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Development of stable nitrogen isotope ratio measurementsto apportion
fuel and thermal NOy in coal combustion (project 231)

Summary
The main aims of the project have been to develop a nitrogen-stable i sotope measurement technique for NOy
and to ascertain whether it can be used to determine the relative contributions of fuel and therma NO during
coa combustion at high temperatures. Suitable substrates for adsorbing sufficiently high concentrations of
NOy from flue gas streams to facilitate the reliable measurement of the nitrogen stable isotope ratios were
developed, the substrates encompassing both manganese oxide supported on zirconia (MnOy-ZrO,) and iron
supported on active carbon (FE/AC, first milestone completed October 2001).

Nitrogen stable isotope measurements were conducted on a number of thermal/prompt (diesel) and actual

(cod) PF NO samples collected from the 1 MW test facility at Powergen and fuel NO, samples from the
fluidised-bed (FB) combustor a the Caedonian paper mill in Ayrshire, together with measurements on a
range of pyrolysis and combustion chars obtained from a drop-tube reactor (second milestone completed,

August 2002). The nitrogen stable isotope ratios (d*°N) of the thermal/prompt NO samples analysed occur
across a relatively narrow range with a mean below 0 %o the value for atmospheric nitrogen, athough reliable
background corrections could not be applied at this stage. The d™N for fuel NO samples collected from the
fluidised bed combustor aso occur close to 0 %o, abeit again without reliable background corrections. In FB
combustion, the volatile nitrogen (HCN) is the principa precursor of the fuel NO, which is not the case for
high temperature PF combustion where char is the major source for high volatile coals. Indeed, the first PF
NO samples analysed displayed a relatively wide range of uncorrected d™°N values (ca. + 4.5-10 %o) with an
overal mean of 7.3 %o. It is considered that these variations reflect different proportions of fuel and thermal

NO, together any variations in fue NO isotopic ratios that might reflect the rates that devolatilisation and char
combustion occur. Compared to the nitrogen stable isotope ratios of coals, which are generdly al close to 2
%o, those of the chars analysed lie in the range of 3-7 %o, indicating that much of the isotopic fractionation that
can exist between coal nitrogen and fuel NO occurs in the formation of char with the possibility of further
fractionation being associated with char combustion.

After completing the second milestone, a nitrogen-free Fe/AC was prepared with Mn as a promoter using an
innovative procedure starting with sugar and this was used to collect further thermal/prompt and actua PF
NOy samples from the 1 MW test facility. The isotopic data required no background corrections and
indicated thermal/prompt NO, collected during start-up burning diesel has a d*N of close to —6.5 %o
compared to close to +15 %o for the actua PF sample analysed. Thus, differences of up to ca. 20 %o can
exist between thermal and PF fuel (char) NOy isotopic values, which augers well for the further development
of the approach. During the final phase of the project, the performance of the N-free Fe-Mn/AC adsorbent
was optimised and further samples with possible varying proportions of fuel and thermally derived NO, were
collected from the 1 MW test facility with and without over fired air. The d™N values of these samples were
in the range +5.5-7.5 %o and, if the reference points of —6.5 %0 and +15 %o for thermal/prompt and fuel NO,
respectively, for the first set of samples can be assumed as being applicable here, this suggests that
gpproximately 50% of the NO arises from prompt/thermal mechanisms. Indeed, this is consistent with the
unstable smoky flame that was observed during the sampling period. Finaly, to achieve the third milestone,
ways to incorporate the nitrogen stable isotope data into combustion models have been considered and, due to
the success of this project, plans have been made to develop the approach further. The main priorities now
are to establish protocols for determining the fuel NOy values for individua coas and to help establish the
most reliable values thermal/prompt NO, for PF combustion. Once this has been achieved, the procedure
can then be considered as a means to resolve NO, emanating from PF combustion and transport fuelsin the
environment.
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1 Introduction

There is a continuing need to reduce NO emissions from pulverised coa-fired (PF) boilers. In PF
combustion, NOy is generated from both nitrogen in cod (fuel N) and from the nitrogen in air, the latter
encompassing both thermal and prompt NO involving (i) the direct reaction of nitrogen with oxygen and (ii)
the reaction of nitrogen with hydrocarbon radicals to generate HCN that then leads to NOy formation. It is
considered that fuedd N accounts for the majority of NOy from PF combustion but, to help guarantee
combustor performance and aid combustion modelling through a better understanding of NOy formation
pathways, means to quantify the contributions of fuel and thermal/prompt NO are likely to prove vauable.
Atmospheric stable nitrogen isotope measurements on NO, (precipitated as nitrate) suggest that significant
differences may exist between the °N to N ratios for NO, derived from coa and that from transport fuel
sources Y, which predominantly is formed from air nitrogen via the therma and prompt mechanistic
pathways. Ratios are reported in differences of parts per thousand (permil, %o), i.e.

15py/14 0
_ 83( N/ N)sample _1%' (103)

d15|\| a 15 14

g( N/ N)standard) a
Atmospheric nitrogen is the standard and d™N values reported by Heaton ® for atmospheric NO, were ca. —
210 -13%o for transport fuels and + 5%o for coal-fired power stations.

At the commencement of the project, no nitrogen isotopic data had been reported directly for NO from coal
combustion cLie to the problems of first adsorbing the NO and then determining the d*°N of the NO which, in
terms of minimizing sample size and maximizing throughput is best achieved using an elemental analyzer
linked to an isotope ratio mass spectrometer (EA-IRMS). The main aim of the project was to develop a
nitrogen-stable isotope measurement technique for NOy and to ascertain whether it can be used to determine
the relative contributions of fuel and therma NO during coa combustion. The specific objectives were to:
0) to design suitable substrates for adsorbing NOy in flue gases;
(i) to establish the isotopic values for fuel and thermally-derived NO, with samples from test
rigs, and
(i) to apply the experimenta approach to larger facilities and to assess the data obtained for
improving existing combustion models.

The three specific milestones for the two-year R&D programme were as follows.

1. Developing suitable substrates for adsorbing sufficiently high concentrations of NOy from flue gas
streams to facilitate the reliable measurement of the nitrogen stable isotope ratios, the substrates
encompassing both manganese oxide supported on zirconia (MnO,-ZrO,) and iron supported on
active carbon (FE/AC, milestone completed October 2001, section 2.1). Later in the project, a
nitrogen-free Fe/AC was prepared (section 2.1) and this has been used to collect thermal/prompt and
actual PF NOy samples from the 1 MW test facility (milestone 3, section 2.5). As will be described,
the isotopic data obtained with this adsorbent required no background/blank corrections.

2. Determining the isotopic values for fuel and thermally derived NOy samples from the facilities at
Mitsui Babcock and Powergen, together with those for chars from devolatilisation experiments
(milestone completed August 2002, sections 2.3 and 2.4). Fud NOy samples were collected from the
fluidised-bed (FB) combustor a the Caledonian paper mill in Ayrshire by Mitsui Babcock and
nitrogen stable isotope measurements have been obtained for (i) the therma and fuel NOy samples,
(i) the actual coal NO samples collected on the 1 MW facility at Powergen and (iii) a selection of
cods and pyrolysis and combustion chars obtained from a drop-tube reactor.

3. Making measurements on the 1 MW test facility operating with different total NO, concentrations
and different proportions of fuel and thermally derived NOy (sections 2.5 and 2.6, milestone
completed, February 2003). Ways to incorporate the nitrogen stable isotope data into combustion
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models have been considered, and, due to the success of this project, plans have been made for
further development of the approach (section 2.6).

It is worth stressing that thermal NO can only be sampled during the start-up period on PF test facilities, such
as the 1 MW burner at Powergen, where diesdl is burned, typicaly for up to 2 hours prior to cod feeding
commences (milestones 2 and 3). After completing the second milestone and to better achieve the third and
final milestone, a thorough understanding has been achieved of background and sample blank corrections in
the EA-IRMS instruments used for the nitrogen stable isotope measurements (section 2.2 and Appendices 1-
3).

2. Technical Progress

2.1 Sorbent development

2.1.1 Manganese/zirconia and first active carbon sorbents The most promising sorbents for investigation were
identified from a literature review and these are listed in Table 1. The objective has been to achieve NO
loadings corresponding to over 0.1% nitrogen which provides sufficient senditivity for the nitrogen stable
isotope measurements. Several gram batches of manganese/zirconia (M nOy-ZrOZ)z, KOH treated gaumina®
and a number of active carbon-supported iron oxide sorbents™® (Fe/AC, some with promoter metals such as
cerium, Ce). All these have been tested in a laboratory facility (Figure 1) usng a model gas mixture
containing 650 ppm NO, 10% v/iv CO, and 5% v/v O, and is generated by mixing the air with the specia gas
mixture purchased. Some tests have been conducted at elevated temperatures and, at ambient temperature,
diluting the model gas mixturein air to vary the NO concentration.

SORRENT I/\J

il

Cooler
NO meter

Absorber

Figure 1 Schematic of the NO sorption experimental test rig.

Table 1 summarises the findings for the most effective sorbents tested in terms of the time required before
breakthrough of NO occurred under the standard test conditions at ambient temperature. The amount of NO
adsorbed at the point of breakthrough and, in some cases, BET surface areas are also listed. Figure 2
presents a comparison of the NO outlet concentration against time for the MnO,-ZrO,, norma Fe-AC and
Fe-AC promoted with Ce sorbents.
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Table 1 and Figure 2 indicated that the NO sorption capacities at breakthrough are higher for the Fe/AC
samples investigated than for the MnO,-ZrO,, this could arise from the considerably higher surface areas of
the active carbon sorbents. However, the breakthrough capacity of 0.22 mmol g* under the test conditions of
for the MnOy-ZrO, sorbent corresponds to ca. 0.6 % w/w of NO (corresponding to ca. 0.3% w/w of N)
which is consderably higher than the initia target of ca. 0.1% w/w N. The Ce-promoted F&/AC (ca. 2.5%
w/w Fe) has the highest breakthrough capacity corresponding to ca. 1.0 % N. However, athough the
sorption capacities are clearly higher for the Fe/AC samplesinvestigated, it is probable that, when determining
the stable isotope ratios of the sorbed NO, the active carbon could well give a larger background nitrogen
sgnd than the MnO,-ZrO,. The performance of the KOH treated g aumina was not as good as those
achieved for the MnO,-ZrO, and Fe/AC sorbents in terms of NO sorption being incomplete at the outset with
about a 20% breakthrough of NO.

Table 1 A comparison of NO adsorption from the mode gas mixture on different absorbents under dynamic
conditions (bed length: 15 cm; temperature: ambient; flow rate: 200 mi/min; Inlet NO concentration: 650 ppm)

Absorbents Capacity at Breakthrough BET surface
breakthr ough, mmol/g time, min area, nflg
Activated carbon(AC) - - %61
Fe/AC 0.73 283 --
Ce-Fe/AC 1.08 424 715
Ce-Fe/AC-AlLO3 0.75 34 --
Fe-Mn/AC-ZrO, 0.73 305 --
Cu/AC 0.74 284 --
Ce-Cu/AC 0.87 335 829
MnO,/ZrO; 0.22 143 197
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Figure 2 A comparison of the profiles for NO adsorption on MnO/ZrO, and two of the activated carbon
supported Fe sorbents under dynamic conditions
(Conditions: Internal diameter of tube reactor: 0.6 cm; bed length: 15 cm, flow rate: 200 ml/min; Inlet NO

concentration: 650 ppm)

The actua equilibrium sorption capacities are going to be considerably higher than the capacities at break
through just described. However, in actual sampling, it is important to use the sorbent only until breakthrough
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occurs, since after this point, isotopic fractionation effects may be evident between the adsorbed and non-
adsorbed NO. As expected, breakthrough times decrease with increasing temperature (Figures 3 and 4) and,
therefore, actual sampling will be conducted at ambient temperature. Also, reducing the bed volume had the
expected effect of reducing the breakthrough time; reducing the amount of sorbent from 7 to 2 g for
decreased the breakthrough time from 400 to 50 min. for MnOy-ZrO, with the set of conditions used
described in Figure 3. Keeping the actua amount of NO passing over the sorbent constant but increasing the
gas velocity by mixing the test gas with air for MnOy-ZrO; (i.e. decreasing the NO concentration) had only a
relatively smdl influence on the breskthrough time.

700

600
[ o
5 s00- _~125°C
=
© 1 /./
< i
g 00 J
S /
S 3004

/ 80 °C
©) 1 4
pd
— 200 /
Q 4
= ]
3 /
O 1004
Va s 40 °C
¢ —a—a—F su® 25 °C
0 L Vol Y e T L
| T | T | T | T | T | T
0 100 200 300 400 500 600
Time, min

Figure 3 Temperature-dependency of NO adsorption for the Ce-Fe/active carbon sorbent
(Conditions: internal diameter of tube reactor: 0.6 cm; bed length: 15 cm, flow rate: 200 ml/min; inlet NO
concentration: 650 ppm)
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Figure 4 Comparison of NO sorption by the MnO, ZrO, at different temperatures
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(Gasflow rate: 100 cnv® min'* air +100 cn® min'™* gas mixture - NO: 0.13 %, CO,:13.1 %, N,: 86.7 % , bed length
15 cm, bed diameter: 9 mm. mass of sorbent:7.3 g)

It has been found that both for the MnOy-ZrO, and Fe/AC sorbents can be regenerated by calcination
without any loss in the capacity achieved at the breakthrough point under the test conditions (Figure 5).

50
Ce-Fe/AC adsorbent
—aA— Qriginal
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Figure 5 Breakthrough curves for Ce-Fe/AC adsorbent after repeated regeneration
Adsorption conditions: 1) Sorbent bed dimension: 15~ 0.5 (i.d) cm; 2) Flow rate: 200 ml/min; 3) Inlet NO/O,
concentration: 650 ppm /12.5 % v/v; 4) Temperature: 25 °C
Regeneration (desorption): 1) 25to 600 °C (1hr) at arate 40 °C/min in helium atmosphere (200 mi/min)

For actual flue gas conditions, both adsorbents can adsorb sufficiently high quantities of NO for subsequent
nitrogen stable isotope anaysis, particularly after base solution is used to remove SO, and a stream of pure
oxygen to increase the flue gas content to over 10% were incorporated into the sampling rig. The maximum
nitrogen yptakes achieved during sampling were 0.4- 0.8 % wi/w for fuel NO and 0.1- 0.2 % w/w for thermal
NO (section 2.4), these levels being considerably higher than the initial target of 0.1% nitrogen for isotopic
analysis a SUERC. However, background nitrogen levels were appreciable (0.1-0.2 % for active carbon),
even for the zirconia system and this limited the accuracy of the first series of isotopic measurements made
(section 2.4).

2.1.2 Nitrogen-free active carbon sorbent Given that the NO, uptake levels are inherently higher for Fe/AC
than the MnOy-ZrO, sorbents and the latter still give a significant background contribution (although this can
be corrected, appendix 1), it was decided to explore whether alow N content active carbon could be either
purchased or synthesised in house. As for the AC used thus far, the N contents of commercial active
carbons (presumed to be prepared from biomass) were in the range 0.1-0.2%. Therefore, it was decided to
prepare a carbon starting with carbonising sugar to obtain the lowest possible background N content.

Granulated white sugar purchased from a local supermarket was used. For the first preparation, about 200 g
of this sugar was first dehydrated in ~ 250 ml concentrated sulfuric acid to produce a char-like porous solid.
This solid material was then washed using excess distilled water and dried in an air-blown oven a 60°C. The
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dried solid material was then carbonised at 650°C for about 3 hours in a fixed-bed reactor to yield the sugar-
based char, which was subsequently activated at 1000 °C in a flow of CO, (~90 min.) in order to obtain the
final sugar-based activated carbon product. For 100 g of sugar, about 15~20 g of activated carbon can be
obtained from this procedure.

To achieve high NO, absorption capecities, however, activated carbon materials often need to be pre-
oxidised, generdly using boiling concentrated nitric acid, in order to enhance the dispersion of metal oxides.
Bearing in mind that a nitrogen-free NOy sorbent is required, any use of nitrogen-containing chemicals should
be avoided or at least minimised. The use of ‘pre-treatment’ in KMnO4#/KOH solution in our protocol

developed for preparing the unique N-free sorbent benefits from a combination of a pre-oxidation of carbon
meateria and the enhanced simultaneous dispersion of meta (Mn) oxides. The sugar-based AC material was
first treated in 0.2 N KMnO4/0.5 N KOH solution for about 5 hrs and, subsequently, the same volume of
0.5M N Fe,(S0,); solution was poured into the mixture. The pH of the new mixture was controlled at 12 and
the mixture was then stirred for 5 hrs before it was filtrated, washed with distilled water and dried at 120°C.
The dried raw sorbent material was then calcined at 500°C for 10 hrsto obtain the final Fe-Mn/AC sorbent.

Following the initid preparation, the procedure was improved as follows. Pre-oxidation usng KMnO,4/ KOH
solution and the ratio of Fe/Mn used both play important roles in determining the NOy breakthrough capacity
of this sorbent, the use of an over-saturated KMnO, solution is superior to the 0.2 N KMnO, used initialy for
carbon pre-oxidation. The adsorption characteristics and breakthrough capacities of the Fe-Mn/AC sorbents
in the laboratory test facility with varying Fe/Mn mole ratios, with/without the presence of SO, are compared
in Figure 6 and 7. The Fe/Mn ratios quoted in both figures are not necessarily the actual ratio of iron and
manganese coated onto the carbon surface but the ratios mixed in the first place. As can be seen from
Figures 6 and 7, the highest breakthrough capacity with the new Fe-Mn/AC catalyst with aFeMn ratio of 1:1
which corresponds to a nitrogen uptake as NO of over 1.5% in the absence of SO,. The lowest
breakthrough capacity was obtained with a FeMn ratio of 0.5 which 4till gave a nitrogen uptake as NO of
over 0.7% in the absence of SO,. Asfound for the other AC sorbents, the presence of 1000 ppm SO, in the
flue gas mixture reduced breakthrough times by between 30 and 50% (Figures 6 and 7). Besides the
improved sorbent performance, the preparation is also much less labour-intensive than used earlier.

1000 +
900 Sorbent: Fe-Mn/SAC

Sorbent pack length: 15 “ 0.5 cm(i.d.)

Wt. sorbent: 1.8 g

Model gas: 1000 ppm NO in N ata
£ 800, flow rate of 200 ml/min
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- Open: In the presence of 1000 ppm SO, in the flow stream
5 Solid:  Free of SO,
E Fe/Mn: 1.0
=
c
Q
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c
o
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o
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=
Q
5
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Figure 6 NO breakthrough curves for the nitrogen-free Fe-Mn/AC sorbent with varying Fe/Mn ratios.

A 100 g batch of the Fe-Mn/AC sorbent was prepared to sample NO in the find sampling campaign on the
PF test facility at Powergen under controlled combustion conditions, with and without over-fired air (milestone
3). This sample is mixture of the 15-20 g samples prepared with Fe:Mn rats of 0.5:1, 1:1 and 1.5:1 for the
laboratory tests carried out. For this bulked sample, the sugar-derived active carbon was pre-oxidised usng
KMnO4 KOH solution.

2.0

Free of SO, in the flow stream
1 In the presence of 1000 ppm SO,

N % wiw

\

N\

05 1 1.5

Fe/Mn mole ratio

Figure 7 A comparison of nitrogen content achieved at NO breakthrough point for different Fe-Mn/AC
sorbent with varying Fe-Mn ratios.

2.2 Blank sample and background corrections

These corrections are considered in Appendices 1-3 for the two EA-IRMS systems used during this
investigation. In essence, three potential sources of background signa can be envisaged: firgtly the
background with no sample being delivered from the carousel and the system clean. Secondly, the blank
signal, which in addition to clean system blank, might build up during a run because of ash from previous
samples and could be transient or more continuous in nature. Findly, the organic nitrogen background from
the adsorbent itself. In terms of the absolute nitrogen content measured, the system blank isinsignificant. A
variable trangent arises from the combustion catalyst and this corresponds to 0.01-0.02 % (Appendix 1). For
the N-free FelMn adsorbent, the background nitrogen level is ca. 0.01-0.02 %, no more than from the
combustion catalyst and typically less than 10% of the nitrogen adsorbed as NO during sampling (Appendix
2). Background N levels for the MnOy-ZrO, sorbents were ca. 0.06 %, possibly arsing from the nitrate salts
used in the preparation. Clearly, both in terms of lower background and higher uptake, the N-free Fe/Mn
sorbent is preferred.

2.3 Nitrogen stable isotope measurements on coals and chars

A number of coals from the UK and elsewhere have been analysed and the nitrogen stable isotope ratios are
listed in Table 2. The d™°N values all occur over the relatively narrow range of + 1-4 %o with the range being
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even smaller for the UK coals with al the values being to +2 %.. Therefore, due to the similarity in d*N
values for the mgor internationaly traded coas investigated, no major variations are expected in fuel NOy
values due to the nitrogen in the coals used.

A drop tube furnace system used to prepare the chars was developed at PowerGen and was designed by
Severn Furnaces Ltd to provide a means of producing reasonable quantities of char sample at similar
conditions to those of a commercial PF boiler. This means using heating rates of the order of 10*to 10°
°Clsec, and low oxygen levels (0-10%) when simulating the first few hundred milliseconds. Table 3 lists the
nitrogen stable isotope ratios for a series of partialy combusted chars prepared at different residence times
(200, 400 and 600 ms) in the drop-tube reactor from three different coas. Pyrolysis chars from each cod
were prepared in the drop tube reactor and these were then fed back into the reactor using an atmosphere
containing 5 % oxygen. Two separate char samples were analysed for each residence time. Of the 3 coals
investigated, the Indonesian coa (Katima Prima) is the most reactive and Pocahontas (USA) the least.

Smilaly, Table 3 ligs the stable nitrogen isotopic ratios for a Spanish coa, a pyrolysis char and four
combustion chars obtained at high levels of burnouit.

Table 2 A summary of stable nitrogen isotopic values for a selection of coals.

Coal and description d™N, %o Analytical confidence
(s)/Replicates
Blair Athol, Augtrdia 16 0.5/4
Ensham, Audrdia 15 0.3/3
Gedehoop, South Africa 14 0.7/6
Irui, Brazil (high ash, high vol.) 3.8 0.3/6
Polish coal 2.6 0.1/3
Prodeco, Colombia (high vol.) 0.6 0.2/4
N. Dakota lignite, USA 2.2 0.3/4
Marrowbone, (USA, high vol.) 2.5 0.1/3
Walter, USA (low val., Alabama) 14 0.2/4
Daw Mill, UK 2.6 0.3/5
Harworth, UK 18 0.1/4
Gascoigne Wood, UK 2.6 0.3/5

Table 3 Nitrogen stable isotope ratios for combustion chars prepared in a drop tube reactor from 3 coas

SAMPLE N CONC d™N Replicates
% wiw %0AIr

1. Oregandl 200 ms 204 3.9 4

(Colombia) 400 ms 1.39 5.0 4
600 ms 0.59 57 5

2. KdtimaPr. 200 ms 2.07 3.1 4
400 ms 2.07 4.0 3
600 ms 1.03 3.4 4

3. Pocahontas 200 ms 1.25 5.8 4
400 ms 0.99 6.6 4
600 ms 0.82 6.5 4

Table 4 Nitrogen stable isotope ratios of a Spanish coal, a pyrolysis char and three combustion chars
prepared in a drop tube reactor (two replicates)
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SAMPLE N CONC d®N

% wiw %oAir
1. Cod 2.20 25
2. Pyrolysis char 2.65 45
3. Combustion char, 86 % burnout. 1.98 6.0
4, Combustion char, 93 % burnout. 1.48 5.6
5. Combustion char, 95 % burnout. 5.3 5.3
6. Combustion char, 97 % burnout. 55 55

In al cases, the nitrogen stable isotope ratios of the chars are more positive (heavier) than those of the coals
and range from +3 to 7 %.. However, Table 3 indicates that the isotopic fractionation is roughly in the order
Pocahontas > Oregand > Kaltima Prima, which is the opposite trend to that in reactivity. For the two least
reactive coals, the extent of isotopic fractionation increases with burnout (cf. 600 with 400 and 200 ms chars
in Table 2 for Pocahontas and Oreganal). The data for the Spanish coal reveals that the nitrogen stable
isotope ratios of combustion chars obtained at high levels of burnout do not change markedly (Table 4). In
conclusion, it would gppear that much of the isotopic fractionation that can occur between coa nitrogen and
fuel NO (see following) emanates from the formation of char, although further fractionation could arise during
char combustion.

2.4 First suite of NO, samples collected on 1 MW test facility and samples from fluidised-bed combustor

More than 20 samples, including both therma and fuel NO, samples were collected using the MnOy-ZrO;
and Ce promoted Fe/AC-based adsorbents. Note that significant background corrections are required for
these adsorbents and that these samples were collected before the N-free Fe-MN/AC adsorbent had been
developed. The procedure used for sampling is quite smilar to that used in laboratory, but some modifications
were required. The first modification involved the use of base (KOH) solution to wash out the acid gases
after it was observed that the relatively high contents of SOy and CO (both up to 1500 ppm) and other
possible products in the flue caused significant deactivation to both MnOy-ZrO, and Ce promoted Fe/AC-
based adsorbents. The acid wash aso removes NO, but NO; levels are relatively smal being typically below
3% of those for NO. Secondly, it was found that, as a result the oxygen concentration of the flue gasis being
lower than in the laboratory gas mixture, breakthrough times were significantly shorter, especialy for the Ce-
Fe/AC system since there was insufficient oxygen to oxidise the NO for NO, for adsorption as nitrate.
Therefore, a stream of pure oxygen was introduced into the flue gas to make the oxygen concentration in the
range of 11-17%.

Details on the samples collected where appreciable NO uptakes were achieved are given in Appendix 2. The
thermal NO, samples were collected during start-up periods where the IMW facility was solely fed with fuel
ail, which contains little nitrogen. Start-up periods were typicaly 2 hours before coa was fed for the
remaining duration of the tests. The increases in nitrogen content for the sorbents due to NO uptake (Table
A2.1) were estimated from the NO levelsin the flue gas. In most cases, this increase was between 0.1 and
0.2 %, which corresponds to an uptake of 0.2-0.4% NO. Higher uptakes were achieved for some of the
actual PF (coal) samples (Table A2.1) due to the longer sampling periods. For the Ce-Fe/AC sorbents, the
estimated background nitrogen contents were ca. 0.2%, in close agreement with that determined using the
isotope ratio mass spectrometer. For the samples collected during the periods where coa was burned, the
flue gas NOy concentrations were considerably higher (Table A2.1) and as a result the adsorbed NOy levels
was aso higher with nitrogen contents for the Ce-Fe/AC sorbents being as high as 0.4-0.8%.

Six samples were collected by Mitsui Babcock from the FB combustor at the Caedonian paper mill in
Ayrshire using 2 g of sorbent, four usng MnO,-ZrO, and two using carbon. The carbon samples were
collected in paralel with two of the MnOy-ZrO, samples. The flow rate of conditioned flue gas was 0.4
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I/min. and the NO concentration was close to 1000 ppm. However, the concentration of N,O, which using a
model gas mixture was shown not taken up by the AC adsorbents, can be taken as being approximately a
maximum one third of that for NO. In all cases, the uptake of NO corresponded to approximately 0.1 % w/w
of nitrogen.

The results for the thermal/prompt NO samples using the FE/AC system are presented in Table A2.2 with
duplicate or triplicate determinations being conducted on each sample. Overal, the mean thermal NO, value
from is 0.1 £ 1.6 %o, Suggesting that limited isotopic fractionation is associated with the formation of thermal
NO, atmospheric nitrogen having the reference value of 0 %.. However, closer inspection of the data
suggests that the nitrogen concentration measured decreases with increasing sample size and this clearly
affects the magnitude of the background correction that should be applied. Although due to this major
uncertainty, no correction has been applied. However, given the positive d™°N value of the active carbon, any
correction is going to reduce the therma to below 0 %eo.

The results from the fuel NO, samples from the FB combustor are presented in Table A2.3. Given the large
variations in the nitrogen isotopic ratios for the actual NO and background nitrogen for the MnO,-ZrO,
sorbents, the Fe/C sorbent is considered to be the most reliable where similar values being obtained for the
two samples analysed (mean of 0.8 %.). Applying a background correction (with the calculated NO uptake
of 0.1 % nitrogen) for the carbon will reduce the mean value to below 0 %.. Since over 90% of the NO
emanates from the fuel , FB combustion was chosen initialy to provide “reference’ fud NO samples.

However, compared to high temperature PF combustion, a high proportion of the NO emanated from the
volatiles in FB combustion where HCN is the main nitrogen-containing species. The stable isotope ratios for
the chars analysed (3 to 7 %o, compared to ca. 2 %o coals, Tables 2-4) indicate that those for the volatiles are
going to be lighter than zero (i.e. negative). Thus, the large difference between the nitrogen isotopic ratios for
FB and actual PF NO samples can be attributed to the fact that the NO for latter is formed primarily from
burn out of the char. In conclusion, NO from FB combustion cannot be considered as a “reference” point for
fud NO arising from PF combustion.

The four PF NO samples analysed display a wide range of values with an overal uncorrected mean of 6.9 +
2.0 %o (Table A2.4). It is considered that these variations reflect the different proportions of fuel and thermal
NO, together with the variations in fuel (char derived) NO isotopic ratios as a function of the rate that the
formation reactions (rates of devolatilisation and char reactivity) occur. Despite the variation encountered
and the uncertainty over applying reliable background corrections, these values nevertheless indicate that a
large difference does exist between the nitrogen stable isotope ratios for thermal/prompt NO and fuel NO,
dthough the latter is influenced considerably by reaction rates, as suggested by the isotopic ratios for the
chars.

2.5 Thermal/prompt and actual PF NO, samples collected with the nitrogen-free Fe/AC adsorbent

2.5.1 First sample set Given the success of the first sampling campaign with the 1 MW facility at Powergen,
it was decided to use facility for the subsequent measurements, as opposed to a larger facility or the NRTF
rig a Mitsui Babcock (who had aready contributed by sampling at the Caedonian paper mill specificaly to
collect fued NO from FB combustion). Firstly, a thermal/prompt and an actua PF NO, sample were collected
in duplicate from burning Daw Mill cod. Details on the duplicate samples and the blank adsorbent analysed
using the Europa EA-IRMS with 4 determinations being carried out for each of the NOy samples can be
found in Appendix 3 (Table A3.1). For the 8 replicate analyses, the mean d°N was -6.2 + 0.9 %o for the
thermal/prompt NOy sample and being 14.8 + 1.5 %o for the actual PF sample.

These NOy isotopic measurements using the “N-free” Fe-Mn/AC adsorbent, represent the most reliable
conducted thus far. The measurements indicate that differences of up to ca. 20 %o can exist between
thermal and PF fuel (char) NOy isotopic values, which extremely augurs well for the further development of
the approach (section 1.6).

2.5.2 Second sample set Details of the set of samples collected in which Thoresby coa was burned with and
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without over fired air are presented in Table A3.2. Due to the approximate time of one hour required to
collect sufficient NO with the flow rate and concentrations in the flue gas, it was only possible to collect
combined samples with and without over fired air for all the excess oxygen levels used, since these were
switched every 15 minutes. Samples were collected in duplicate (designated A and B) by splitting the gas
stream as for the first set of samples. As well as Thoresby cod, samples were aso collected for an 80:20
blend of Thoresby coa and petroleum coke. Details on the instrument blank and actua measurements are
also given in Appendix 3. Replicate measurements have been performed on all the samples collected and the
averaged results from these analyses are presented in Table 5.

The thermal samples display some variability in their mean values, dthough the agreement for the duplicate
samplesis excellent for 2 out of the 3 pairs. The average nitrogen contents for the thermal samples collected
are reasonably constant at 0.24 + 0.03 (n = 6). The overall average is-6.9 £ 3.1%. where the mean value for
each experiment is used to calculate the overall average and 1s. Thisoveral averageis similar to that of -6.2
+ 0.9 %o obtained for the first set of samples collected. These thermal values will be discussed further in the
following section.

It is readily apparent that the duplicate samples (a and b) for the actual PF (fuel) samples usudly show
reasonable agreement except for F090103/a and /b (coal/pet. coke blend)) at 4.2 £ 0.4 and -1.6 £ 0.2, and
T090103/2A and 12B at -7.7 + 0.3 %0 and -3.6 £ 0.4 %o. The overall average of the 3 samples collected for
the coal (averaging the aand b for each sample is 6.4 £ 1.1 %o where the 1s error reflects the spread of the
mean values for each experiment that arises from the different combustion conditions. The significance of
the differences between the 3 samples is discussed in the following section, but suffice it say that a smoky
flame was observed during the sampling period and that the sample collected without over-fired air is
isotopicaly heavier (FO70103/1, mean of 7.5 %0, Table 5) than those collected with the over-fired air on
(FO70103/2 and 3, mean values of 5.7 and 5.9 %.).

Table 5 Nitrogen stable isotopic data for the second set of thermal/prompt and actual PF NOy samples
collected with the nitrogen-free Fe-MN/A C adsorbent

Sample Number Type % Nitrogen d™N (%oAir) n
F070103/1a Fuel (Cod) 0.58 + 0.07 80+13 3
F070103/1b Fuel (Cod) 053+ 0.02 7.0+ 0.8 3
F070103/2a Fuel (Cod) 041+ 0.02 56+ 10 3
F070103/2b Fuel (Cod) 0.38+0.03 58+03 3
F070103/3a Fud (Codl) 031+ 000 6.8+ 0.7 3
F070103/3b Fud (Cod) 0.32 £ 0.02 51+06 3
F070103/4 Fuel (Cod) 0.17+ 0.03 37408 2
F090103/a Fud (0.8 Cod/ 0.70 £ 0.03 42+04

0.2 Coke)
F090103/b Fud (0.8 Cod/ 0.54+0.03 -1.6+0.2 3

0.2 Coke)
T070103/1a Thermal 0.29+0.01 -104+£10 2
T070103/1b Therma 0.23+ 0.02 -106+ 0.9 2
T090103/1a Thermal 0.27 -4.7+0.1 %
T090103/1b Therma 0.22+0.01 -46x0.1 2
T090103/2a Therma 0.20+ 0.00 -7.7+£03 2
T090103/2b Therma 0.23+0.01 -36+04 2
Thoresby cod 0.72 £ 0.02 53+£08 2

For the other sample collected with the over-fired air off, FO70103/4, the mean was 3.7 + 0.8 %.. Due to the
significant disagreement between the duplicate a and b samples for the coal/pet. coke mixture, these values
will not be considered further. However, the low average value of + 1.3 %o suggests a high thermal/prompt
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contribution to the NO (see section 1.6). The d™N values for the latter two samples are in fact lower than
that of Thoresby cod (Table 5) which qualitatively indicates a high input from thermal/prompt NOy, plus some
of the NO possibly arisng from volatile-N (see following).

2.6 Generd discussion and future work

2.6.1 Isotopic data for thermal/prompt NO samples The overal average for all thermal/prompt NOy samples
is close to -6.5 %o using the N-free sorbent, although there is some variability. No attempt was made to apply
a correction for the small amount of nitrogen (0.05%) present in the diesdl. If al of this were converted to
NO, this would account for up to 20% of the total NO collected (120-150 ppm, Appendix 3). Taking avaue
of +2 %o for the diesd, this would make the mean for thermal/prompt NO lie close to —8.5 %.. Given the
uncertainty over how much of the diesel N is converted to NO, the overal average for thermal/prompt NO
samples collected can be taken as -6.5t0 —8.5 %0. This range of values compares to values of —14 %o
reported by Kiga et al. [ \when methane was burned in a drop tube reactor. These variations could arise
from the differences in fuel and reactor type between the two studies and indicate the need to ascertain the
d™N values for more combustion regimes operating in thermal mode to help ascertain the most reliable values
thermal/prompt NO for PF combustion.

2.6.2 Isotopic data for PF combustion samples The high value of +15 %o for the first sample collected with
the N-free adsorbent would suggest that this is prominently fuel-derived, given the highest values for the drop-
tube char analysed previoudy from high volatile bituminous coas were +6 %.. This value compares with (i)
+12-14 %o for samples collected from an actual PF plant by Kida et al. ¥ and (ii), if corrections could be
applied to the samples collected with the early N-containing adsorbent, these would increase considerably to
gpproximately + 4.5-10 %o.

The isotopic vaues for the second set of NO, samples collected with the N-free adsorbent were +5.7-5.9 %o
and +7.5 %o with and without over fired air. If the reference points of —6.5 %0 and +15 %o for thermal/prompt
and fue NO, respectively, can be assumed as being applicable here (this might be the case since the fuel

values are coa dependent), this suggests that approximately 50% of the NO arises from prompt/thermal

mechanisms with a dightly lower proportion when the air was over fired. Indeed, this observation is
consistent with the unstable smoky flame that was observed during the sampling period. Alternatively, volatile
N in the form of HCN could have been converted directly to NO under these conditions. In conclusion, the
data for sample suites analysed here have indicated that nitrogen stable isotopic ratios of NO from PF
combustion is likely to vary widely. Although some of the variance is due to the differences in isotopic
fractionation that occurs in going from coa-N to char-N and findly to fuel NO, it is considered that varying
proportions of thermal/prompt and fuel NO, have a mgjor bearing, as demonstrated for these samples.

2.6.3 Input of information into combustion models Knowledge of the proportions of fuel and thermal/prompt
NOy formed during PF combustion would enable the relative rates of the sequence of reactions involved in
NOy formation to be determined. Further, an overall nitrogen isotopic balance for individual coas could be
established involving the collection of volatile species including tar, HCN and NHs, together with char, from
devolatilisation tests in a drop tube reactor or other appropriate regime. This would aso improve modelling
since the isotopic shifts observed would reflect the relative rates of the elementary series of reactions leading
to each N-containing species. Indeed, the measurements conducted here have given an initia indication that
increased rates of devolatilisation reduce the isotopic differences between coals and their resultant chars. In
conclusion, the ability to determine proportions of fuel and thermal/prompt NOy, together with conducting
nitrogen isotopic balance for devolatilisation and subsequent char burn out will lead to considerable
improvement sin the predictive capability of models currently in use.

2.6.4 Project achievements and future work This project has established a simple and robust experimental
protocol for collecting and determining the stable isotope ratios of NOy from flue gas. The protocol is much
more convenient and rapid than that used by Kida et a. @ in the only other reported study where flue gas
NOy has been sampled for determining isotopic ratios. These workers used gas bags that contained oxidising
solutions to convert NO to nitrate which was subsequently reduced to nitrogen gas for isotopic analysis. The
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results obtained from this study have indicated significant isotopic differences of up to ca. 20 %o exist
between thermal/prompt and fuel NO,. However, athough the stable isotopic ratios of therma NOy samples
were relatively constant, as mentioned earlier, there is a need to ascertain the d®N values for more
combustion regimes operating in therma mode to help ascertain the most reliable values thermal/prompt NO
for PF combustion. Rather than use diesel as has here during start-up on the 1 MW rig, other fuels need to
be tested, possibly including volatiles from coa, and collecting NO by pure thermal reactions both to better
understand and measure representative vaues for thermal and prompt NOx.

As described earlier, significant variations in d*°N values have been found for fuel NO, analysed. Although it
is considered that differing proportions of thermal/prompt and fuel NOy have a major bearing, these variations
have been shown to aso arise in part from differences in the rate of devolatilisation and subsequent char burn
out and the extent of conversion of char-N to NO. Char nitrogen becomes isotopicaly heavier with
decreasing rate of devolatisation (increasing rank). However, the extent of char burn out does not seem to
have a mgjor effect on the isotopic values. Since some of the actual PF samples analysed were isotopically
heavier sill than the char samples analysed, this suggests that further isotopic fractionation occurs and thisis
going to be dependent on the extent of conversion of Char-N to N, and NO. The lighter isotope would be
favoured in forming dinitrogen, meaning that any NO formed is going to be isotopically heavier.

Clearly, to continue devel oping the experimenta approach, probably the main priorities are;

(i) to ascertain the d*°N values for more combustion regimes operating in thermal mode to help establish the
most reliable values thermal/prompt NOy for PF combustion, as aready described; and

(ii) to establish protocols for determining fuel NO, vaues for individua coals.

Once these have been achieved, the procedure can then be considered as a means to resolve NO, emanating
in the environment from PF combustion and transport fuels. Indeed, preliminary discussions with the df T will
be held for investigating the feasibility of the technique for apportioning environmental NOy emissions from
transport and power generation.

Conceivably, establishing fue NO, vaues for individua coas could be achieved in a drop-tube reactor to
combust chars under an inert gasloxygen atmosphere. |f this approach were to be adopted, the effect of
variables, such as temperature would need to be ascertained. Further, as mentioned earlier, overal nitrogen
isotopic baances for devolatilisation and burn-out would be beneficid for improved modelling through the
isotopic shifts reflecting the relative rates of the elementary series of reactions leading to each N-containing
species. Future research aong these lines would provide the basis for determining quantitetively determining
the proportions of fue and thermal/prompt NOy for PF combustion to build on the achievements of this
research in:

(i)  determining a protocol for collecting and determining the stable isotope ratios of NOy from flue gas,

(i)  demondtrating that large differences exist between actual PF and thermal NOy samples and;

(i)  ascertaining that the significant variations in d**>N values found for the fuel NO, samples analysed
arise in part from differences in the rate of devolatilisation and subsequent char burn out and the
extent of conversion of char-N to NO, as well as varying proportions of fuel and thermal/prompt
NOy being formed.

2. Overall Planning and Objectives Summary

In terms of the planning chart, the work completed in the past 24 months has addressed fully al the activities
listed in the initia proposa. The development of suitable sorbents was completed by the end of the first year
(activity ain proposal) and the adsorbents were improved further during the second year. The second activity
involved collecting the thermal and actual cod NO, samples for isotopic andysis. Having determined the
isotopic values of fuel and thermal NO and aso having analysed a range of chars, all the experimental work
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was completed for activities b and ¢ in the initia proposal and to achieve the second milestone. Indeed, some
work has aso been completed on activity d to determine the nitrogen stable isotope vaues of actua PF NO
samples ahead of schedule. During the final quarter of the project to complete activity d, further PF NO
samples were collected using known combustion conditions from the 1 MW test facility to investigate the
variance in the samples analysed thus far. Due to the success of the earlier sampling campaign, this facility
was preferred to the NRTF at Mitsui Babcock. The potential use of information on the proportions of fuel
and thermal/prompt NO, to improve combustion modelling was assessed to complete activity e (by Mitsui
Babcock, in conjunction with the University of Nottingham).

There were no changes from the overall plan in relation to the planned milestone achievements (Table 6).

3. Expenditure

The total expenditure has been £220k and has been completely broadly in line with the estimates for each
activity inthe initia proposa.

4. Exploitation/Publication of Results

The findings thus far on the development of the adsorbents and the determination of the nitrogen stable
isotope ratios of fuels and thermal NO, was presented at the 4" UK Coal Science Conference (September,
2002) and have aso been presented at the forthcoming Spring American Chemica Society meeting, Div. of
Fuel Chemistry Symposium on “Advances in Techniques for Analytical Characterisation in Fuel Chemistry”
in New Orleans (March 2003, ref. 9). An abstract has been accepted for the 2003 International Conference
on Coal Science (Cairns, November 2003). These communications are forming the basis for publications in
refereed journas, namely Energy & Fuels and Carbon.

Table 6 Planned milestone achievements

Milestone No. Completion Date Date for issue of | Current planned date
predicted as per milestone for submission of
milestone schedule in deliverable payment claim
Offer Letter

1. Sorbent devel opment. 9 months, Nov. 2001 8 months, Oct. March 2002

2001 (submitted)

2. Determination of isotopic vauesfor || 15 months, May 2002 18 months, November 2002

fuel and thermally derived NOy August 2002 (submitted)

samples. (but, including

In addition, determination of isotopic some

values for chars from the information for

devolatilisation experiments. milestone 3)

3. Samples with different proportions || 24 months, February 24 months, April 2003

of fud and thermally derived NO will || 2003 February 2003 | (submitted July 2003)

have been analysed.

The potentia of the new information

for improving combustion modes will

have been assessed. Plansfor further

research will have been made.
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Page 15




[1] T.H.E. Heaton, °N/*N ratios of nitrate and ammonium in rain at Pretoria, South Africa, Atmospheric
Enivronment (1987) 21, 843-852.

[2] K. Eguchi and T Hayashi: Reversible sorption-desorption of NOx by mixed oxides under various
amospheres. Catalyst Today (1998) 45, 109-115.

[3] M. L. Leg, E. R. Allen, J. T. Wolan and G. B. Hoflund: NO, and NO adsorption properties of KOH
treated g-Aluming, Ind. Eng. Chem. Res. (1998) 37, 337-3381.

[4] K. Kaneko and N. Shindo: Effect of a-FeOOH dispersion on adsorption characteristics of pitch-based
activated carbon fibres against NO, SO, and NH3. Carbon (1989) 27, 815-820.

[5] K. Kaneko and K Inoyue: Effect of heat treatment in vacuo on the NO adsorption activity of a-FeOOH-
dispersed activated carbon fibres. Carbon (1986) 24, 772-774.

[6] K Kaneko, S. Ozeki and K. Inouye: Dynamic NO adsorption characteristics of iron treated activated
carbon fibres. Atmospheric Environment (1987) 21, 2053-2055.

[7] A.N. Hayhurst and A.D. Lawrence: The amounts of NOy and N,O formed in afluidized bed combustor
during the burning of coa volatiles and also of char. Combustion & Flame (1996) 105, 341-357.

[8] T. Kida, S. Watananbe, K. Y oshikawa, K. Asano, S. Okitsu, U. Tsunogai and K. Narukawa, Evauation
of NOy formation in pulverised coa firing by use of nitrogen isotope ratios, Proc. 2000 Int. Joint Power
Generation Conf., Miami Beach, Florida (2000) 1-7.

[9] C.E. Snape, GG Sun, A.E Fdlick, R. Irons and J. Haskell, Potential of dable nitrogen isotope ratio
measurements to resolve fuel and therma NOy in coa combustion, Prepr. Am. Chem. Soc. Div. Fuel Chem.
(2003) 48(1), 3-5.

Page 16



APPENDIX 1

Background nitrogen levelsin EA-IRM S for the Europa 20:20 instrument

A1.1 Introduction Nitrogen stable isotopic data have been collected mainly using Europa 20-20 and Tracermat
systems. At least three potential sources of background signa can be envisaged: firstly the background with
no sample being ddivered from the carouse and the system clean. Secondly, the blank signd, which in
addition to clean system blank, might build up during a run because of ash from previous samples and could be
transent or more continuous in nature (arsing from the combustion catalyst). Finaly, the organic nitrogen
background that arises from the sorbent itself obvioudy needs to be ascertained. This appendix considers
errors for the Europa 20:20 syatem and those for the Tracermat system are considered in Appendix 2,
together with the isotopic data obtained using the N-free Fe/Mn AC.

Congidering the clean system blank, in a norma run a sample size is used that will deliver an ion beam
intensity at m/z 28 (i.e. “N,") of between 1 and 2 x 107A. A series of 8 blank m/z 28 measurements were
conducted & the same time that the Powergen (PG) samples were analysed with a mean intensity of 1.4 +
0.9 x 10% A. Although the isotopic composition of this blank cannot be reliably measured because of the low
intensity of the m/z 29 (*N*N") beam, it isimmediately obvious that the contribution from the clean system is
negligible (ca. 0.1%). Measurements to date have provided no evidence for the background intensity building
up during the analysis of a batch of samples.

The background corrections for the MnO,-ZrO, sorbents and combustion catalyst used are considered in the
following sections. In general, the commercia carbons investigated gave absolute nitrogen contents of ca.
0.1%.

A1.2 Background levels for MnO,-ZrO, sorbents To probe the background (blank) nitrogen levels and the
corrections required to measured isotopic data for the sorbents (using typicaly 20 mg), 4 regenerated MnOy-
ZrO, samples designated 1, 3, 5 and 6 were used (Table A1.1). The blank nitrogen levels (0.06 to 0.07 %N)
should dlow fairly reliable measurement of its isotopic composition. The total ion beam intensities were
typicaly 10® A. It is clear that usable blank data have been obtained, but the variation (especialy in isotopic
composition) is intriguing. Therefore, a new experiment was devised in which the sample weight was varied
in a sequential manner, with a high enough sample weight used to give the prospect of reliable isotope ratio
measurements. Regenerated Sample MnOy-ZrO, 1 was used (as having the highest scatter in isotope data,
Table A1.1) and the results are presented in Table A1.2.

Table Al.1 Isotopic ratios and nitrogen contents for regenerated MnO,-ZrO, sorbents

Sample n % N d®N %o
Regenerated MnOy-ZrO, 1 4 0.065+0.006 21.1+3.8
Regenerated MnO,-ZrO, 3 4 0.065+0.006 19.7+2.8
Regenerated MnOy-ZrO, 5 4 0.068+0.005 20.4+1.8
Regenerated MnO,-ZrO, 6 4 0.065+0.006 23.8+2.3

Table A1.2 Effect of varying sample weight for one of the regenerated MnOy-ZrO, sorbents (no. 1)

Weight, mg Tota beam, % N d®™N %o
10°A
15.7 8.63 0.07 22.10
19.6 943 0.06 18.16
26.6 11.7 0.06 15.40
24.8 12.0 0.06 1757
20.7 9.82 0.06 2111
15.7 8.14 0.06 23.89
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Thisis an excellent linear correlation between sample weight and ion beam intensity where:

Beam intensity (10° A) = 0.34 Weight (mg) +3.0.
R =0.9732 (>99% for n=6).

It islikely that the linear relationship will not, in redity, extrapolate to low sample weights; that is of no strong
concern here. The four analyses of sample 1 from the first experiment (Table Al.1) plot close to the
relationship calculated above, and the six (in total) measurements on sample sizes of close to 20 mg give an
indication of the scatter to be expected: n=6, mean sample weight 20.1+0.4 mg, mean beam intensity
(9.9+0.5) x 10° A, and a coefficient of variation of 55%. Note that the significant intercept on the
extrapolated line can account for high and systematically variable % N vaues for low sample weights,
whereas the data are relatively constant for large samples, as can be seen.

The isotope ratios vary widely; a range of close to 10 %o from 15.4 to 23.9 %o is observed. However, the
variation is systematic with larger samples having lower isotope ratio values. Let the hypothesis that there
are two components to the blank, each with a constant isotopic composition be examined. Then by mass and
isotope balance:

Mt =M1 + My M = mass = beam intensity T = total measured.

M+ dr = M1d; + Mod, where d is the respective isotopic ration
= Mad; + (M7-My) d;
anddr = M; (di- dy) +ds
M+

In a system in which M; is constant (but My varies) the above equation predicts a linear relationship between
the measured isotopic composition (dr) and the inverse of the ion beam intensity (1/M+); the intercept of the
lineis d,, the isotopic composition of the variable contribution blank and the dope is the constant M1(d;-dy).
For the datain Table 2, regression gives:.

d™N = 178 (1/Beam) +1.4

with the units of 1/Beam being 10° A*. The correlation coefficient is r=0.889 which for n=6 is sgnificantly
above the 95% confidence level. The two component model described here thus fits the data reasonably
well, athough the physical nature (i.e. identity) of the two blank components remains elusive; the isotopic
composition of the component which is strongly related to sample weight is close to 0%., whereas the
constant component has a high isotope ratio. Furthermore, the analysis lends confidence to estimating the
contribution and isotopic composition of the blank for typica 10 mg samples of MnOy-ZrO, as close to 6 x10°
A with d N of about +30%o. For 15 mg samples, the corresponding figures are 8 x10° A and 24 %o. For 20
mg samples where the measured N content is 0.06%, this includes ca. 0.04% from the sample and 0.02%
from the constant background component (Tables A1.1 and A1.2).

A1.3 Contribution from combustion catalyst In the blank experiments, it has consistently been observed that
plots of sample weight (mg) versus total beam give linear relationships with a common intercept of around 3
nanoamps, wheresas the system blank is typicaly only one tenth of this. The origin of this residua 3nA signa
has remained enigmatic. The system blank was determined by dropping an empty tin capsule into the
reaction chamber of the autoanalyser. During analysis of samples and absorbent blanks, the materia is
accompanied by approximately 20 mg of vanadium pentoxide as an oxidant. The question then arises as to
whether this chemica could be the source of, or induce, a processing blank over and above the system blank
represented by the tin capsule plus autoanalyser plus mass spectrometer. To test this, we carried out the
following experiments.

Firstly, the system blank with and without tin capsules was monitored. Total beams of 0.2 to 0.3 nA were
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recorded, as usud (Table A1.3, zero sample weight). Secondly, the total beam was measured when the tin
capsule contained varying amounts of vanadium pentoxide. This showed (see data for group 1 in Table 3)
that there is a linear relationship between total beam and the weight of vanadium pentoxide with an intercept
a the system blank of 0.2 nA:

Tota beam (nA) = 0.139 Weight (mg) + 0.20

TableAl. 3 Measurement of blanks for system plus vanadium pentoxide

Weight, mg Total Beam, 10™°A | Apparent d®N %o Comment
0 1.66 -52.1 With tin
0 2.64 38.5
0 217 -279.9
0 2.34 894
0 2.03 117.5
Mean 2.17 x 10™°
Group 1
40 7.39 33.8
55 9.73 3.04
11.0 17.7 8.39
7.4 12.2 62.0
6.3 10.6 49.0
5.0 9.43 15.3
1.0 3.25 13.7
3.9 7.46 -65.2
2.1 4.83 33.9
1.8 455 149.2
12.7 19.7 1.5
15.9 24.2 22.0
20.7 31.1 294
184 26.6 311
17.0 25.7 22.7
0 244 -202.6 Notin
0 2.29 104.5
0 2.40 81.6
0 2.38 -84.9
0 2.33 -55.2
Mean 2.37 x 10™°
0 1.90 -180.3 Withtin
0 1.85 -43.1
0 1.69 -179.8
0 1.90 -74.2
Mean 1.84 x 10™°

Note that for 20 mg, the predicted total beam is 3 nA.

To investigate whether this process blank was due to nitrogen-bearing species (or indeed other volatiles
contributing to m/z 28 after reaction in the demental andyser), an diquot of vanadium pentoxide was
degassed in vacuo at 200°C overnight, and repeated the experiment. The results were entirely consistent with
those of the previous experiment:

Total beam (nA) = 0.134 Weight (mg) + 0.20 indicating a very high degree of reproducibility.
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To investigate the possibility that the process blank a m/z 28 generated by adding vanadium pentoxide is
specific to the Elementa Microanadysis-originated batch of reagent that has been used in al NOy
experiments, an unopened bottle was procured from an aternative supplier and repeated the first experiment.
This materia has a considerably higher process blank. It is concluded that the origin of the 3 nA intercept in
the absorbent blank total beam versus weight experiments was the 20 mg or so of vanadium pentoxide
routinely used and that modest degassing prior to use does not reduce the problem. The isotope data is not
discussed because of unrdiability related due to low beam intensities. Clearly, as the NO, uptake achieved
increases, the importance of the combustion catalyst contribution diminishes.
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Table A2.1 Details of NOy samples collected on 1 MW test facility and fluidised-bed combustor

APPENDIX 2

Sample no. Bed dimensions —cm Flue gas composition Estimate of
/duration of sampling % N for
(min) sorbent
Thermal NOx sampling
5 75" 045/62 NO, 99-121 ppm; CO,, 13.5%; SO,, 100 ppm; 0.096 ~0.12
CO, 25 ppm; O,, 1-2%;
Flow rate: 200~250 ml/min
6 100 ~ 0.45/47 NO, 99-121 ppm; CO,, 13.5%; SO,, 100 ppm,; 0.058~0.07
CO, 25 ppm; O,, 1-2%;
Flow rate: 200-250 ml/min
10 11" 045/120 NO.110-120 ppmm;, CO,, 9.5%; SO,, 50 ppm; 0.17~019
CO, 10 ppm; O,, 8.0%; Flow rate: 250 ml/min
1 10" 045/120 NO 110-120 ppm;, CO,, 9.5%; SO,, 50 ppm; 0.19~0.21
CO, 10 ppm; O,, 8.0%; Flow rate: 250 ml/min
17 10" 0.40/148 NO, 110-120ppm; CO,, 9.5%; SO,, 100-130 0.24~0.26
ppm; CO, 10 ppm; O,, 7.9%; Flow rate: 200
ml/min
18 10" 0.4/148 NO ,110-120 ppm; CO,, 9.5%; SO,, 100-130 0.19-0.21
ppm; CO, 10 ppm; O,, 7.9%;
Flow rate: 200 ml/min
19 10x 0.6 /56 NO ,140-150 ppm; CO,, 9.5%; SO,, 100-130 0.098~0.11
(ZrO, based (breakthrough) ppm; CO, 10 ppm; O,, 7.9%;
ads.) Flow rate: 200 ml/min
Coal NOx sampling
7 15" 0.55/120 NO, 320-460 ppm;, CO,, 15 %; SO, 470~550 0.24~0.34
ppm; CO, 25 ppm; O,, 1-4%;
Flow rate: 200-250 ml/min
8 10” 055/70 NO, 320-460 ppm;, CO,, 15 %; SO, 470~550 0.14~0.20
(ZrO, based (breakthrough) ppm; CO, 25 ppm; O,, 1-4%;
ads.) Flow rate: 200-250 ml/min
No.9 15" 0.55/117 NO, 270-290 ppm; CO,, 15 %; SO, 470~550 0.25~0.33
ppm; CO, 25 ppm; O,, 1-2%; Flow rate; 200-250
ml/min
No.13 7 055/181 NO, 170-220 ppm; CO,, 15 %,; SO,, 350-400 0.17~0.25
(ZrO, based ppm; CO, 10 ppm; O,, 1-4%;
ads.) Flow rate: 150-200 ml/min
No. 14 10" 0.55/65 NO, 170-220 ppm; CO,, 15 %,; SO,, 350-400 0.09~0.12
(breakthrough) ppm; CO, 10 ppm; O,, 1-4%;
Flow rate; 250 ml/min
No. 15 15" 0.45/245 NO, 170-260 ppm; CO,, 17 %; SO,, 350-400 043 ~0.65
ppm; CO, 10 ppm; O,, 1-4%;
Flow rate: 250-350 ml/min
No. 16 10" 0.4/205 NO, 170-260 ppm; CO,, 17 %; SO, 350-400 0.58~0.80
ppm; CO, 10 ppm; O,, 1-4%;
Flow rate: 180-220 ml/min
No.20 10" 05/65 NO, 500-650 ppm; CO,, 15 %; SO, 500-700 0.27~0.35
ppm; CO, 15 ppm; O,, 2-4%;
Flow rate: ~200 ml/min
No.21 10” 0.5/65. NO, 500-650 ppm; CO,, 15 %; SO,, 500-700 0.23~0.29
(breakthrough) ppm; CO, 15 ppm; O,, 2-4%;

Flow rate. ~200 ml/min

*Notes: 1. If not stated, the adsorbent used for sampling is Ce-Fe dispersed AC adsorbent.

2. Anextra 10- 13% v/v of O, was introduced into flue gas, making thefinal O, concentration in the flue gasto 11- 17%v/v.

3. The duration time quoted may not necessarily be the breakthrough time if not indicated.

4. The flue gas compositions quoted are typical for each sampling run, but the CO concentration canvary irregularly
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reaching up to 2000 ppm where performance of the adsorbents was affected adversely.

Table A2.2 Thermal NO measurements using Fe/C sorbents

SAMPLE NO. WEIGHT ION BEAM

N CONC Measured d®°N

mg 10°A % WIwW %oAir
PG5 49.1 1.82 0.20 2.08

30.8 213 0.38 1.28 Uncorrected mean d°N 1.7 + 0.6
PG6 55.5 1.88 0.18 0.24

28.0 151 0.29 0.27 Uncorrected mean d°N 0.26 + 0.2
PG10 24.2 1.97 0.47 -1.64

10.0 1.19 0.63 -0.99

13.1 1.60 0.66 -0.05 Uncorrected mean d°N —0.9+ 0.8
PG11 39.6 210 0.31 235

20.9 1.67 0.44 -1.60 Uncorrected mean d®N —2.0 + 0.5
PG18 23.2 1.71 0.41 1.87

10.2 0.95 0.51 1.11 Uncorrected mean d®N 1.5 + 0.5

Table A2.3 Fuel NO measurements

Sample No./Type Uncorrected meansd™N  Corrected means d™°N
%0 Air for Fe/C, %o Air

Sample 1 (ZrOy) 14.0+ 1.0 (n=3)

Sample 2 (Fe/C) 0.5+ 05 (n=4) 0.7 )

Sample 3 (Zr0,) 0.7+ 0.7 (n=3) ) —0.65 + 0.7

Sample 4 (Fe/C) 1.1+ 05 (n=4) -0.4 )

Sample 5 (ZrOy) 6.2 + 0.4 (n=4)

Sample 6 (ZrOy) 7.1+ 1.3 (n=4)

Sample 1 was collected in pardlel to sample 2 and, smilarly, sample 4 with sample 5. The MnOy-ZrO,
adsorbents caused problems previoudy in the Tracermat system, but less severe problems were encountered
in the Europa system with deposits.
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Table A2.4 PF (coal) NO measurements using Fe/C sorbents

SAMPLE WEIGHT IONBEAM N CONC d®N
mg 10°A % w/w %oAIR
PG7 18.1 1.38 0.42 6.83
13.2 151 0.62 6.69
Uncorrected mean d**N 6.8 + 0.1
PG15 16.7 1.86 0.62 10.57
7.9 1.55 1.07 8.29
8.1 1.40 0.92 9.07
7.7 1.48 1.03 9.86
Uncorrected mean d*®N 9.4 + 0.9
PG20 20.4 2.27 0.43 4.70
11.3 1.48 0.71 4.28
Uncorrected mean d*®N 4.5 + 0.2
PG21 9.3 1.22 0.72 751
14.9 1.44 0.52 6.22
10.2 1.19 0.63 6.89

Uncorrected mean d*®N 6.9+ 0.6
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APPENDIX 3

Details on nitrogen stable i sotope measurements obtained using the N-free Fe/Mn-AC

First sample set Duplicate samples and the blank sorbent analysed using the Europa EA-IRMS with 4
determinations being carried out for each of the NOx samples can be found in Appendix 3. System blanks
were measured before and after each set of replicates for the five samples. Eight measurements were
attempted on the sorbent blank but the second high weight sample did not drop out of the carousel (identifying
a common problem with sample weights in excess of 20 mg) giving 7 analyses in total. The results are
presented in Table A3.1. The total beam intensity for these analyses did not vary systematicaly with sample
weight but averaged (3.1 + 0.4) 10° A; this compares to an average system blank of (1.9 + 1.0) 10%° A over
the course of the entire experiment. The system blank is thus only 6% of the sorbent blank.

For four replicates of sample 13-08-02/1A — thermal, the mean %N was (0.125 + 0.006) and the mean d*°N
was -6.2 + 1.3%o (Table 4). The average total beam was of 1.96 + 0.004 10®A means that the sorbent blank
represents 16% of the sample total beam. No correction was made here. For the four replicates of 13-08-
02/1B thermal, the mean %N was 0.09 + 0.00 and the total beam of 1.44 + 0.04 10°A meant that the sorbent
blank represents 21.5% with amean d®N = -6.1 £ 0.5 %.. The two mean values for thermal samples 1A and
1B are indistinguishable, supporting the decision not to carrect for the blank. Note also that avalue of 3 x 10
A is the common intercept of the other sorbent blank experiments where total beam was plotted against
weight. This indicates that the N content of the sorbent is insignificant (considerably below 0.01 %). For the
8 replicates of the thermal NOy samples, the mean d®*N was -6.2 + 0.9 %eo.

For four replicates of sample 13-08-02/2A-PF, the mean %N was 0.23 (+ 0.00) and mean d°N was 14.5 +
0.5 %o (Table 4). The mean total beam intensity was 3.78 + 0.18 10 A so the sorbent blank represents 8 %.
For 13-08-02/2B--PF, the mean %N was (0.19 + 0.01) with d°N of 15.1 + 2.1%.. The mean total beam
intensity was 3.14 + 0.1 10® A so the sorbent blank represents 10%. Again, no correction has been made
here and again the means for PF samples 2A and 2B are isotopicdly indistinguishable, with the overal
average from the eight measurements being 14.8 £ 1.5 %o.

Second sample set Details of the set of samples collected in which Thoresby coa was burned with and
without over fired air are presented in Table A3.2. Due to the approximate time of one hour required to
collect sufficient NO with the flow rate and concentrations in the flue gas, it was only possible to collect
combined samples with and without over fired air for al the excess oxygen levels used, since these were
switched every 15 minutes. Samples were collected in duplicate (designated A and B) by splitting the gas
stream as for the first set of samples. As well as Thoresby coal, samples were also collected for an 80:20
blend of Thoresby cod and petroleum coke.

The measurements were carried out on the Tracermat IRMS. Thirty measurements were made of the
instrument blank at m/z 28, reported as total peak area (volt seconds VS). The mean vaue was 0.29 + 0.49
(1s) and it is apparent that values are generaly relatively low (+ 0.4) with occasiona (about 17%) exceptiona
values up to 2.05. To assess the blank contribution from the oxidising reagent V,Os, known from previous
work to be problematic with the EUROPA 20/20 mass spectrometer, the m/z 28 peak area and d°N were
measured for a series of reagent blanks (tin capsule plus V,0s) at V,0s weights ranging from 3.5 mg to 16.9
mg (typical weights of V,0s are between 5 and 10 mg). The data are presented in Table A3.3.

There is no strong correlation between m/z 28 Peak area and weight of V.05 (r = 0.3620 for n = 10)
suggesting that the procedure adopted for this phase of analysis will not require differential blank correction
depending on weight of reagent V,0s. With one exception out of the ten analyses, the mean d°N is rather
constant at 15.7 + 1.5%o (1s, n = 9) and is not correlated with the 28 Peak Area (r = -0.1954, n=9). Since
typical peak area signals for the actua samples are between 7 and 33, and since at least duplicate
measurements have been made in al cases whereby sporadic high (i.e. around a Peak Area of 2VS as
opposed to around 1V'S or below) blank contributions would likely be identified, in the analysis of the new data
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no blank corrections will be applied.
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Table A3.1 Nitrogen stable isotopic data for the first set of thermal/prompt and actua PF NO, samples
collected with the nitrogen-free Fe/AC adsorbent from the 1 MW test facility burning Daw Mill coa

Sample Weight | Total Beam % N d™N Blank Blank
mg A %o ar before after
1. sorbent blank 10.8 3.8710° 0.02 371 | 15010%
2. sorbent blank 16.0 3.1310° 0.01 -0.7
3. sorbent blank 20.9 2.7310° 0.01 -4.1
4. sorbent blank 24.9 316 10° 0.01 -12.0
5. sorbent blank 20.4 318 10° 0.01 13.2
6. sorbent blank 15.7 2.98 10° 0.01 28.0
7. sorbent blank 10.4 2.68 10° 0.02 7.1 2.20 10
1. 13-08-02/1A Thermal
20.7 1.9510°® 0.12 47 | 46210%
2. 13-08-02/1A Thermal
19.5 1.94 108 0.13 -5.6
3. 13-08-02/1A Therma
19.5 1.9310°® 0.13 -75
4, 13-08-02/1A Thermal
20.9 2.02 10® 0.12 -7.0 1.80 10
1. 13-08-02/1B Therma
19.6 1.42 108 0.09 -6.7 | 1.8010%
2.13-08-02/1B Thermal
20.1 1.49 10°® 0.09 -5.6
3.13-08-02/1B Thermal
21.1 1.4310°® 0.09 -6.1
4, 13-08-02/1B Thermal
19.3 1.4110°8 0.09 -6.1 1.80 10%
1. 13-08-02/2A PF
19.1 352 10° 0.23 15.1 | 1.8010%
2. 13-08-02/2A PF
21.2 3.90 108 0.23 14.5
3. 13-08-02/2A PF
20.8 3.89 10° 0.24 13.8
4. 13-08-02/2A PF
20.5 3.8210°% 0.23 14.4 1.20 10
1. 13-08-02/2B PF
20.8 341108 021 18.1 | 1.2010%
2.13-08-02/2B PF
19.9 3.06 10® 0.19 14.4
3.13-08-02/2B PF
20.0 3.06 108 0.19 14.8
4, 13-08-02/2B PF
20.5 304 10° 0.19 13.2 1.04 10%
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Table A3.2 Details of second set of thermal/prompt and actual PF NO, samples collected with the nitrogen
free Fe/AC adsorbent from the 1 MW test facility burning Thoresby coal ( 07-01-03 and 09-01-03)

No. Sample Type of NO Conditions Estimated
N% w/w
TO070103/1A Thermal Wt. Sorbent: 1.25 g 0.18
Flow: 300 ml/min; NO: 120 ~ 140 ppm
0O,: 5~7% viv CO,: 13.3% v/v, CO: 240 ppm SO,: 20 ppm
T070103/1B Thermal Wt. Sorbent: 1.25 g 0.18
Flow: 300 ml/min NO: 120 ~ 140 ppm
0,: 5~7% viv CO,: 13.3% v/v, CO: 240 ppm SO,: 20 ppm
FO70103/1A Fuel Wt. Sorbent: 1.3 g 0.3~0.5
(Thoresby coal) Flow: 220 ml/min NO: 350 ~ 480 ppm
0O,: 2~3.7% v/v CO,: 21-23% v/v, CO: 25 ppm SO,: 2000-
2600 ppm (Over fired air mode Off)
F070103/1B Fuel Wt. Sorbent: 1.3 g 0.3~0.5
(Thoresby coal) Flow: 220 ml/min NO: 350 ~ 480 ppm
0,: 2~3.7% v/v CO,: 21-23% v/v, CO: 25 ppm SO,: 200-
2600 ppm (Over fired air mode Off)
FO70103/2A Fuel Wst. Sorbent: 1.3 g 0.3~05
(Thoresby coal) Flow: 260 ml/min NO: 240-440 (typical 330) ppm O,:
1~4% viv
CO,: 21-23% viv CO: ~ 20ppm, SO,: 1700 ~ 2200 ppm
(Over fired air mode ON)
F070103/2B Fuel Wt. Sorbent: 1.3 g 0.3~0.5
(Thoresby coal) Flow: 260 ml/min NO: 240-440 (typical 330) ppm O,:
1~4% viv
CO,: 21-23% v/v CO: ~ 20ppm, SO,: 1700 ~ 2200 ppm
(Over fired air mode ON)
FO70103/3A Fuel Wt. Sorbent: 1.3 g 0.3~0.4
(Thoresby coal) Flow: 260 ml/min NO: 270-310 (typical 290) ppm O,:
1~4% viv
CO,: 21-23% v/v CO: ~ 17ppm, SO,: 1700 ~ 2000 ppm
(Over fired air mode ON)
F070103/3B Fuel Wt. Sorbent: 1.3 g 0.3~0.4
(Thoresby coal) Flow: 260 mi/min NO: 270-310 (typical 290) ppm O,:
1~4% viv
CO,: 21-23% v/v CO: ~ 17ppm, SO,: 1700 ~ 2000 ppm
(Over fired air mode ON)
F070103/4 Fuel Wt. Sorbent: 2.7 g 0.09~0.14
(Thoreshy coal) Flow: 500 ml/min NO: 210-310 ppm, O,: 1~4% v/v CO,: 21-
23% v/iv ppm (Over fired air mode ON)
T090103/1A Thermal Wt. Sorbent: 1.15 g 0.14~0.18
Flow: 300 ml/min; NO: 120 ~ 150 ppm
0,: 5~7% viv CO,: 10% v/v, CO: 17 ppm SO,: 130 ppm
T090103/1B Thermal Wt. Sorbent: 1.15 g 0.14~0.18
Flow: 300 ml/min; NO: 120 ~ 150 ppm
0O,: 5~7% viv CO,: 10% v/v, CO: 17 ppm SO,: 130ppm
T090103/2A Thermal Wt. Sorbent: 1.2 g ~0.11
Flow: 280 ml/min; NO: 140 ~ 150 ppm
0O,: 5~7% viv CO,: 10% v/v, CO: 17 ppm SO,: 130 ppm
T090103/2B Thermal Wt. Sorbent: 1.2 g ~0.11
Flow: 280 ml/min; NO: 140 ~ 150 ppm
O,: 5~7% viv CO,: 10% v/v, CO: 17 ppm SO,: 130ppm
F090103/A Fuel Wt. Sorbent: 1.8 g 0.6 ~0.9
(80% coal Flow: 200 ml/min; NO: 470 ~ 680 ppm
(Thoresby)/20%pet coke | O,: 2~5% viv CO,: 21-23% v/v, CO: 21-30 ppm SO,:
blend) ~2500ppm
(Over fired air mode ON)
F090103/B Fuel Wt. Sorbent: 1.8 g 0.6 ~0.9
(80% coal Flow: 200 ml/min; NO: 470 ~ 680 ppm

(Thoreshy)/20%pet coke
blend)

0,: 2~5% viv CO,: 21-23% v/v, CO: 21-30 ppm SO,:
~2500ppm
(Over fired air mode ON)
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*1. All flue gas compositions are quoted as the primary values before the introduction of 10% O,
2. The flue gas was washed in a KOH solution and dried with a mixture of solid KOH/silica before mixing and passing through the sorbent.
3. The sorbent used was the Fe-Mn dispersed sugar-derived activated carbon material.
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Table A3.3 Reagent blank measurements for V,0s on the Tracermat mass spectrometer

Weight V,0s (mg) 28 PEAK AREA (VS) d°N (%o Air)
35 0.76 15.4
5.0 1.96 15.2
6.1 1.21 13.2
6.7 1.28 17.5
8.0 0.60 18.1
8.8 1.30 16.5
11.8 0.91 14.1
14.1 2.67 15.1
16.0 1.98 16.0
16.9 1.10 28.0
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