation between gas velocity and ejecta
formation remains unknown.




Chapter 2:  Introduction

Recovery furnaces are subject to fouling and plugging from sodium and potassium salts
that are carried into the heat recovery sections of the upper furnace. Prior to this work,
two types of plugging material were generally recognized, so-called carryover (partially
burned liquor or smelt drops swept out of the furnace by the gas) and fume. Carryover is
primarily a function of liquor spray size, burning characteristics, and gas flow patterns in
. the furnace, and can be quantitatively understood through the use of CFD-based computer
models of the furnace. Fume originates through the vaporization of alkali compounds. The
basic chemistry of fume formation is generally understood and it is recognized that the
high temperature reducing conditions that exist in the char bed are especially conducive to
fume formation. It is widely held in the industry that higher bed temperatures mean
increased fume formation, however, there are no quantitative data available relating fume
production to bed burning conditions. This study was initiated to meet this need.

2-1 Background

Black liquor contains water, alkali (sodium and potassium) salts of wood organics
dissolved during pulping, and inorganic salts. When black liquor is burned in a recovery
boiler, the water in the black liquor evaporates and the dried liquor solids heat up and
undergo thermal decomposition (pyrolysis). Pyrolysis of the black liquor solids produces
combustible volatiles which burn in the gas phase and a solid carbonaceous char which
tends to fall to the furnace hearth and burn in a so-called char bed. As the carbon in the
char is burned away, the residual inorganic chemicals form molten smelt, which is drained
from the furnace.

Although there are some conflicting data in the literature, the current consensus is that
there is minimal vaporization of sodium and potassium during pyrolysis and volatiles
burning, and that the great bulk of the vaporization that leads to fume formation occurs
during char burning.

Char is the residual solids material produced when black liquor is pyrolyzed. It is an
intimate mixture of carbon and sodium and potassium salts. The two main processes
considered to be responsible for the formation of sodium fume are vaporization of sodium
chloride and vaporization of metallic sodium formed by reduction of sodium carbonate.
The carbonate reduction reaction can be written as;

N32CO3 + C > 2Na + CO + COz

Similar processes occur for potassium fume formation. KCl is more volatile than NaCl, so
the presence of K enhances Cl volatility and vice versa.




Equilibrium models [3,4] have been developed for predicting the volatility of sodium and
potassium from char beds. While these models do show the importance of a reducing
environment and the role of increasing temperature in increasing fume production, their
applicability to the recovery furnace has been questioned. Cameron [5] has shown that
reactions of the volatile alkali with furnace gases can lead to increased fume production by
minimizing the gas-side mass transfer resistance. No quantitative data have been available
for testing these equilibrium models, or any other fume formation models.

. It 1s extremely difficult to. acquire data for testing fume formation models on operating
recovery boilers. The recovery boiler geometry and fireside environment makes it nearly
impossible to make quantitative measurements of the amount of fume leaving the furnace.
There have been attempts to use the recirculating dust load from the electrostatic
precipitator as a measurement of fume production, but this has limitations. The char bed
itself is quite heterogeneous in surface temperature and the accuracy of measuring these
temperatures is itself questionable. In addition, pronounced temperature gradient can exist
underneath the bed surface and fume can also be formed from char burning in droplets
while in flight.

Because of these difficulties, it was considered necessary to acquire data on fume
formation during bed burning under carefully controlled conditions. The old char bed
reactor in the DOE combustion system at IPST [6] provided a means for doing so. The
reactor was modified to permit the necessary measurements of fume production and bed
temperature. The main variables that had to be controlled to provide the necessary data
were the char composition, the composition and velocity of the gas flow across the bed
surface, and the bed surface temperature. The modified char bed reactor was generally
capable of providing this. However, the bed temperature could not be controlled
independently of the other variables, because of temperature limitations on the heaters.
The bed temperature was varied by varying the oxygen content of the gas stream in
different experiments.

The importance of ejecta was unsuspected at the start of this work, and the original
intention was to obtain data on fume formation. Once experimental data began to be
obtained, it became evident that a substantial part of the particulate being collected was
not fume. Attention then focussed on devising a means for separating the fume from the
gjecta, so that data on the production rates of each of these types of particulate could be
obtained for analysis. Fortunately, it was found that the ejecta were caught in the initial
parts of the collection system only, and this could be used in conjunction with material
balances to separately determine the amounts and composition of fume and ejecta.

2-2 Objectives

The basic objective of this study was to obtain data on the rates of production of
particulate matter during char bed burning as a function of chemical and operational
conditions. These data were to be acquired under conditions where sodium material




balances could be closed, so that the amounts of particulate were measured directly and
not determined by difference. In addition, bed burning rate data could also be obtained as
a function of operating conditions for use in testing char bed burning models.

Specific objectives for the study were as follows.

1.

Develop a methodology for quantitative collection of the particulate produced during
char bed burning experiments.

Obtain data on particulate production with closure of the key elemental balances for
the particulate constituents.

Develop means for quantitatively distinguishing fume particulate from ejecta.
Develop a system and carry out a test plan to determine the effects of char
composition, reacting gas composition and velocity, and bed temperature on fume

formation.

Obtain sufficient data on the rate of fume formation during char bed buming to test
models predicting fume formation rates.

Obtain sufficient data to characterize the effects of key chemical and operating
variables on ejecta formation.




Chapter 3:  Description of Experimental System

3-1 Overview

A schematic diagram of the experimerital char bed burning system is shown in Figure 1.

_ The system consists of two main sections; the char bed reactor where the black liquor char
is combusted, and the particulate collection system where fume and ejecta particles
generated in the combustion process are collected. The apparatus has several additional
components including a gas delivery system (gas cylinders, air supply, gas manifold, flow
meters, a steam generator, and a gas preheater), gas analyzers, an online data acquisition
system, and an exhaust gas vacuum pump.

3-2 Char Bed Reactor

The char bed reactor used in this work was originally one component of a Black Liquor
Flow Reactor constructed and operated in the 1980s in a DOE sponsored project on
Fundamental Studies of Black Liquor Combustion. This system was previously used to
obtain the only published data on bed burning rates [6, 7]. The old char bed reactor was
substantially modified for the present work. Details of the modified char bed reactor are
shown in Figures 1 and 2.

The simulated char bed is contained within an electrically heated furnace capable of
reaching temperatures of about 800°C at the interior furnace walls. The stainless steel char
bed retainer assembly, shown in Figure 2, is inserted into the bottom of the furnace. The
char bed is supported on a 10 cm x 10 cm platform inside the retainer and can be driven
upwards at a controlled rate. An additional clam shell type heater was mounted around the
walls of the char bed retainer to reduce the heat up time and lessen the load on the main
fumace heaters. At the top of the retainer, the emerging char is exposed to gas flowing
from a four-sided slot jet arrangement.

The char to be burned is placed on a stainless steel platform (char tray) within the retainer.
This char tray is connected to a manually-controlled, variable-speed, motor-driven piston.
The simulated char bed can be raised at speeds from O to 3 in./min to gradually and
continually expose fresh char to the combustion gas stream. The tray supporting the char
has three fixed thermocouples attached which are initially located at different elevations
within the bed. As the tray is gradually raised during the course of a burning run, each
thermocouple gradually approaches and then goes through the bed surface. This
thermocouple arrangement gives a measurement of the temperature profile within the bed,
since the position of each thermocouple relative to the bed surface is known.
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The reacting gas stream consists of mixtures of nitrogen, oxygen, carbon dioxide, and
water vapor. The inlet gas flow rates are measured with mass flowmeters. The gas mixture
passes through a gas preheater that increases its temperature to about 280°C. The gas
stream then enters the bottom of the reactor and passes through tubing coiled around the
char retainer in order to further increase its temperature. The gas stream is then split and
sent to four headers surrounding the square retainer opening where it blows onto the char
bed surface through four symmetrically oriented slot jets.

3-3 Particulate Collection System

The particulate collection system consists of two principle components: (1) a set of four
clear plastic water-filled scrubber cclumns connected in series, and (2) the internal
surfaces of the pipes connecting the reactor exit to the first scrubber column. In addition,
an air-cooled particulate deposition probe is inserted into the reactor chamber above the
char bed and in the gas flow path to the reactor exit.

Particulate deposition occurs on all surfaces exposed to the combustion gases, particularly
on those surfaces which are cooler than the gas stream. A significant portion of the
particles deposit on an uninsulated horizontal stainless steel pipe and a vertical quartz tube
that connect the reactor exit to the first scrubber. The remainder of the particulate is
absorbed in four scrubbers connected in series, which provide intense mixing between the
flue gas bubbles and the scrubbing water. The first scrubber column, which is exposed to
hot flue gases and experiences the highest scrubbing solution temperatures, is made of
Lexan polycarbonate and measures 4" od x 3.75" id x 54" tall. The other three scrubbers
are made of acrylic plastic and measure 4.5" od x 4" id x 60" tall. A static height of about
9-12 inches of water is used in each scrubber. The water column rises to a level 1.5 to 2
times its initial height after gas bubbling starts. The remaining height in each scrubber is
used for mist recovery to prevent solution from being carried by gas flow on to the next
scrubber. A vacuum pump draws the flue gas through the scrubbers and provides a slightly
negative pressure to prevent flue gas leakage into the surrounding atmosphere through the
reactor openings.

The air-cooled deposition probe is composed of two concentric tubes. Cool air enters to
the inner tube, turns around the far end of this tube, passes through the annulus, and exits
from the outer tube. The collecting surface of the probe is 1" in diameter and placed at
about 2' above the char bed surface and 6"-8" inside the active furnace chamber. The
primary purpose of the deposition probe was to obtain samples for microscopic analysis
and size determination. .



3-4 Auxiliary Subsystems

The important reactor subsystems are the gas delivery system, the gas sampling and
analysis system, the online data acquisition system, and the vacuum pump exhaust gas
system.

The gas delivery system includes gas cylinders, a compressed air supply, a gas manifold,
flowmeters, a steam generator, and a gas preheater. The gas manifold was designed so
. that three separate gases could be metered simultaneously to produce the desired gas
composition. This was adequate for producing mixtures of N, O,, and CO,. For those
experiments in which water vapor was added to the reactant gases, a steam generator was
used. The steam generator is a 2kW tube furnace (Lab Line Instruments, Inc. model 4304)
with a 2" schedule 10 stainless steel pipe running through it to serve as an evaporation
chamber. Deionized water is metered into the steam generator at 0 to 30 ml/min using a
manually-controlled flowmeter. The resultant steam is added to the reactant gas stream in
the gas preheater.

The gas sampling and analysis system and the data acquisition system are described in
detail in Section 3-6-1. The gas exhaust system employs a rotary-type vacuum pump to
draw the combustion gases through the scrubber train and exhaust them to the atmosphere

3-S5 Operating Procedures

The amount of char to be used in the test is dried at 105°C, weighed (usually about 400 g
was used), and then gently poured into the cavity in the retainer assembly and the surface
leveled. This corresponds to a bed depth of 9-12 c¢m, with the three bed thermocouples
buried at different depths. The char bed retainer assembly is then inserted into the reactor,
bolted into place, sealed, and the necessary gas line and thermocouple connections made.
The air-cooled particulate probe is also inserted into the reactor.

A nitrogen purge gas flow is turned on to prevent gradual oxidation of the char during
reactor heatup. The nitrogen purge rate is 40-50 standard liters/min (slpm) to the char bed
and 35 slpm to the pyrometer window. The main reactor heaters and the intemal char bed
heater are then turned on and the reactor brought up to temperature. Cooling air to the
pyrometer and the particulate probe are also turned on at this time. The reactor requires
about 45-60 minutes to reach the starting temperature for a run. During the heatup phase,
the gas analyzers are calibrated, the VHS video camera is mounted into place, and the
VCR and TV monitor are connected. If steam is needed in the reactor gas, the steam
generator tube furnace is turned on and set to 800°C. When it has reached this
temperature, the deionized water is turned on, set to 30 ml/min, and allowed to stabilize.

The heatup phase isb completed when the char bed has reached the desired temperature. At
this point, the nitrogen purge flow is increased to about 200 slpm and the vacuum pump is
turned on. The amount of vacuum is adjusted by means of a bypass valve so that a slightly




positive pressure is maintained inside the reactor. A nitrogen purge flow of about 15 slpm
to the pyrometer sight tube is turned on at this time. When the slot gas temperature
stabilizes, the char tray is raised to the starting position. The experimental run is then
initiated by simultaneously switching the inlet gas flow to the reactant gas (some
combination of O,, N, CO;, and H,(), starting the char tray motor drive, and the timer
on the video camera. The gas mass flow rates are quickly adjusted to the desired level, the
vacuum is immediately increased to ensure a slightly negative pressure in the reactor, and
the rise rate of the char tray adjusted manually to maintain a constant amount of exposed
_ bed surface.

Experimental runs lasted approximately 5 to 20 minutes, depending on conditions. Runs
were stopped while there was still enough char on the tray to avoid unsteady burning and
excessive smelt oxidation. Usually this was just after the last of the three embedded
thermocouples had emerged above the bed surface. The run was stopped by switching the
gas flows back to the nitrogen purge. All of the heaters were then turned off. The vacuum
pump remained on until the measured gas concentrations for O,, CO, and CO; returned to
zero. The nitrogen purge flows were maintained throughout the cooldown.

Reactor cooldown required about four hours. During this period, the components of the
particulate collection system were washed with deionized water, the amounts of the
washings were measured, and samples were taken for chemical analysis. After
disassembling the char bed retainer assembly, the char residue was collected and weighed.
The char bed retainer was then cleaned by immersion in deionized water. The reactor
windows and the exit tube were also washed with deionized water. The amounts of all of
these solutions were measured and samples taken for chemical analysis.

3-6 Experimental Measurements

3-6-1 Online Data Acquired During a Run

The types of online data acquired during a run are summarized in Table 1. This data
consists of gas flow rates for three reactant gas components (N, air and CO,, or O, air
and CO,), outlet gas composition (CO, CO,, and O5), electric conductivity of the first two
scrubber solutions, various process temperatures, and a video of the burning process
during the run. The char bed surface temperature is measured both by type K
thermocouples and by a two-color infrared pyrometer. Three of the thermocouples are
imbedded in the char bed and pass through the surface as the run proceeds. Another
thermocouple is fixed in space at a location approximately at the bed surface. The
pyrometer is positioned so that it “sees” a 3" diameter circle centered on the bed surface.
A purged sight tube mounted inside the reactor is used to keep fume particles and IR
absorbing gases out of the pyrometer view path. This was necessary to eliminate
interference with the IR pyrometer temperature measurement and was installed just prior
to run #12.
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Table 1. Summary of Online Data Acquired During a Run

Type of Data Measurement Instrument & Method
Ranges
Inlet Gas Flow Rates (3) 0-50 slpm Hastings Instruments Mass Flowmeter model
0-100 sipm HFM201
0-200 sipm
Outlet Gas O, Concentration 0-20 or 0-100 mole% | Illinois Instruments, Inc. model 2556 Oxygen
Analyzer; electrochemical sensor (fuel cell)
Outlet Gas CO Concentration 0-0.6 / 0-6 mole % Infrared Industries, Inc. model IR702 dual
Outlet Gas CO, Concentration 0-2 or 0-20 mole % channel nondispersive infrared gas analyzer
Scrubber 1 and 2 Solution 0-4,000 uS/cm Myron L Co., model 758 digital conductivity
Conductivity momnitor/controller
Slot Jet Temperature
Char Bed Internal Temp. (3)
Char Bed Surface Temperature 0-1,250°C Type K thermocouples
Char Bed Retainer Wall Temp. (2)
Fume Deposition Probe Temp. (3)
Scrubber 1 and 2 Temperatures
Upper Furnace Flue Gas Temp. 0-1,250°C Suction thermocouple probe containing a
type K thermocouple
Char Bed Surface Temperature 700-1,400°C Mikron Instruments model M77 two color
infrared pyrometer
Bed Burning Images Video camera and recorder

The instrumentation for analyzing the outlet gas composition is housed in a self-contained
cabinet which aiso contains the necessary sampling and switching valves, flowmeters, a
vacuum pump for gas sampling, a chilled water tank for drying the gas, and calibration
gases. The sampling point for outlet gas composition was located between the second and
third scrubbers.

The signals from the various sensors were fed to data acquisition hardware obtained from
Keithley Instruments, Inc. interfaced with a Pentium-133 MHz equipped computer from
HiQ Technologies. The data processing software was Labtech Notebook Pro running on a
Windows 95 operating system.

3-6-2 Analysis of Collected Material
Eight solution samples were taken in each experimental run, seven from the particulate
collection system and one from the smelt recovered from the char bed retainer. These

samples were analyzed for the major cations and anions using standard analytical
techniques as follows:
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o Total sodium, potassium, and sulfur by Inductively Coupled Plasma - Atomic Emission
Spectroscopy (ICP-AES) on acidified samples.

o Total sulfate and chloride by Capiliary Ion Electrophoresis (CIE)

o Total carbonate, bicarbonate, and hydroxide by potentiometric titration.

The presence of bicarbonate interfered with the use of the CIE method for measuring

carbonate concentration and a potentiometric titration had to be used instead. The

potentiometric titration using hydrochloric acid is able to measure separately
- concentrations of carbonate, bicarbonate, and hydroxide.

Reduced sulfur species such as sulfide interfered with both the ICP and CIE analyses.

Consequently hydrogen peroxide was added to the samples to convert all reduced sulfur
species to sulfate prior to analysis by these methods.

3-6-3 Photomicrographs of Particles
Scanning electron microscopy (SEM) was used to examine the particles collected on the

air-cooled deposition probe in order to see their morphology and measure the particle size
distribution. Numerous photomicrographs were obtained.
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Chapter 4 : Char Production

4-1 Purpose

Since the objective of the experiments was to obtain data on fume formation (and release
of other aerosols) during char bed burning under well-defined conditions, it was necessary
to produce a supply of stable, well-characterized char to serve as a starting material in the
~ laboratory furnace beds.

In the original char bed burning work [6] the char was produced by introducing liquor
drops into the in-flight section of the DOE black liquor combustion reactor and allowing
the pyrolyzed drops to accumulate in the char bed reactor section directly beneath until a
sufficient amount was produced for a run. This made it difficult to characterize the char
produced, because the residence time at elevated temperatures varied widely and access
for sampling was difficult. In addition, a separate batch of char needed to be produced for
each run, increasing the likelihood that the char composition varied between runs. For
these reasons, it was decided to prepare char in batches external to the reactor system for
use in the experiments. With this in mind, the DOE combustion reactor was modified so
that the in-flight portion was decoupled from the char bed reactor. This was necessary to
allow an effective fume collection system to be added to the char bed reactor, as discussed
in Chapter 3.

The mechanics of operation of the char bed reactor required that the char be inserted into
the reactor some period of time before the experiment started. In order to do this, the char
used had to be chemically stable and easy to handle. This meant that the char could not be
produced under high temperature reducing conditions which could form elemental sodium,
which would subsequently react when exposed to air, or large quantities of Na,S, which
would make the char hydroscopic. After some preliminary experimentation, a batch
pyrolysis procedure was selected for producing the char. The objective of this char
production process was to generate large quantities of char with known characteristics, for
the bed burning experiments.

4-2 Char Preparation Procedure

4-2-1 System

Black liquor char was prepared by batch pyrolysis in the furnace pictured in Figure 3. This
is an electrically heated 9.8 kW tubular furnace (Applied Test Systems, Inc. model 3110)
capable of reaching a maximum temperature of 1100°C. A cylindrical metal retort
containing an alumina crucible sat inside the furnace and acted as the pyrolysis chamber.
In addition to the regular temperature control thermocouples of the furnace, a type K
thermocouple was used to monitor the external wall temperature of the crucible. The
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furnace was purged with a small flow of an inert gas throughout the initial warmup,
pyrolysis, and cooldown process. This purge gas stream maintained an oxygen free
atmosphere and served to exhaust the pyrolysis gases from the chamber. The exhaust
gases were vented through a water scrubber system where they were cleaned and then
discharged to the atmosphere by means of an induced draft fan.

4-2-2 Procedure

The char production procedure is as follows. The desired amount of black liquor was put
into the crucible. and the crucible placed inside the retort, The retort was then sealed and
placed inside the furnace. The nitrogen purge gas flow was turned on and set to 10-15
slpm, the draft fan was turned on, and the heaters were turned on and set to 700°C. The
heaters reached their setpoint temperature in approximately 40-60 minutes. The furnace
was maintained at this temperature until the crucible containing black liquor had been
exposed to the desired temperature for one hour. The heaters were then turned off, and
the purge gas flow maintained during cooldown. When the crucible had cooled to under
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Figure 3. Schematic Diagram of the Black Liquor Pyrolysis Furnace



about 200°C, the retort was opened, and the char removed and cooled further in the
ambient air. The batch of char was then stored inside sealed bags, to minimize moisture
absorption. The individual batches of char that were produced under identical conditions
were then mixed together, crushed, and screened to the proper size range (approximately
1.5-9 mm). Representative samples of the mixture were taken and sent for detailed
chemical analysis (Table 2).

. 4-3 Types of Chars and Characterization

Three types of char were produced using the above procedure. All used a single source of
black liquor, a sample of as-fired liquor taken from the mill used as the Case 1 validation
study during the time that the validation field testing was in progress. The three chars were
as follows:

Char 1: The Base Case Char produced by pyrolyzing the black liquor directly
without any additives. Because of sulfur loss during pyrolysis, it had a S/Na,
molar ratio of approximately 0.2.

Char 2: The High Sulfate Char produced by pyrolyzing black liquor to which
sufficient sodium sulfate (about 14 wt% based on dried liquor solids) was
added to yield a char with a S/Na, molar ratio of approximately 0.35.

Char 3: The High Carbonate Char produced by pyrolyzing black liquor loaded with
additional sodium carbonate in the amount of 10 wt% based on dried liquor
solids.

The compositional analysis for the three starting black liquors, their resultant chars, and
data on the three pyrolysis processes are presented in Table 2.

4 -4 Pyrolysis Characteristics

The pyrolysis process used to generate char, can be characterized in terms of carbon (C),
sodium (Na), sulfur (S), potassium (K) and chloride (Cl) losses. Table 2 shows the
average amount of C, Na, S, K, and Cl losses calculated using the ratio of char / black
liquor dry solids, and the chemical composition of char and liquor.

The data show that, as expected for low temperature pyrolysis, a significant portion of the
initial sulfur present in liquor is released to the gas phase during pyrolysis. Since the char
production was carried out completely separate from the char burning experiments, the
sulfur released during pyrolysis is not available to react with the gaseous sodium and
potassium compounds released during char burning. The S/Na, ratio of 0.2 for Char 1 is
significantly less than the value of about 0.35 in the smelt at the Case 1 mill. This would be
expected to affect the chemistry of fume formed during char bed burning.
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In order to produce a char with a S/Na, ratio comparable to that actually present on the
bed of the Case 1 mill, a high sulfate char (Char 2) was produced by adding sodium sulfate
to the as-fired black liquor. Since sulfate is known to be stable under pyrolysis conditions,
the additional sulfur added will remain as such in the char.

The data presented in Table 2 show that the addition of both sulfate and carbonate to the
black liquor before pyrolysis caused a slight decrease in the amount of sulfur released from
the original as-fired black liquor, ( 38.0% and 43.4% vs. 57.3% for the original liquor).
. The negative values for the sodium released during pyrolysis for the two inorganic
enriched cases, is merely reflective of inaccuracies in sodium determinations. The data
indicate that, as expected, there is minimal volatilization of sodium during pyrolysis. The
indicated release of potassium may be real, as it is likely to vaporize as KCl. There is a
significant vaporization of Cl in all of the chars. This would be expected for the
temperatures and times used for the pyrolysis experiments.

The object of these pyrolyses was simply the production of char for bed buming
experiments and not to acquire quantitative data on black liquor pyrolysis. There are some
minor discrepancies in the pyrolysis information presented in Table II, such as negative
values for the sodium released from char 2 and char 3. One source of error is the
unrecoverable portion of char, which is stuck to the wall of crucible. Another is the
accuracy of chemical analysis methods used for char and liquor, which are not better than
+10 percent.
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Table 2. The Compoeosition of Black Liquors Used for Pyrolysis and the
Resultant Chars, Pyrolysis Characteristics

Black Liquor / Char Pyrolyzing BL 1 Pyrolyzing BL 2 Pyrolyzing BL 3
Analysis As-Fired Black Liquor BL 1 + Na,SO, BL 1+ Na,CO;
BL1 Char 1 BL. 2 Char 2 BL 3 Char 3
Dry Solids (DS), wt. % 714 100 73.9 100 73.3 100
Total Carbon (C), wt. % 357 30.1 314 242 33.5 26.7
] Organic Carbon (OC), wt. % 35.3 23.4 31.1 18.3 32.1 19.3
Inorganic Carbon (IC), wt. % 0.4 6.7 0.3 5.9 1.4 7.4
Hydrogen (H), wt. % 4.2 0.5 3.7 0.4 3.8 0.3
Oxygen (0), wt. % 34.6 34.8 359 35.6 35.6 35.8
Sulfur (S), wt. % 49 3.3 7.0 7.3 45 35
Chloride (CD), wt. % 0.6 1.0 0.5 0.9 0.5 0.9
Sodium (Na), wt. % 17.7 26.3 19.5 28.3 20.3 30.3
Potassium (K), wt. % 3.3 4.9 2.9 3.8 3.0 4.0
Relative Compositions
S / Na,, mole % 39.8 18.0 51.8 37.0 31.6 16.4
S / (Na, + K,), mole % 35.9 16.2 47.7 34.3 29.1 15.2
K / (Na + K), mole % 9.9 9.8 8.1 7.2 8.0 7.3
Cl1/ (Na + K), mole % 2.0 2.2 1.6 1.9 1.6 1.8
Pyrolysis Characteristics
Char / Liquor DS Ratio, % 63.6 73.9 72.9
C Loss (wt. % of Cin BL) 46.3 43.2 41.8
Na Loss, wt. % of Na in BL 5.6 -1.5 -8.8
K Loss, wt. % of K in BL. 6.5 4.5 1.7
Cl Loss, wt. % of Cl in BL 4]1.1 47.0 47.0
S Loss, wt. % of S originaily 57.3 38.0 434
Present in BL 1
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Chapter 5: Test Plan

5-1 Purpose

The objective of the experimental program was to obtain data on char burning rates and
the rates of formation of particulates (fume and ejecta) during bed burning as a function of
the key dependent variables. Because of the nature of the experimental system, the

. variables that could be controlled were gas velocity, gas composition, and char
composition. It was recognized that bed temperature (especially surface temperature) was
a critical variable, but this could not be controlled independently of the other variables in
this system. Another restriction was imposed by the amount of time needed to set up and
carry out a run. It was difficult to do more than two runs per week, with three per week
being the upper limit. This limitation on the amount of runs that could be carried out put a
premium on getting the maximum amount of useful information out of each run.

For these reasons, a test plan was developed to ensure that the effects of all of the key
variables were examined. This plan allowed obtaining data over a sufficiently wide range
of bed temperatures and also provided information on which chemical factors were most
important. Variable sets were chosen in such a way as to try to permit direct comparison
of the effects of certain composition variables. A limited number of experiments were
repeated in order to determine the reproducibility of the results.

5-2 Variables Tested

A total of 37 different runs were carried out in this experimental program. The test
conditions are summarized in Table 3 below. Runs 2-8 were carried out before the
pyrometric bed temperature measurement was reliable. The remaining runs (9-38) were
carried out with reliable average bed temperature measurements.

The fundamental factor underlying the test plan is the use of the oxygen content of the gas
stream as the primary independent variable determining bed temperature. The heaters in
the reactor do not have the capability to bring the char bed up to the full range of bed
temperatures desired in the experimental program. Some additional heat release from
exothermic combustion reactions is needed to achieve reasonable bed surface
temperatures. Thus all of the experiments which were carried out had some oxygen in the
reactant gas. The greater the amount of oxygen used, the higher the bed temperatures
obtained. All available information indicated that bed temperature was a critical variable in
fume formation, and since it was not possible to make bed temperature an independent
variable, oxygen content became a very useful surrogate variable.

The specific variables that are incorporated in the test plan are the type of char, inlet gas
composition, and inlet gas flow rate. However, except for two runs at ~170 slpm, the gas
flow rate was fixed at ~250 slpm. This produced sufficiently high average bed



temperatures and eliminated one variable from the test matrix. This was deemed necessary
to obtain the maximum amount of useful information from a limited number of
experiments.

Three different types of char, (as described in section 4-3), are used in this study: the base
case char (Char 1), the high sulfate char (Char 2), and the high carbonate char (Char 3).
Of the 37 total runs, Char 1 was used in 20 runs, Char 2 in 9 runs, and Char 3 in 8 runs
(see Table 3).

The inlet gas composition consists of a combination of O,, N,, CO,, and H,O vapor. O,
and N were used in all of the runs, with O, used as the primary variable for changing bed
temperature. The range of O, concentrations was from 4% to 30.5%. CO, was added to
the gas mixture to examine the effects of simultaneous gasification and bed burning. CO,
concentrations of 0 and 10% were used. Water vapor was added both to examine the
effects of another gasifying agent that would be present in the recovery furnace and to
expand the chemical reactions that could occur to include hydrogenous species. HO
concentrations of 0 and 15% were used.
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Table 3.

Summary of Experimental Conditions

Run Conditions
Run No. Gas Composition, mole % Gas Flow
Char Type 02 COz H20 Nz Rate, slpm
2 1 20.5 0 0 79.5 ~250
3 1 20.5 0 0 79.5 ~250
4 1 20.5 0 0 79.5 ~250
5 1 20.5 0 0 79.5 ~170
6 1 20.5 0 0 79.5 ~250
7 1 20.5 0 0 79.5 ~250
8 2 20.5 0 0 79.5 ~250
9 2 8.0 0 0 92.0 ~250
10 1 8.0 0 0 92.0 ~250
11 3 8.0 0 0 92.0 ~250
12 1 8.0 10.0 0 82.0 ~250
13 1 40 10.0 0 86.0 ~250
14 1 13.0 0 0 87.0 ~250
15 3 13.0 0 0 87.0 ~250
16 2 13.0 0 0 87.0 ~250
17 2 13.0 10.0 0 71.0 ~250
18 3 13.0 10.0 0 71.0 ~250
19 1 13.0 10.0 0 77.0 ~250
20 1 13.0 10.0 15.0 62.0 ~250
21 1 18.5 0 0 81.5 ~250
22 i 18.5 10.0 0 71.5 ~250
23 3 13.0 10.0 15.0 62.0 ~250
24 2 13.0 10.0 15.0 62.0 ~250
25 2 18.5 10.0 15.0 56.5 ~250
26 3 18.5 10.0 0 71.5 ~250
27 2 18.5 10.0 0 715 ~250
23 2 18.5 0 0 81.5 ~250
29 1 18.5 10.0 15.0 56.5 ~250
30 3 18.5 10.0 15.0 56.5 ~250
31 3 18.5 0 0 81.5 ~250
32 1 20.5 0 0 79.5 ~250
33 1 18.5 0 15.0 66.5 ~250
34 1 20.5 0 0 79.5 ~170
35 1 18.5 10.0 0 71.5 ~250
36 1 30.5 0 0 69.5 ~250
37 3 305 0 0 69.5 ~250
38 2 305 0 0 69.5 ~250




Chapter 6 : Experimental Data Reduction

The experimental data obtained in a given char bed buming experiment included the
measurements of the independent variables (reacting gas flow rate and composition, and
the quantity and type of char used) and the dependent output variables. These output data
can be divided in three general categories: char bed temperature, char burning rate, and
particulate quantity and composition.

6-1 Char Bed Temperature Data

Char bed temperature was measured both by using a pyrometer and with thermocouples.
Three of these bed thermocouples were fixed in position on the moving char tray. At the
start of a run they were all submerged within the char bed. During an experiment, the char
was burned away at the surface and the char tray was moved upward to provide fresh
char. As a result, each submerged thermocouple would penetrate the surface of the bed
sometime during the run. In effect, the temperature-time trace for each thermocouple
corresponded to the vertical temperature profile within the bed at the thermocouple
location. The peak temperature measured by these thermocouples provides a rough
estimation of the bed surface temperature at that one location and time. One complication
is that sometimes the gas temperature at the vicinity of the bed surface was higher than the
bed surface temperature. A fourth thermocouple was fixed in position within the reactor
close to the surface of the bed. This thermocouple showed the bed surface temperature
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Figure 4. Temperature vs. time profiles for the four thermocouples and the

average bed surface temperature measured by the pyrometer for a
typical char bed burning run (run 37).
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several times during the run (whenever it touches the bed surface). Typical temperature-
time curves measured by these therrnocouples are shown in Figure 4. The data show
considerable variation among the local bed surface temperatures measured by the
thermocouples. This is caused by non-uniformity in bed burning and in the combustion gas
distribution over the bed surface, and variability in char tray upward movement and bed
height (which varied the amount of exposed surface).

A measurement of the average bed surface temperature was provided by the bed
. pyrometer, which was focused on a 3" diameter circle in the 4" x 4" bed. A reasonable
correlation was observed between the average of the local temperatures measured by the
thermocouples and the pyrometer temperature. An example of this is evident in Figure 4.
The average pyrometer temperature was used as a representative bed surface temperature
value for analyzing the particulate data in this report.

6 -2 Char Bed Burning Rate and the Amount of Char Burned

In order to avoid complications due to running out of burnable material near the end of a
run, the char bed burning experiments were terminated before all of the char put into the
reactor had been burned. Thus it was necessary to measure both the char burning rates and
the total amount of char burned in each of the experiments. Char burning rate was
considered a potential correlating variable for fume or ejecta production. The total amount
of char burned was needed in order to put the amount of particulate found on a consistent
basis for comparison between experiments.

The char bed burning rate and total char consumption for each run were calculated using
two different methods. The first method used flue gas analysis and the inlet gas flow rate
and composition to calculate the char bed burning rate. Since direct measurement of the
output flue gas flow rate at high temperature and in the presence of entrained particles was
not feasible, the char burning rate was obtained by using the measured inlet gas flow and a
nitrogen (the inert gas) balance. The procedure is as follows:

Nitrogen Out = Nitrogen In = Inlet Nitrogen Flow Rate + 0.79 x Inlet Air Flow Rate
Nitrogen Compositioninthe Flue Gas = X2 = 1 - Xoo - Xeoz - Xeo

Flue Gas Flow Rate = Nitrogen Out / Xy

Carbon Released as CO, = Xco; x Flue Gas Flow Rate - Inlet CO; flow rate

Carbon Released as CO

il

Xco x Flue Gas Flow Rate

Char burning rate (mole C / sec) = Carbon Released as CO, + Carbon Released as CO
where all the flow rates and compositions are expressed ona dry molar basis. The total

carbon released during char burning could then be determined by adding the carbon found
in the collected particles to the carbon measured as CO or CO,. The percent char
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consumption could also be calculated using the amount and carbon composition of the
initial char.

Char burning rates calculated by the above method were very sensitive to the accuracy of
the flue gas composition. Since bed burning runs were performed under slightly negative
pressure and the apparatus was not completely sealed, ambient air could penetrate into the
system and decrease the CO and CO, concentrations. As a result, this method tended to
underestimate the burning rate and char consumption. However, it did give semi-
. quantitative information about burning rate variations with time and operating conditions.
Figure 5 shows a typical char burning curve generated using the above method.

The second method is based on direct measurement of the char input and residue (on a dry
basis) for each run. The char consumption is then determined by difference. By knowing
the char carbon content and the burning time, the average char burning rate can also
calculated as mole of carbon/second. This method provides a consistent and accurate
measure of char consumption and average burning rate. The main sources of error are
incomplete recovery of char residue after the experiment and the potential for
contamination of the char residue with smelt that remains on the surface layer. These
errors can be minimized by careful collection of the char residue.

The accuracy of the values for char consumption and burning rate calculated by this
method was cross-checked against a volumetric estimation of char consumption based on
the difference between the bed height before and after the run as detected on the char
burning video tapes. There was close agreement. Furthermore, the second method of
estimating char consumption results in a reasonable material balance closure (section 6-3-
2), while the first method results in closures greater than 100%. Therefore, the second
method was used as the best estimate of the char burning rate and quantity of char burned.
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6 -3 Particulate Quantity and Composition

Since the primary objective of this study was to characterize and quantify particulate
formation during char bed burning by direct measurement, it was essential to collect all of
the fume and ejecta particles produced during an experiment. Two key steps taken to
ensure this were as follows.

1. A slightly negative pressure was maintained inside the char bed reactor to prevent the
flue gas and the entrained particles from leaking to the atmosphere.

2. The reactor wall temperature was kept at about 800 °C to prevent thermophoretic
deposition or direct condensation of fume particles on the reactor wall. Measurements
of gas temperature at the exit of the reactor showed that the gas temperature was
always lower than the reactor wall temperature. This should have eliminated any
thermal driving forces for deposition on the reactor walls.

As will be shown in the following sections, the particulate collection system did work
effectively and the vast majority of the input material was recovered as either collected
particles or residual char and smelt in the bed after a burning run. Thus, the data on
particulate quantity are considered accurate and reliable.

The measured amounts of sodium (and other elements) in the collected particulate were
normalized by dividing by the amount of that element in the original char that actually
participated in char burning. The amount of sodium (or other element) corresponding to
the remaining unburned char in the reactor was not included in the normalization. For this
reason, accurate measurement of the total amount of char burned (as discussed in section
6 - 2) were an essential part of obtaining good data on the amount of particulate
produced.

6-3-1 Effectiveness of the Particulate Collection System

The particulate collection system was effective in collecting the small fume particles as
well as the bigger ejecta particles. This can be seen in Table 4, which shows the
distribution of sodium collected at different locations in the collection system for three
char burning runs with significantly different levels of particulate quantity. These results
are typical of other experiments. The seven locations shown in the Table are referred to as
“Piping”, Scrubbers 1, 2, 3, and 4, “Probe”, and “Other”. “Piping” refers to the material
collected on the horizontal stainless-steel tube and vertical quartz tube connecting the
reactor to the four scrubbers. The scrubbers are numbered in order in the direction of gas
flow. “Probe” refers to the material collected on the air-cooled deposition probe inserted
into the reactor, and “Other” refers to the material collected on the reactor exit port and
side windows. It is evident that the majority of the particles are collected in the connecting
piping and the first scrubber. The quantity of material collected in the third and fourth
scrubbers is only a small portion of the total The cumulative amount of particulate




collected in proceeding downstream from the reactor through the scrubbers for these three
runs is shown in Figure 6. The data show that the collected particulate tends to reach a
plateau over the scrubbers. A similar trend was observed for all of the other char burning
runs. All of this information indicates that the particulate collection system is effective in
collecting the great majority of the particulate formed, including the sub-micron sized
fume particles. Sodium material balances confirm that there was no significant amount of
fume lost by passing through the scrubbers.

" Table 4. Distribution of Sodium Collected at Different Locations in the
Particulate Collection System for Three Typical Char Burning Runs
Local Na Collected, % of Total Na Collected
Location Run 25 Run 31 Run 36
Piping 48.7 40.1 40.3
Scrubber 1 24.2 378 22.1
Scrubber 2 5.4 3.6 18.1
Scrubber 3 3.5 2.5 6.0
Scrubber 4 1.6 1.1 1.9
Probe 0.6 1.0 1.5
Others 16.0 13.9 10.2
Total Na Collected / Initial Na in Char Burned, %
Sum of All Locations 8.3 | 11.3 | 17.0
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Figure 6. Cumulative Amount of Sodium Collected Along the Collection
Scrubber Train for Three Typical Char Burning Runs.
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6-3-2 Closure of Material Balance

In order to confirm the effectiveness of the fume collection system, elemental material
balances were carried out for some of the experiments. Since the amounts of particulate
alkali were typically only 5 to 15% of the alkali in the char that burned, successful closure
of material balances required thorough recovery of the unburned char and smelt from
within the reactor. In order to recover smelt, the bottom portion of the char bed reactor,
which supported the char bed, was disassembled. After removing and measuring the char

~ residue, the removed assembly was completely submerged in deionized water for a period
of 5-10 hours. The aqueous solutions produced were quantified and analyzed for total
anion and cations.

Elemental material balance calculations were performed for sodium (Na), sulfur (S),
potassium (K), and chlorine (Cl). The elemental inputs were determined using total char
consumption (section 6-2) and char chemical analysis information. The output streams
included smelt and collected particulate. Losses of these elements in the flue gas were not
measured. The results of the elemental balances are summarized in Table 5 as the
percentage of the element found relative to the amount of that element initially present in
char that burned.

The material balance closure was very sensitive to the efficiency of the smelt collection.
Taking steps to improve smelt collection results in a higher degree of closure. The reason
that the recovery values are low for mins 9, 10, and 11 is because the char bed assembly
was submerged in water for only 1-1.5 hours. Increasing the dissolution time to 10-12
hours for run 12 and 13 resulted in a considerable improvement in the recovery values.

Table S. Material Balance Closure and Smelt Composition for Several Char
Bed Burning Experiments.

Total Recovery, Smelt Composition,

Run % of the Initial Element in Char Burned mole %
No. Sedium ; Potassium | Sulfur Chloride | S/{Na,*K,) | Cl{Na+K) | K/{Na+K)

8 96 94 67 73 23.7 1.4 7.0

9 67 67 46 64 23.0 1.7 7.2
10 85 73 65 88 12.1 2.2 9.5
11* 79 (70) 83 (73) 74 (54) 99 (86) 13.8 (11.1) 222D 7.7 (7.6)
12%* | 88(86) 84 (82) 65(59) | 92(%0) 10.8 2.2 9.3
13%* 97 (94) 94 (92) 60 (52) 99 (97) 8.8 2.2 9.5

* The bed assembly was washed twice to achieve a better smelt recovery. The first numbers show
total recovery values and the smelt compositions after the second wash, while the bracketed
numbers indicate the same values afler the first wash.

**k The smelt solution was filtered and the material in the solid residue are included in recovery
values. The first numbers show final recovery values, while the bracketed numbers indicate
recovery values before adding the material in the solid residue.



Using a second water wash with another 10 hours submergence time for run 11 also
resulted in a considerable increase in the recovery values. The highest smelt collection
efficiency corresponds to run 12 and 13, where the smelt solution was filtered, the solid
residue was acid digested and analyzed for Na, K, and S. As seen in Table 5, these two
runs had some of the highest recovery values.

In general, the material balance closure data in Table 5 show reasonably good closure for
Na, K, and Cl in these char bed burning experiments. Incomplete closure is affected by
. analytical inaccuracies and inaccuracies in estimating the amount of char burned as well as
the effectiveness of smelt collection. On balance, the data indicate that the particulate
collection system worked efficiently and that the particulate formed is quantitatively
collected. Sulfur recovery was significantly lower than the other elements. It is believed
that the most of the unrecovered sulfur was due to insoluble corrosion products, which
remain in the bed assembly after the water wash. Sulfur compounds can be reactive with
some of the heavy metal components in the stainless steel bed assembly. Improvement of
sulfur recovery values was more significant than those for Na, K, and Cl after a second
water wash (run 11) or filtering the smelt solution (run 12 and 13). It is also possibie that
some sulfur escaped as SO, with the flue gas from the particulate collection system.

6-3-3 Separation of Ejecta from Fume

The collected particulate is a mixture of fume and ejecta. Since these two types of
particles are formed by entirely different processes, it is highly desirable to separate the
particulate information into two different sets of data, one for fume and and the other for
ejecta. A method for doing this was found and is described below.

Because of their larger particle size, the ejecta are caught early in the collection train. As
will be seen, the data indicate that essentially all of the ejecta are caught in the “piping”
and first scrubber, while fume is caught, in diminishing amounts, throughout the entire
collection train. Thus the chemical composition of the fume is well-defined by the
composition of the material recovered in scrubbers 2 through 4. If the composition of the
ejecta were also known, material balances could be used to determine the proportions of
fume and ejecta caught in the “piping” and scrubber 1. Although there is no definitive way
to determine the exact composition of the ejecta, it is possible to make assumptions about
the ejecta composition that then allow calculations that bracket the amounts of ejecta (and
fume) produced. This method was used, and the results are considered to provide a
reasonable separation of the particulate into fume and ejecta.

6-3-3-1 Particulate Composition
The composition of the collected particulate at seven different locations in the collecting

system is shown in Table 6 for two different char burning runs. These two runs were
carried out using significantly different conditions and the results are typical of all of the
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other runs. The data clearly indicate that the composition of collected particulate is
essentially constant for scrubbers 2, 3, and 4. This composition can be taken to be the
fume composition. Minor variations in the composition of solutions collected from
scrubbers 2, 3, and 4 could be due to the accuracy of chemical analysis, slight differences
in composition in different fume size fractions, or differences in dissolution of furnace
gases.

Since fume and ejecta are formed by entirely different processes, significant differences in

_ composition can be expected. The ratio of ejecta to fume in the particulate changes
between sampling positions because of the size difference between these types of particles.
The main reason for differences in the composition of particulate collected at dlﬁ'erent
locations is caused by the ratio of ejecta to fume in the entrained particles.

The composition data in Table 6 indicate that ejecta are either deposited upstream of the
scrubbers or dissolved in the first scrubber. In practice, the first scrubber acts as the final
screen for the ejecta in the particulate collection system. Therefore, the samples from the
last three scrubbers are almost purely fume samples. The average composition of samples
collected from scrubber 2, 3, and 4 is assumed to be the fume composition.

Table 6. Particulate Composition at Seven Sampling Locations in particulate
Collection System for T'wo Typical Char Burning Runs.

Location Cl, wt% SO, wt%
Piping 1.5 25
Scrubber 1 1.4 24
Scrubber 2 4.1 32
Scrubber 3 4.0 32
Scrubber 4 3.9 32
Probe 1.2 23
Other 2.6 24
RUN NUMBER
Piping 28 14
Scrubber 1 2.5 13
Scrubber 2 9.5 23
Scrubber 3 10.1 25
Scrubber 4 11.0 25
Probe 33 14
Other 3.7 17




6-3-3-2 Separation Calculations

Elemental material balance calculations can be used to separate fume from ejecta. One
total mass balance equation and a component balance equation can be written for each
particulate sample as follows:

P =F+E
'PXp = FXF+EXE

where P, F, and E are the amounts of particulate, fume and ejecta respectively, and xp, X5,
and xg are the concentration of a particular component in particulate, fume, and ejecta
respectively. P and xp, are known from the measured particulate quantity and composition
data. Fume composition (xg) is also assumed to be equivalent to the average composition
of the samples collected from the last three scrubbers That leaves three unknowns (F, E,
and xg) and two equations. One additional piece of information is needed to solve this
system. It should be noted that although additional equations can be written using different
components, the number of unknowns continues to increase on a one-to-one basis, and the
system of equations remains indeterminate. An assumption about one of the unknowns is
needed to obtain a solution. The most reasonable approach is to make an assumption
about the concentration of one of the components in the ejecta.

6-3-3-3 Separation Calculation Assumptions

Ejecta are formed by mechanical processes such as ejection or fragmentation of char and
smelt as opposed to the chemical processes of fume formation. In the char bed reactor, the
zone of activity is limited to the vicinity of char bed surface. Thus the composition of the
ejecta as they form should be similar to the char and smelt on the bed surface. Since the
gas phase temperature above the char bed quickly drops down to about 750 °C and the
gas residence time in the reactor is short, little variation in the inorganic composition of
the ejecta while entrained by the flue gas is expected. Thus, the composition of the
collected ejecta should be close to the composition of the material on the char bed surface.
Furthermore, ejecta formation occurs at the bed surface where intensive burning generates
very high temperatures. Under these conditions, the volatile char components such as
chloride and potassium are more likely to be vaporized and thus present in lesser
concentrations than in the original char.

The two extremes, which bound the ejecta composition are: 1) the ejecta are completely
stripped of the limiting volatile (chloride), and 2) the ejecta have the same inorganic ratios
as the original char. This can be stated mathematically as follows:

0 < CU(N&‘*‘K)EJ'&:; < CV(Na"‘K)cym.

0 < K/(NatK)gjeen < K/(Nat+K)cn
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The approach that was taken in this study was to calculate the amounts of fume (and
gjecta) for each of these bounding cases, since the true value would have to lie somewhere
in between. It turns out that the two calculated values are not that far apart, so the
approach provides a very reasonable estimate of the amounts of fume and ejecta.

The upper bound on the amount of fume (and lower bound for ejecta) was determined by
assuming that the chloride content of the ejecta was zero. The lower bound for fume (and
_upper bound for ejecta) was found by assuming either K/(Na+K)gjects = K/(Na+K)cpar OF
CV/(NatK)gjeta = Cl(Nat+K)char. Since potassium is less volatile than chloride, the
assumption K/(Na+K)gjecta = K/(Na+K)cnar 1s closer to reality than the chloride assumption
and was used for most of the char burning runs. However, in some cases this assumption
resulted in unacceptable results due to the relatively low concentrations of potassium and
inaccuracies in chemical analyses. For these runs, the assumption C/(Na+tK)gjeta =
Cl/(Na+K)cpar was used for calculating the lower bound for fume. In order to minimize
clutter on graphs, the average of the upper and lower bound was used when the data were
plotted.

The results of using the above procedure to calculate the amounts of fume and ejecta are
shown in Table 7 for two typical char bed burning runs. The data are presented as the
sodium fraction in the fume or ejecta normalized by the sodium content of the char that
was bumned. Although the separation calculation was performed for each particulate
collection location, only the total values (the sum of fume or ejecta collected at all
locations) are presented in Table 7.

Table 7. . Results of Fume - Ejecta Separation Calculations for Two Typical
Runs

Na Collected / Initial Na in Char

Assumptions Burned, %

Fume ] Ejecta
RUN NUMBER 8§

Clgjecta =0 3.4 4.1

KEjecta =0 54 2.1

Cl/(Na+K) gjecta = C/(Na+K) cpar 1.6 59

K/(Na+K) gjeta = K/(Na+K) cr 1.5 6.0

Total Particulate

RUN NUMBER 10
Cl Ejecta = 0 1.6
KEjecta =0 32
ClY/(Na+K) gjecta = C/(Na+K) char 1.1
K/(Na+K) gieeta = K/(Na+K) cpar 0.8
Total Particulate




Chapter 7: Experimental Results

The key experimental data acquired in the char bed burning experiments are presented in
this chapter. These data include the measured char burning rates, average bed
temperatures, the amounts of the elements sodium, sulfur, potassium and chlorine released
as fume and ejecta, and the cation and anion composition of the fume and ejecta. The data
presented are for runs 9 through 38, which are all of the runs for which a reliable .

. pyrometric average bed temperature measurement was available. The purge tube for the
pyrometer was installed after run 11, and runs 9-11 were all carried out at low bed
temperatures, where the interference from fume scattering was minor.

In addition, some photomicrographs of the collected particulate are provided. These
clearly show the morphological differences between fume and ejecta particles.

7-1 Char Bed Burning Rate and Bed Temperature

The average char burning rate and average bed temperature for each of the runs 9-38 are
presented in Table 8. The key run conditions are also included. In this Table, char type 1 is
the base case char without additives, char type 2 is the sulfate enriched char, and char type
3 is the carbonate enriched char.

There is a clear trend toward increasing char burning rates with increasing O,
concentration in the reacting gas, as shown in Figure 7. This relationship exists for each of
the different types of char separately. The data indicate that the highest burning rate
belongs to the high sulfate char (char 2), while the burning rate variation with combustion
gas oxygen concentration is very similar for the other two chars. The presence or absence
of CO; and/or H>O in the combustion gas does not appear to have an appreciable effect on
char burning rate.
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Table 8.

Test Conditions, Average Char Burning Rates, and Average Bed
Surface Temperature {or the Char Bed Burning Experiments

Run Conditions

Char Bed

Char Bed Surface

Run Gas Component Concentration, Gas Char Buming Temperature
No. Mole% Flow Rate Type Rate (Pyrometric Average)
0O, CO; H0 N2 SLLPM gmol C /s x 107 °C
e} 8.0 0.0 0.0 92.0 ~ 250 2 7.2 923
10 8.0 0.0 0.0 92.0 ~ 250 1 45 914
11 8.0 0.0 0.0 92.0 ~ 250 3 52 923
12 8.0 10.0 0.0 820 ~ 260 1 54 889
13 4.0 10.0 0.0 86.0 ~ 250 1 28 828
14 130 00 0.0 87.0 ~ 250 1 73 979
15 13.0 0.0 0.0 87.0 ~ 250 3 64 972
16 130 0.0 00 87.0 ~ 250 2 L X 962
17 13.0 10.0 0.0 77.0 ~ 250 2 9.1 933
18 130 10.0 0.0 770 ~ 250 3 6.7 954
19 13.0 10.0 0.0 77.0 ~ 2680 1 741 953
20 13.0 10.0 15.0 62.0 ~ 250 1 9.5 840
21 185 0.0 0.0 81.5 ~ 250 1 11.2 1023
2 185 10.0 0.0 715 ~ 280 1 84 995
V<) 13.0 10.0 15.0 62.0 ~ 250 3 6.7 933
24 13.0 10.0 15.0 62.0 ~ 250 2 9.8 913
25 185 10.0 15.0 56.5 ~ 250 2 12.2 976
26 185 10.0 0.0 715 ~ 250 3 73 982
27 185 10.0 0.0 718 ~ 250 2 117 965
28 185 0.0 0.0 815 ~ 250 2 10.7 980
29 185 10.0 15.0 56.5 ~ 250 1 9.1 873
30 185 10.0 15.0 565 ~ 250 3 8.9 982
31 185 0.0 0.0 815 ~ 250 3 7.7 1007
32 205 0.0 0.0 795 ~ 250 1 9.2 1005
33 185 0.0 15.0 66.5 ~ 250 1 9.2 1009
34 205 0.0 0.0 79.5 ~ 170 1 56 975
35 185 10.0 0.0 715 ~ 250 1 84 1007
36 305 0.0 0.0 69.5 ~ 250 1 134 1163
37 305 0.0 0.0 69.5 ~ 250 3 9.8 1094
38 305 0.0 00 69.5 ~ 250 2 14.6 1094

Average char bed surface temperature were measured with a pyrometer as discussed in
section 6-1. The bed surface temperature data are plotted vs. char burning rate and
combustion gas oxygen concentration in Figures 8 and 9 respectively. Surprisingly, there
appears to be a better correlation with oxygen concentration than with bed burning rate.
However, the best correlation is found when bed temperature is plotted vs. char bed
bumning rate separately for each type of char. At similar char burning rates, the high sulfate
char (char 2) generates a lower bed temperature compared to the other two types of char.
This is apparently due to the net endothermic heat of reduction associated with the
conversion of sulfate to sulfide in the char.
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7 -2 Particulate Formation

Two types of particles were observed in the deposits collected on the air-cooled
deposition probe: fine white particles (fume), and coarser particles with a light brown
color (ejecta). A scanning electron micrograph (SEM) of the particles collected on the
probe is shown in Figure 10. There is a group of particles 1-100 um in diameter and
another group of particles < 1pum in diameter. Some of these smaller particles are even
deposited on top of the larger particles (the first group). In addition, the micro-structure
of the fume and ejecta looks quite different (Figures 11 and 12) which clearly indicates
differences in formation mechanism between the two groups of particles. These two types
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of particles were also observed on the deposits found on components of the particulate
collection system. Brown 1-100 micron particles tend to agglomerate and form strong
deposits on the bends of tubes, while fine white particles deposited uniformly all over the
tubes.

A distinct brown color was observed in the first scrubber solution after each char burning
experiment, while the other three scrubber solution never showed any color. Some
suspended dark particles could be observed in the first scrubber solution especially
after '

Figure 10.  Scanning Electron Micrograph (SEM) of Particles Collected on the
Air-cooled Deposition Probe

1 dmm 7

Figure 11.  Magnified SEM Photograph Showing Fume Particles




high temperature char burning experiments. The brown color of the first scrubber solution
indicates particles which probably contain some organic material and carbon.

Video tapes taken from char burning experiments show occasional ejection of fine
particles from the bed at very high velocities. Figure 13 shows this in an image prepared
using one of the video tapes. However, the bulk of the ejecta particles are too small to be
seen as individual burning fragments, so the observation of occasional release of large
fragments is likely to be misleading.

Figure 12.  Magnified SEM Photograph Showing Ejecta Particles

Figure 13.  Char Fragments Ejected from the Bed During Char Burning
(the white trail shows the movement of the particle)
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7-2-1 Fume Characterization

Fume is formed by condensation of gaseous alkali metal compounds either homogeneously
in the gas phase or directly on cool surfaces. As a result of formation from the gas phase,
the particle size of fume is quite small, normally less than one micron. Fume particles are
white because they are mainly composed of carbonate, sulfate, and chloride salts of
sodium and potassium. The submicron-sized, amorphous, white particles shown in Figure
10 and 11 represent typical fume particles collected during char bed burning experiments.

. As seen in Figure 11, the fume particles in the deposit collected on the air-cooled probe
are fused and sintered to a considerable extent. The small-sized fume particles are more
difficult to collect, and a series of four scrubber was used in the particulate collection
system in order to minimize the loss of fume.

7-2-2 Ejecta Characterization

Ejecta are formed by fragmentation of the char bed material into small burning particles
which are then carried off by the gas phase. The chemical composition of ejecta particles is
initially equivalent to the bed material they were fragmented from. Depending on the
residence time of particles in the high temperature zone of the furnace, the particles will
continue to burn and the chemical composition of these particles will change. In these char
bed burning experiments, no special provisions were made for completing the burnout of
suspended particles. Thus, it is expected that ejecta particles contain some carbon or
organic compounds and even reduced sulfur at the time they are collected. These
components could be responsible for the light brown color observed for ejecta in the char
burning experiments.

Microphotographs of entrained particles, collected on the air-cooled deposition probe,
show a particle size of 1-100 microns for ejecta. This particle size is big enough to cause
inertial deposition of particles at locations where the flow direction changes, such as tube
bends. Small ejecta particles could also deposit by thermophoresis. Visual inspection of
the matenal collected on the deposition probe indicates ejecta particles on both leeward
and windward side of the probe are significantly fused and sintered,

7-3 Fume and Ejecta Quantity and Chemistry Data

The amount and composition of the fume and ejecta for experiments 9 through 38 were
calculated using the method described in section 6-3-3. Tables 9 and 10 give the release
fractions for sodium, potassium, sulfur and chlorine relative to the amounts in the initial
char that was burned. Tables 11 and 12 give the cation and anion composition for both
types of particulates. The data on amounts are presented in the form of upper and lower
bounds which should bracket the true values. Since the amounts of fume and ejecta are
essentially determined by difference, the upper bound for one is the lower bound for the
other and vice-versa.
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Table 9. Amount of Sodium and Potassium in Initial Char Burned Converted
to Fume and Ejecta

Na Collected / Initial Na in Char Burned, % K Collected / Initial K in Char Burned, %
Run Fume Ejecta Fume Ejecta

No.| Total | Upper | Lower Upper Lower | Total | Upper ;| Lower Upper Lower
9 37 0.7 0.4 33 3.0 4.4 2.0 1.1 33 25
101 53 1.6 0.8 44 3.6 6.0 3.0 15 4.4 29
1] 47 1.1 0.8 39 36 56 24 17 39 33
12] 34 1.1 0.6 2.8 23 42 26 1.4 2.8 1.6
13 13 0.9 0.5 0.8 04 1.9 1.9 1.1 0.8 0.1
14 | 107 5.9 34 7.3 47 123 7.4 4.2 8.0 48
5] 71 2.3 1.6 55 4.8 8.3 4.0 2.8 55 42
16 4.8 1.3 0.8 4.0 3.5 5.8 2.8 1.8 4.0 29
17 ] 55 1.3 0.6 49 42 6.2 29 1.4 49 3.3
18] 72 1.2 0.5 6.7 60 | 81 32 14 6.7 49
19 7.9 1.8 0.7 72 6.1 8.5 4.0 1.6 6.9 4.5
2] 60 2.2 0.8 5.2 38 6.8 4.1 15 52 26
21§ 121 6.6 35 8.5 55 134 8.5 4.5 8.9 49
22 § 161 4.1 2.1 14.0 12.0 17.5 7.9 4.0 13.5 9.6
23] 48 1.4 0.6 42 35 6.2 3.0 1.3 49 3.2
24 43 1.5 0.8 35 28 5.5 36 2.0 35 1.9
25| 83 3.0 1.4 69 53 9.6 57 26 6.9 3.9
26) 75 1.8 1.0 6.5 57 8.7 40 23 6.5 47
27 8.5 2.3 1.3 72 6.2 10.1 5.2 29 7.2 49
28] 84 2.3 1.7 6.8 6.2 10.0 44 32 6.8 56
239 | 103 3.6 1.9 8.4 6.7 12.0 6.9 36 8.4 5.1
30 72 3.1 1.9 52 4.1 8.8 57 35 52 31
31 11.3 3.2 21 8.2 8.2 12.8 54 36 9.2 7.4
32 | 144 4.9 2.1 12.3 9.5 15.4 7.3 31 12.3 8.1
331 107 5.8 3.0 7.7 49 123 8.6 44 8.0 37
34| 116 2.8 0.7 10.9 8.8 11.7 4.8 1.2 10.5 7.0
351 133 3.1 1.2 12.1 10.2 14.5 6.3 24 121 8.2
36| 17.0 12.2 8.4 8.7 48 18.9 14.0 96 9.3 49
371 117 7.2 4.2 7.5 4.6 12.5 8.0 46 7.8 4.5
38 ] 144 10.4 5.8 8.6 4.0 16.0 11.2 6.1 9.9 4.8
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Table 10. Amount of Sulfur and Chlorine in Initial Char Burned Converted to
Fume and Ejecta

S Collected / Initial S in Char Butned, % CI Coltected / Initial Cl in Char Burned, %
Fume Ejecta Fume Ejecta
Totai | Upper | Lower Upper Lower | Total | Upper Lower Upper Lower
3.9 1.8 1.0 29 2.0 9.0 9.0 5.0 4.0 0.0
6.2 36 1.8 43 25 144 14.4 7.2 74 0.0
5.8 33 24 33 24 122 12.2 8.0 3.2 0.0
42 3.8 2.1 21 0.4 11.2 112 6.1 5.1 0.0
20 1.9 1.2 0.8 0.1 77 77 4.1 36 0.0
9.1 3.7 2.1 6.9 5.3 18.7 18.7 10.5 8.2 0.0
75 44 3.0 45 3.1 118 115 79 36 0.0
46 24 15 3.1 22 84 8.4 5.3 31 0.0
56 31 1.5 4.1 24 8.5 8.5 39 46 0.0
8.8 6.0 27 6.1 28 | 92 9.2 4.1 51 0.0
9.6 7.0 28 6.8 25 12.7 51 77 0.0
8.3 75 28 5.5 0.7 11.8 4.4 74 0.0
10.5 6.2 33 7.2 43 20.2 10.7 9.5 0.0
16.8 131 6.7 3.7 20.2 10.3 9.9 0.0
76 59 26 49 1.7 8.2 . 3.6 45 0.0
50 4.1 2.3 27 0.9 6.4 . 36 28 0.0
8.8 6.3 29 5.9 25 4.7 5.6 0.0
9.8 7.4 42 5.6 2.4 9.9 . 5.6 43 0.0
8.8 5.5 31 57 33 7.9 6.0 0.0
85 4.0 29 5.5 45 9.9 37 0.0
11.9 6.2 7.9 2.1 7.3 6.9 0.0
10.5 6.5 43 0.4 7.0 43 0.0
6.3 42 8.2 6.1 4.9 0.0
75 32 6.6 8.5 11.4 0.0
5.2 7.5 25 8.6 8.5 0.0
6.7 1.7 53 39 11.4 0.0
43 3.6 6.4 10.4 0.0
5.0 34 8.9 10.1 0.0

5.2 3.0 . 5.8 8.2 0.0
4.6 2.5 . 6.1 9.3 0.0




Table 11.

Fume Composition Data

Run | SO,/(Na;+K;) ] CO3/(Nay+K;) | Cla/(Nax+K;) Ko/ (Nay + K, )
No. mole% mole% mole% mole%
9 79.2 0.0 223 18.3
10 33.1. 55.2 18.6 16.8
11 40.8 50.4 18.2 14.0
12 50.3 30.0 211 204
13 326 51.0 18.0 18.7
14 10.2 84.3 72 12.0
15 276 61.6 8.7 12.1
16 58.2 29.4 11.7 14.4
17 777 11.0 121 15.4
18 70.2 13.5 129 17.8
19 56.0 29.5 145 19.0
20 51.3 36.0 11.0 17.0
21 14.9 82.1 6.9 124
22 47.4 426 10.5 17.2
23 61.1 26.4 10.1 14.8
24 85.2 28 786 15.9
25 68.1 226 6.4 13.0
26 57.4 346 92 15.1
27 76.3 205 11.0 15.2
28 56.5 38.2 11.1 13.1
29 49.0 481 8.4 17.1
30 48.8 47.5 6.3 12.7
31 28.7 64.0 8.2 117
32 23.8 67.5 9.0 13.9
33 27.3 69.1 6.6 13.9
34 36.5 52.1 11.8 15.6
35 53.5 35.6 11.5 18.2
36 6.5 91.1 6.0 11.1
37 10.9 85.5 5.0 8.1
38 15.0 88.2 3.9 7.9
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Table 12.

Calculated Ejecta Composition Data

Run
No.

SO,/ (Nay + K; ),

mole%

CO;/ (Nax + Kz ),

mole%

Ch/(Na + Kz ),

mole%

Kz / (Naj + K; ),

mole%

assum.1

assum.2

assum.1

assum.2

assum.1

assum.2

assum.1

assum.2

10

11
12
13
14
15
16

17
18
19
20
21

23
24
25
26
27
28
29
30

31
32
33

35
36

37
38

235
11.5
10.5
2.8
71
18.2
10.1
217
20.2
7.1
7.0
3.2
12.9
5.1
7.3
10.7
16.3
6.5
18.5
250
5.3
1.3
11.5
11.5
8.5
9.9
5.8
20.9

19.9
51.3

294
15.8
13.0
12.4
15.5
15.3
12.5
265
29.0
14.0
15.4
16.9
13.6
13.3
17.7
263
29.0
132
27.2
28.0
15.2
126
136
14.4
16.7
15.4
14.0
19.4

16.3
31.9

79.2

90.0
87.9
96.1
73.2
78.3
80.6
81.1
81.1
94.9
95.3
90.0
88.3
96.2
88.8
85.2
83.0
97.7
914

820

98.3
105.5
82.1
89.9
92.6
90.0
96.2
75.0

75.5
48.2

7
852
84.8
82.8
65.8
79.2
86.6
74.3
70.3
86.1
84.0
746
86.0
85.8
76.8
67.9
68.2
89.4
80.8
77.8
86.9
91.9
88.7
84.6
83.56
822
857
82.6

79.5
69.6

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

24
3.7
1.5
4.2
10.4
26
1.2
1.5
1.9
1.4
25
33
26
2.0
1.9
1.6
1.6
1.2
1.7
11
1.9
1.5
1.0
21
25
24
20
27

2.0
2.1

6.0
8.1
6.7
7.2
40
9.9
6.5
6.2
58
6.0
7.5
7.0
8.9
8.0
6.8
5.0
54
6.1
5.9
6.6
7.7
5.6
6.7
8.5
7.7
7.9
8.1
10.0

72
6.6

7.3
o8
7.3
8.8
9.9
10.7
7.3
7.3
7.3
7.3
95
9.8
10.2
9.8
8.3
7.3
7.3
7.3
7.3
7.3
9.8
7.3
7.3
9.8
10.1
9.5
9.8
10.5

7.6
8.2




The composition of the fume is based on an average of the composition of the material
collected in the last three scrubbers. The composition of the ejecta is then calculated by
the same material balance procedures used for determining the amounts of fume and
ejecta, and is thus dependent on the assumption used to make that calculation. Assumption
1, that the chloride content of the ejecta is zero is the assumption used to determine the
upper bound for the amount of fume. Assumption 2, is the assumption used for
determining the lower bound for the amount of fume as discussed in section 6-3-3.

. In many cases, the sum of the anions (sulfate, carbonate and chloride) lies between 100%
and 110% of the sum of cations. This is partly a reflection of inaccuracies in the analytical
measurements. Part of it is also believed to be due to some absorption of CO, produced by
burning char carbon in the scrubbers. Thus the carbonate content of both fume and ejecta
may be slightly overestimated.

Since it was only possible to bracket the amounts of fume and ejecta produced in a given
experiment, graphical presentations of the data should indicate the range of individual
values. However, when this is done with a large number of data points, the resulting
clutter makes it difficult to interpret the graphs. In order to prevent such confusion, the
average of the calculated upper and lower bound is used in graphical presentations.

Sodium is the major cation in both the fume and ejecta, and the data on the release of
sodium during char bed buming are the most important data obtained in this study. The
potassium and chloride content of the fume and the amounts of these two elements
released to form fume are also important information, since they can provide information
on the relative importance of KCl vaporization in the total fume forming process. The
amounts of sulfur in fume and ejecta are of relatively minor importance, since the sulfate
content of the fume is primarily a function of sulfur balances in the overall combustion
process and only the sulfur which is released during char bed burning. The carbonate data
are of the least importance, since the amount of carbonate formed is essentially determined
by difference (availability of sulfur and chlorine) and thus a matter of material balances
only.

7-4 Fume Production During Char Bed Burning

7-4-1- Sodium Released

The primary variable governing the release of sodium as fume is bed temperature. This is
evident in Figure 14, which shows that sodium released increases strongly with increasing
bed temperature. The relationship between sodium released and bed temperature appears
to be relatively independent of char type and combustion gas composition. There is some
evidence that CQO; in the combustion gas has a small suppressing effect on sodium released
as fume for the base case char and the high carbonate char. No CO, suppression was
observed for the high sulfate char.
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The amount of sodium released as fume shows much more scatter when plotted vs. char
bed burning rate as seen in Figure 15. Some dependence on char type is also evident in
Figure 15, where the lowest sodium released corresponds to the high sulfate char (char 2).
This seems to be a consequence of the previously discussed fact that bed temperatures
were lower for the same burning rate for char 2 and reinforces the importance of bed
temperature in determining the amount of sodium released as fume.
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7-4-2 Potassium Released

In general, the potassium released as fume is higher than the amount of sodium released
under similar burning conditions. Potassium release also increases strongly with increasing
bed temperature as seen in Figure 16. No dependence on char type and combustion gas
composition is evident. As with sodium, the amount of potassium released as fume shows
much more scatter when plotted vs. char burning rate and the high sulfate char shows the
lowest potassium release (Figure 17). The reasons for this are the same as for sodium
- release.
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7-4-3 Chloride Released

There is much more scatter when all of the chloride release data are plotted against bed
temperature. Both char type and combustion gas composition appear to affect chloride
release as well as temperature. A reasonable correlation is found if chloride release is
plotted vs. bed temperature separately for each type of char. This is seen in Figure 18 for
the base-case char. The temperature clependence of chloride release is less sensitive than
that of sodium and potassium release at high temperatures. These results are consistent

. with simple KCl and NaCl vaporization being the main mechanism for chlorine release as
fume.

7-4-4 Sulfur Released

There is much more scatter when sulfur released as fume is plotted vs. either bed
temperature or char burning rate. Figure 19 shows some tendency for sulfur release to
increase with increasing temperature up to about 1000°C, but the sulfur then appears to
decrease at higher temperatures.

The data indicate that sulfur release increases when the combustion gas contains CO,
and/or H,O. This may be due to the following reactions:

2 C0O, + NaS = COS + Na,CO;
H,O + CO, + NaS = H,S + Na,COas.

The sulfur released by these reactions would be available to react with released alkali to
form sulfate fumes in the oxidizing zone of the reactor system.

Interestingly, the data indicate that under similar conditions, the lowest sulfur release was
obtained with char 2, the sulfate enriched char with the highest total sulfur content. This
confirms that sodium sulfate fume is not produced directly from sodium sulfate in the char
and that the sulfur present in the char as Na,SO, and Na,S is not volatile.

7-4-5 Fume Chemistry

Fume composition was measured directly as the average composition of the last three
scrubber solutions. These data are summarized in Table 11.

Carbonate and sulfate are the major anions in the fume, but chloride can range up to over
20% and is clearly enriched in the fume relative to the chloride content of the char being
bumed. In general, the fume CO; content increases and SO, content decreases with
increasing bed temperature (as seen in Figures 20 and 21). This is likely to be a dilution
effect, since the release of both sodium and potassium increase strongly with temperature
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and will react to form carbonate fumes if sulfur is not available. This behavior is consistent
with the concept that alkali release occurs by chloride vaporization and metallic sodium
(and potassium) formation and vaporization with subsequent formation of sulfate and
carbonate fumes in the gas phase. With a limited amount of sulfur in the gas phase,
increasing alkali vaporization will tie up all available sulfur as sulfate and the remainder
will form carbonate.
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The presence of CO, and/or H;O in the combustion gas tends to increase the sulfate
content and decrease the carbonate content of the fume by providing additional reaction
paths for sulfur release. This is evident in Figure 22. In the absence of CO, and H,0, the
high sulfate char (char 2) gave fume with the highest sulfate content (see Figure 21) and
the lowest carbonate content.
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Figures 23 and 24 show the effect of bed temperature on the potassium and chloride
content of the fume respectively. Both the potassium and chloride concentration in the
fume decrease with increasing bed temperature. The temperature effect is stronger for
chloride. This behavior is completely consistent with current concepts of fume formation.
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Figure 23.  Effect of Bed Temperature on Potassium Content of Fume

47




1000 1050 1150 1200

EBed Temperature, °C

| oChar1  DChar2  AChar3 |

Figure 24.  Effect of Bed Temperature on Chloride Content of Fume

7 - 5- Ejecta Formation During Char Bed Burning

7-5-1 Alkali Released as Ejecta

The amounts of sodium and potassium released from the burning bed as ejecta particles
are plotted vs. bed temperature in Figures 25 and 26 respectively. There is considerably
more scatter than there is in the plots of fume formation vs. bed temperature. However,
ejecta alkali release still appears to correlate better with bed temperature than with bed
burning rate. The sodium and potassium release as ejecta appear to be substantially
identical, both with respect to the temperature dependence and with respect to the
fractions of each element released. This is consistent with a formation mechanism that is
essentially mechanical and not chemical. The alkali release appears to increase strongly
with increasing bed temperature up to about 1000°C, but then appears to drop off at
higher bed temperatures. Because of the limited amount of data at very high bed
temperatures, the apparent decrease with temperature above 1000°C is considered
tentative. It is clear, however, that release of alkali as ejecta does not continue to increase
with temperature in the same manner as does fume.

7-5-2 Ejecta Chemistry

The composition of the ejecta particles is also consistent with a mechanical formation
mechanism. There is a strong relationship between the composition of the ejecta and the
composition of the char being burned. The ejecta are very rich in carbonate, with relatively
low concentrations of sulfate and very little chloride. The sulfate content of the ejecta is
plotted vs bed temperature in Figure 27. There is considerable scatter, with some




suggestion of an increase in sulfate content with increasing bed temperature. The highest
sulfate concentrations in ejecta are found with the high sulfate char (char 2) as would be
expected.

The potassium content of the ejecta does appear to increase slowly with increasing bed
temperature as can be seen in Figure 28. As shown in the preceding section, the fume
was enriched in potassium relative to sodium. Fume enrichment in potassium decreases
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with increasing bed temperature. Thus, the opposite behavior is expected for the ejecta
which consists of the material that remains in the bed. As expected, the base-case char
(char 1) gives the highest potassium content in ejecta, since there is no dilution with the
sodium sulfate and sodium carbonate added in forming chars 2 and 3.

The chloride content of the ejecta is generally very low. No conclusions can be drawn with
respect to the chloride in the ejecta because the amounts are very small and small
differences are likely to be quite inaccurate.
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Chapter 8: Interpretation and Conclusions

The purpose of this chapter is to summarize the experimental results obtained and to draw
some conclusions based on a preliminary interpretation of the data. Detailed theoretical
explanation of the experimental data is left for the future.

Experimental data on the rates of formation of particulate matter during char bed burning
. were obtained under controlled conditions, using a laboratory char bed reactor. This is the
first data of this type ever obtained. A very significant feature of these experiments was
that the sodium release as particulate was measured under conditions where closed sodium
balances were obtained.

8 -1 Particulate Characterization

Two distinctly different types of particulate were produced in the bed buming
experiments. The first type was sub-micron fume, which was expected. In addition,
significant quantities of larger-sized particulate (in the 1 - 100 um range) was also formed.
This second type is referred to as ejecta, following the terminology of Verrill {1]. The
amount of these larger ejecta particles was of the same magnitude as the amount of fume.
These are the first quantitative data on the rates of formation of ejecta during char
burning, and the first data of any type on ejecta formation under conditions where closed
sodium balances were obtained.

Fume is formed by condensation of volatilized sodium and potassium compounds. The
fume particles tend to be round submicron-sized particles. The SEM photomicrographs of
fume collected on the particulate deposition probe inserted within the reactor, show
sintered submicron-sized particles.

The second type of particulate, the ejecta, is formed by mechanical processes of
fragmentation and entrainment. The ejecta particles were generally light brown in color,
spherical and from 1-100 um in diameter. The ejecta deposited on both the windward and
leeward sides of the deposition probe, in the first scrubber as well as in the connecting
piping, especially where the flow direction suddenly changed. This suggests that both
inertial deposition and thermophoresis were involved.

8-2 Char Burning Rate and Bed Temperature

Increases in oxygen concentration in the reactant gas led to increased bed surface
temperatures. This is apparently due to increased rates of exothermic char combustion,
although there was a closer relation between increased bed temperature and increased
oxygen concentration than there was between bed temperature and char burning rates.
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Char composition was found to affect char burning rates. The sulfate-rich char burned
faster than the base-case char and the carbonate-rich char. The faster burning rate was not
accompanied by higher bed surface temperatures (they were slightly lower). These data
show that sulfate in the char provides an additional path for burning char carbon through
the reduction of sulfate to sulfide.

Under similar operating conditions, the presence of CO; and/or H,O in the reactant gas

. does not show an obvious effect on char burning rate or bed temperature. However, at
constant char burning rate, the addition of CO, and/or H,O to the combustion gas slightly
decreases the bed temperature.

8-3 Sodium and Potassium Released as Fume

The experimental system was designed to collect the sub-micron sized fume particles
produced during bed burning and this worked effectively. Quantitative data on the
quantity and chemical composition of the fume as a function of bed temperature and
burning rate as well as gas and char composition were obtained.

Fume production during bed burning generally behaved in accordance with existing
concepts of fume forming processes. The amount of sodium released as fume varied from
about 0.5 % to 12% of the sodium present and was a very strong function (exponential-
like) of bed surface temperature. In the range of typical bed temperatures from 950°C to
1050°C, the amount of fume ranged from about 1% to 6% of the sodium in the char. The
fuming rate was much more strongly correlated with bed temperature than with bed
burning rates per se.

The sodium fume produced was a composite of sodium vaporized as chloride and as
sodium vapor. Chloride vaporization was predominate at low bed temperatures, but was
overwhelmed by sodium vaporization at high bed temperatures. There was some
indication that CO, in the reacting gases acted to suppress the rate of fume formation.
This was most evident with the base case char and the carbonate-enriched char.

Potassium behaved in a similar manner to sodium. The potassium release as fume was also
strongly dependent on bed temperature, with an exponential-like temperature dependence.
The potassium was slightly more volatile (on the order of 20 to 30%) than the sodium.
This was expected based on current concepts of fume formation.

8-4 Fume Chemistry

The fume produced in these experiments generally contained more Na,CO; than is typical
of a recovery furnace. The main reason for this was that a substantial part of the sulfur in
the black liquor was released during pyrolysis and was not available to participate in fume



sulfation reactions in the laboratory furnace. Sulfate and sulfide sulfur was generally not
volatile under these char burning conditions.

The fume was enriched in both chloride and potassium, as indicated by the Cly/(Na;+K;)
and Ky/(Na,+K;) ratio in the fume relative to those in the starting char. This is in
accordance with the known fact that KCl is the most volatile single substance in the char.
Enrichment of both potassium and chloride in fume decreases with increasing bed
temperature. This indicates that the significance of alkali chloride vaporization relative to
. the other sources of Na and K release decreases with increasing temperature.

The carbonate content of the fume increases and the sulfate content decreases with
increasing bed temperature. This is consistent with the concept that alkali release occurs
by both vaporization of alkali chlorides and by formation and subsequent vaporization of
sodium and potassium metal. Sulfate and carbonate fumes are subsequently formed in the
gas phase. With a limited amount of sulfur in the gas phase, increasing alkali vaporization
must lead to more carbonate in the fume, since there is always an excess of CO, available
to form carbonate.

In general, the addition of CO, and/or H,O to the combustion gas increases the amount of
sulfur released and thus increases the sulfate content (and decreases the carbonate content)
of the fume. The sulfate content of the fume is also increased as a result of the suppressing
effect of CO; on sodium and potassium released. Water vapor and CO; in the combustion
gas seem to suppress the chloride released. The reason for this is unknown, but may be
connected to reactions of sulfur gases with alkali chlorides to produce HCI gas, which is
all absorbed in the first scrubber and thus may appear as part of the ejecta.

8-5 Quantity and Composition of Ejecta

Depending on burning conditions, about 30 to 80 percent of total sodium collected as
particulate was ejecta. The fraction of ejecta is greater at lower bed temperatures, because
fume production increases strongly with temperature, while ejecta formation appears to
peak at a bed temperature of about 1000°C. The amount of sodium released as ejecta
particles varied from about 0 to 11% of the sodium originally in the char. For most
experiments, the ejecta amount lay between 3 to 7% of the char sodium content. The
amount of sodium released as ejecta seems to correlate better with bed temperature than
with char bed burning rate. The type of char used did not appear to affect the amount of
ejecta produced. There were limited indications that the amount of ejecta decreased when
the gas velocity over the bed was decreased. However, decreasing gas velocity also
decreased bed temperature which also affects the amount of ejecta, and most experiments
were conducted at the same gas velocity, so the relation between gas velocity and ejecta
formation remains unknown.

The composition of the ejecta are clearly consistent with the concept that ejecta formation
is due to mechanical processes as opposed to chemical processes. The relative proportions
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of sodium and potassium in the ejecta are very similar to the proportions that exist in the
original char. The potassium content of the ejecta does appear to increase slowly with
increasing bed temperature. This is predictable because the reverse effect is observed for
fume. The presence of CO; and/or H;O in the reactant gas, which allow additional sulfur
gas formation, decreases sulfur concentration in the bed and results in ejecta with a lower
sulfate content. On the other hand, the ejecta produced from the burning of the sulfate
enriched char, are highest in sulfate content.
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