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Executive summary
The co-removal of SOx and NOx during CO2 compression has recently emerged as an option in oxyfuel CO2
compression based on an Air Products patent on sour gas cleaning. This would potentially reduce the capital and
operating cost of oxyfuel CCS by avoiding the common inclusion of a SO2 scrubbing unit operation prior to
compression.
In order to clarify three critical aspects of the possibility of co-removal, controlled laboratory experiments on a small
pressure vessel and bench scale compression unit were conducted to improve our understanding regarding;
a. The extent of the reactions of SOx and NOx associated with their absorption when in contact with water
vapour known to exist in CO2 compression and also with representative liquids representing the condensates,
being water, HNO3(l) and H2SO4 (l);
b. The conditions and liquids where N2O is formed, this being known as a strong greenhouse gas;
c. The release of the absorbed gases on depressurisation; and
d. N2O formation under real compression conditions.
Experiments were conducted in a small pressure vessel at conditions representative of typical gas compression from
oxy-fuel combustion without SO2 removal involving the gases SO2, NO (at 1000ppm inlet levels) and O2 (at 5% v/v
inlet), with water vapour, liquid water, nitric and sulphuric acids at pressures of 5 and 25 bar.
The results indicate that in the standard oxy-fuel CO2 compression system - with several stages of compression at
increasing pressures - in the initial low pressure stages, soluble SO2 will be readily removed; and the partial oxidation
of insoluble NO to soluble NO2 will occur in higher pressures stages. At 25 bar, complete removal of SOx and 90%
removal of NOx (as NO2) was achieved. Previous measurements have shown that NO oxidation is incomplete at the
highest pressure of the Callide Oxyfuel Project CO2 Purification Unit (COP CPU), so NOx removal will also be partial
as was observed.
The N2O measurements reported appear to be the first experimental confirmation of N2O formation with simultaneous
SO2 and NOx removal at higher pressure. These have indicated that N2O formation requires gas/liquid contact (ie two
phase) and simultaneous capture of NOx and SO2.. The results reveal that N2O does comprise part of the nitrogencontaining gases released from CO2 compression. Partial but substantial release of the absorbed SO2 and NO from the
liquids after depressurisation was measured, to extents which depended on the conditions. Some desorption of N2O
was also measured.
Bench scale compression results indicated that N2O formation was less significant; comprising a maximum of 30ppm
concentration which was equivalent to <1% CO2 for GHG impact. The N2O formation was found to be related to SO2
capture with ~4-6% of SO2 feed utilised to form N2O. Interactive effects between SOx and NOx were measured but
found to be relatively insignificant.
Overall, the compression of oxy-fuel flue gases containing acid gases, may prove to be a cost effective alternative for
impurity control where the products of mixed acid condensates require no downstream quality restrictions. The
research has shown that control of released gases on depressurisation and formation of N2O, though minor, must be
evaluated as part of the CPU design.
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1. Objectives
Research has been undertaken relevant to oxyfuel technology flue gas compression which is not preceded by a SOx
scrubber when SOx and NOx are removed as mixed acid wastes. The aims of the research were to:
a) Determine the overall impacts of compressing a flue gas containing a mixed SO2/NOx content;
b) Assess which conditions within the flue gas compression unit are conducive to the formation of N2O during
co-injection of mixed acid gases; and
c) Quantify the N2O formation under real compression conditions.
A further report (Milestone 4b) will provide a literature review of the possible use of the mixed acid wastes.

1. Introduction
The co-removal of SOx and NOx during CO2 compression has recently emerged as an option in CO2 compression for
CCS [1-4].
The Air Products [4] patent on sour gas cleaning during oxy-fuel derived CO2 appears to have been the first
suggestion for the use of the compression circuit to simultaneously remove NOx and SOx in the liquid condensates
formed under high pressure conditions. The main advantage of the simultaneous NOx and SOx removal in the
compression circuit is the reduction in cost, as this form of cleaning is passive and does not require additional flue gas
cleaning equipment; noting that certain design changes would be required for sour gas compression. It is also noted
that the CO2 Purification Unit (CPU) of the Callide Oxyfuel Project has an initial caustic scrubber operating at
atmospheric pressure to remove SOx to <20ppm as a permissive for operation of the flue gas compressors [5-7]. There
is also an added advantage of avoiding the undesired CO2 absorption in alkaline based solutions which leads to the
consumption of the alkaline (caustic) reactant.
This simultaneous removal of NOx and SOx has been demonstrated at laboratory scale [2] at Imperial College.
However, there were concerns that this method results in the formation of N2O which has 298 times the greenhouse
gas capacity compared to CO2. Recent research at Chalmers University [8] has provided speculation on the complex
chemistry involving the gases and liquids with indications that the pathways in the mechanisms depend on liquid pH
levels with operation at pH greater than 1 being recommended to avoid N2O formation.
Recent work by Air Products to apply their sour gas cleaning technology [1] at the 30 MWt demonstration at the
Schwarze Pumpe power station has found “that in certain situations, particularly high SO2/NOx ratios, some of the
NOx would convert into N2O. In the worst case, all of the NOx converted into N2O. Further work is required to
understand this behaviour”.
In order to clarify three critical aspects of the possibility of co-removal, controlled laboratory experiments in a small
pressure vessel and a bench-scale compression unit were conducted to improve our understanding regarding:
a.
The extent of the reactions of SOx and NOx associated with their absorption when in contact with water
vapour known to exist in CO2 compression and also with representative liquids representing the condensates, being
water, HNO3 (aq) and H2SO4 (aq);
b.

The conditions and liquids where N2O is formed; and

c.

The release of the absorbed gas on depressurisation.

The conditions of gas composition, pressures and liquids were chosen to represent typical conditions for oxyfuel gases
exiting the power plant prior to the CPU, without SO2 removal.
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2. Experimental setup and conditions
2.1 Small Pressure Rig Apparatus & Procedure
The experimental setup is as shown in Figure 1. Gases supplied were Nitrogen, Oxygen and 1% SO2 in N2 and 5% NO
in N2. All gases were sourced from Coregas. Mass flow controllers (Brooks MFC) were used to control gas flow into
the system.
The transfer lines were made of 316 stainless steel with a diameter of ¼” with the exception of the tubing inside the
liquid reactor, which had a diameter of 1/8”. The 300mL reactor was made from 304 stainless steel reactor. Pressure in
the system was controlled using a backpressure regulator and system pressure was monitored by means of a pressure
gauge. All lines, reactor, pressure regulator and gauge were sourced from Swagelok.
Experiments were conducted in two different setups; the water vapour setup and the batch liquid setup. The water
vapour setup is as shown in Figure 1. In this setup, N2 was bubbled into the water vapour, producing a gas containing
a high concentration of water vapour which was then mixed with gaseous O2, NOx and SOx. In the continuous
gas/batch liquid mode shown in Figure 2, the reactor was preloaded with 150mL of liquid (either water or acid
mixtures). The gas was bubbled into the liquid through the 1/8” impinger stem, creating an uncontrolled and turbulent
environment to reduce mass transfer effects. The impinger stem was extended close to the bottom of the liquid reactor
to maximise the contact with liquid water.
A liquid trap was placed prior to the gas analysers to separate any liquids entrained in the exit gas. The exhaust gas
was analysed using a Thermoscientific 46C N2O analyser, a Thermoscientific 42i-HL NOx analyser, a
Thermoscientific Nicolet 6700 FTIR and a Testo 350XL Flue Gas Analyer.
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Figure 1: Water vapour experimental setup. 1 = SO2 gas, 2 = NO gas, 3 = O2 gas, 4 = N2 gas, 5 = Thermo Nicolet
6700 FTIR, 6 = Thermo 42i-HL NOx analyser, 7 = Thermo 46C N20 analyser, 8 = Testo 350XL
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Experiments with water vapour (no liquid phase)
Pressure was first set at 5 bar using a 5% O2/N2 gas mix. N2 carry gas was bubbled in the liquid water contained within
the reactor. The gas mixture containing water vapour was then allowed to mix with 1000ppm NO and 1000ppm SOx
with 5% O2. The concentrations of SO2, NO, NO2 and N2O were continuously measured. Once the NOx concentration
had reached a steady state condition, the experimental conditions were changed to study the effects of other factors on
N2O formation.
The following conditions were manipulated: presence of water vapour, residence time and pressure. Presence of water
vapour was manipulated by bypassing the reactor containing water and the residence time was varied using a 300mL
vessel, with bypassing the vessel creating a shorter residence time. This setup was utilised in previous experiments [9,
10].
The experiment was repeated at 25 bar, using the back pressure regulator to manipulate pressure.

Experiments with liquid water
The liquid reactor as shown in Figure 2 was preloaded with a liquid. A N2/5% O2 mixture was flowed into the system
at 2LPM bypassing the liquid containing reactor and the pressure was set to the experimental pressure. A mixture of
SOx and NO was then introduced into the system, maintaining the total gas flow rate at 2 LPM. After a steady state
concentration of SOx and NO and pressure was obtained, the gas flow was then directed into the liquid. Gas was
allowed to contact the liquid for 4 hours. After the 4 hours of gas-liquid contact, the flow of SOx and NO was stopped
and replaced with a 2 LPM N2/5% O2 gas mix. Gas flow was set to bypass the reactor and the system was
depressurised. After depressurisation, gas flow was then directed into the liquid reactor and gases evolving from the
depressurised liquid were measured. The different gas/liquid/pressure combinations studied are given in Table 1.
TABLE 1: Summary of experimental conditions
Pressure
5 bar

25 bar

Gas composition
5% O2, 1000ppm SOx, 1000ppm NO
5% O2, 1000ppm SOx
5% O2, 1000ppm NO
5% O2, 1000ppm SOx, 1000ppm NO
5% O2, 1000ppm SOx
5% O2, 1000ppm NO

Liquid composition
Water
pH 1.5 HNO3
pH 1 H2SO4
Water
pH 1.5 HNO3
pH 1 H2SO4

Gaseous compositions were continuously measured using a Thermo 42i-HL NOx analyser and a Thermo 46C N2O
analyser. A Thermo FTIR was utilised to confirm the presence of N2O.
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Figure 2: Continuous gas/ batch liquid experimental setup. 1 = SO2 gas, 2 = NO gas, 3 = O2 gas, 4 = N2 gas, 5 =
Thermo Nicolet 6700 FTIR, 6 = Thermo 42i-HL NOx analyser, 7 = Thermo 46C N2O analyser, 8 = Testo 350XL

2.2 Laboratory Compression Unit
The bench scale compression tests were undertaken on the University of Newcastle’s custom built compression
system, shown in Figure 3. Details of this instrument are given elsewhere [11, 12]. Specific to this work is the
addition of SO2. This was sourced from a 1%SO2 (10,000ppm) in N2 calibration mixture and added after the water
saturation step to prevent the inadvertent capture of SO2 in the water. For this work the mercury addition step (used
previously) was removed. Gas samples were taken from the compressor Feed, Outlet, then 2nd stage to prevent
upstream sampling affecting the outlet measurements. Gas sampling was performed at 1.5LPM taken from the
compressor, then sub-sampled at 1LPM using the 1:10 Dilution system. This ensured that 0.5LPM was exhausted to
atmosphere and therefore maintained at atmospheric pressure.
The M&H Dilution system has been used in previous work to dilute gas samples in order to provide sufficient gas
flow to multiple instruments. In this case, a total flow of ~4LPM was needed for the Thermoscientific NOx (1LPM)
and N2O Analysers (1LPM) and the Testo Flue Gas Analyser (~2LPM). The Dilution system uses a controlled 9LPM
of compressed air to drive a venturi connected to the sample line. A critical orifice controls the sampling flow at
1LPM. Overall, this system is relatively simple in operation and requires no power or calibration. It also serves to
induce sample gas flow (as a vacuum) without moving parts and provides a margin of safety for gas analysis taken
outside of the fume cupboard. The unused gas flow (~6LPM) was also exhausted to stack.
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Figure 3. Diagram of bench scale laboratory compression unit showing (i) mass flow controllers, (ii) 3 stage
compression, (iii) liquid condensate sampling & pressure control on stages 2 and 3. Note that SO2 is added to the
compressor feed stream after water saturation to prevent SO2 capture.

Experiments were performed using a compressor feed of 20LPM (intake) with a further 3LPM exhausted to a gas
meter. This enabled the compressor intake to be measured/adjusted whilst maintaining atmospheric pressure. Gas
mixtures were made using the bank of mass flow controllers and a custom built software interface, enabling step
changes to be made without changing overall gas flow (as would be the case in manual adjustment). The O2 was set at
5% for all runs. Table 2 shows the targeted mixtures of NO and SO2. Some baseline measurements were taken using
NO without SO2. In these cases no N2O was detected.

TABLE 2. Experimental gas mixtures tested with the laboratory compression system
Conditions
High N / High S
Low N / High S
High N / Med S
High N / Low S
Highest N / Low S

NO
750ppm
250ppm
750ppm
750ppm
1000ppm

SO2
750ppm
750ppm
500ppm
250ppm
250ppm
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3. Results
3.1 Small Pressure Vessel

Water vapour experiments
The purpose of these conditions was to investigate the gas phase reactions when water vapour is present to enable acid
formation. These conditions are prevalent in the Callide CPU after condensate removal in both the 2nd and4th stages.
Figure 4 gives the gas composition results for these experiments. N2O detection was at the lower limit of detection for
all conditions. However, there is evidence of NOx and SO2 reaction, with concentration of NOx and SO2 decreasing
with increasing pressure and residence time as seen in Figure 4.
At the pressure of 5 bar some 9-17% removal of Feed NOx and ~68% of the Feed SO2 were removed as condensates.
At 25 bar, considerable NO was removed due to the oxidisation reaction between NO and O2 forming NO2, as has
been previously observed [10]. Removal levels from the Feed gas at high pressure ranged 59-91% for NOx and 7097% for SOx. For these experiments, the term “residence time” refers to whether the gas streams were directed
through the 300mL reactor (long) or bypassed (short). The difference between the two conditions allows for the
impact of the transport lines to be quantified. This impact of residence time has the greatest effect on the NOx
removal extent; whereby longer residence times and higher pressure favour higher removal. This was expected
because of kinetic limitations of oxidising NO to NO2 prior to acid gas formation.
It is highly possible that acid condensates are formed from the reactions involving SO2 and NO2. Subsequent
degassing and desorption of the lines showed significant amounts of NOx and SO2 desorbing from the lines,
potentially from these acid condensates.
N2O detection was at the lower detection limit at all experimental conditions.
1200
5 bar
9-17% NOx captured
67-69% SOx captured

Concentration, ppm

1000

25 bar
59-91% NOx captured
70-97% SOx captured

NO
NO2

800

Nox
Ox

600

SO2
400
200
0

Feed 5 bar

Feed 25 bar

5 bar short
residence
time

5 bar long
residence
time

25 bar short
residence
time

25 bar long
residence
time

Conditions
Figure 4. Gas composition measurements from experiments in the setup of Figure 1 involving water vapour only (no
liquid water phase present)
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Continuous gas / batch liquid experiments
Experiments involving liquid water typically showed two stages of absorption with initial rates of absorption being
highest and then moving towards a lower steady state value.
There were only 2 cases in which N2O was observed to form: (i) when NOx and SO2 were co-injected into liquid
water; and (ii) when SO2 was injected into HNO3. For these experimental conditions N2O was detected at both 5 bar
and 25 bar. For the other cases tested: i.e when NOx was absorbed into H2SO4 and when NOx and SO2 were reacted
with water vapour no N2O formation was observed.
Absorption Case 1- SOx + NOx co-injected into liquid water
The results for the co-injection experiments into liquid water are given in Figure 5 and Figure 6 for 5 bar and 25 bar
respectively. It can be seen that for both conditions (5 bar and 25 bar) there are very similar trends. After the gas was
directed into the liquid water, there was an immediate formation of N2O resulting in a peak concentration of ~20% and
90% of the NOx feed (at 5 bar and 25 bar respectively). In the 5 bar experiment, there was continuous N2O formation
throughout the 4 hour experiment at ~10% of the NOx feed. The 25 bar experiment showed little N2O formed after the
initial peak until ~2.5 hours when a gradual rise in N2O formation was observed.
For the 5 bar test, the initial capture of SO2 reached 100% absorption for up to 30 minutes, followed by a decrease in
SO2 absorption to ~75% over 2 hours. NOx absorption initially built-up to ~26%, then reached a minimum of ~15%
and slowly rose to ~27%. For the 25 bar test, the initial capture of SO2 sustained 100% absorption for the first hour,
slowly dropping to 91% over the 4 hour experiment. NOx absorption built-up to ~80% for the first hour, followed by
a slow rise to ~85-87%.
These results show that N2O formation occurs differently over the course of the experiments corresponding to the
three phases of absorption (i) initial, (ii) transient, and (iii) steady state. During the initial phase of absorption, the pH
of the water is expected to be ~7, resulting in the maximum capture of SO2 and relatively high capture of NOx in the
oxidised NO2 form. As the pH drops, the absorption rate begins to decrease for the SO2, resulting in a corresponding
decrease in N2O formation. Overall capture of SOx and NOx was observed to be higher in 25 bar case with the greatest
influence being on NOx capture. It could be speculated that the higher pressure may also influence the formation of
N2O exiting the liquid, by retaining more N2O as a dissolved gas in the liquid phase. However, the volatile release
after depressurising (shown below) shows relatively small amounts of N2O retained in the liquid.
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Figure 5. Capture profiles of SOx and NOx during co-injection into water at 5 bar, given as a percentage of the feed
concentrations and the production of N2O as a percentage of feed NOx.
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Figure 6: Capture profiles of SOx and NOx during co-injection into water at 25 bar, given as a percentage of the feed
concentrations and the production of N2O as a percentage of feed NOx.

Absorption Case 2 - SO2 injected into HNO3
In the SO2/HNO3 experiment, SO2 was injected into pH 1.5 HNO3 solution. This experiment differs from the
SOx/NOx/H2O experiment in 2 ways: first, there was a large concentration of nitrates in the liquid from the start of the
experiment; and second, there was no nitrite formation, which is expected when NOx is absorbed into liquid water. In
these experiments, also conducted at 5 and 25 bar, similar results were obtained across both test pressures. Similar to
the NOx/SOx/H2O experiment, it can be seen that there was an initial large concentration when SO2 absorbed into the
liquid HNO3. The formation of N2O reached similar peak concentrations (150-200ppm) at each pressure; however the
presence of N2O evolving from the solution was sustained over a longer period of time at 25 bar. In the early stages of
absorption, both NO and NO2 were observed, prior to the formation of N2O.
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Figure 7. Gas concentration profiles of SOx and NOx and N2O during injection of SO2 into HNO3 solution (1.5 pH) at 5
bar. Inset: close up of initial NOx and N2O formation during first 30 minutes.
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Figure 8. Gas concentration profiles of SOx and NOx and N2O during injection of SO2 into HNO3 solution (1.5 pH) at

25 bar.
Volatile components released from the liquid phase after depressurisation
The volatile components defined in this section are the SO2, NOx and N2O that were detected after a N2/O2 gas
combination was bubbled into the liquid at the end of the gas/liquid contact. For all the graphs below the bubbling gas
flow rate was set at 2SLPM.
For both the 5 bar and 25 bar experiment, it can be seen that there was a large SO2 and NOx desorption from the liquid
sample when gas was passed through it. Peak N2O concentrations reached 630ppm and 193ppm for the 5 bar and 25
bar cases respectively. The 5 bar case also displayed a second peak after 15 minutes of off-gassing. The N2O
formation from the 25 bar case showed a rapid evolution-rapid decline from the liquid that finished after ~3 minutes.
For the SO2 only injections into HNO3 solution, no N2O was detected in the off gas from the 5 bar experiment. Minor
amounts of N2O were detected in the off-gas from the 25 bar case, with a peak of 46ppm in under 15 minutes.
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Figure 9. Release of volatiles from absorption liquid after depressurising reactor for co-injection tests at 5 bar (left) and 25 bar
(right).

Analysis of Liquids after injection of acid gases into a small pressure rig
The liquid results are as shown in Table 2. It should be noted that for the HNO3 and H2SO4 liquids, the nitrate and
sulphate values were not due to absorption (i.e. they are present in the liquid from the beginning of the experiment).
It can be seen that in all cases where water was used as the liquid media, there is a much larger sulfate concentration
compared to nitrate; this is reflected in the gas phase analysis where there is a much larger absorption of SOx
compared to NOx. Also, when comparing the sulfate analysis of HNO3 compared to the nitrate analysis of H2SO4,
again the sulfate levels are much higher.
The results confirm that SO2 is preferentially removed compared to NO.
TABLE 2. Analysis of water after acid gas injection tests
Pressure
5

25

Solution type
Water
HNO3
H2SO4
Water
HNO3
H2SO4

Nitrite, mg/L
0
0
0
0
0
0

Nitrate, mg/L
98
1750*
659
1530
1930*
2050

Sulphate, mg/L
10500
3850
7890*
5850
10400
7300*

* Indicates species present in starting solution before injection

Tables 3 and 4 summarise the experimental results in terms of the extent of reaction observed and mass balance
percentages.
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TABLE 3: Summary of gas/liquid results
Extent of reaction
Reaction

SO2 removal
5 atm
25 atm

NO removal
5 atm
25 atm

N2O formation
5 atm
25 atm

O2/SO2/NO/H2O(l)

High

V high

Moderate

High

Moderate

Low

O2/SO2/HNO3(l)

Initially
high

Initially
high

NA

NA

Initially
moderate

Initially low

O2/NO/H2SO4(l)

NA

NA

Moderate

High

Not formed

Not formed

TABLE 4: Mass balance over small pressure vessel experiments
Mass balance percentages, %
Reaction

O2/SO2/NO/H2O (l)
5 atm
25 atm
80.1
94.1

O2/SO2/HNO3 (l)
5 atm
25 atm
8.8
66.6

O2/NO/H2SO4 (l)
5 atm
25 atm
NA
NA

SO2 desorbed/
absorbed
NOx absorbed

4.3

51.5

82.3

35.5

NA

NA

19.8

81.5

NA

NA

53.8

94.7

NOx desorbed/
absorbed
N2O formed/ NOx
feed, %N

15.4

57.1

NA

NA

10.8

0.62

10.4

0.68

0.45% of
SO2 fed

5.3% of
SO2 fed

Not
formed

Not
formed

SO2 absorbed

Tables 3 and 4 indicate that SO2 is rapidly absorbed, with NO reduced in the experiments at high pressure when it is
oxidised to NO2 which is than absorbed. NOx is partially released on depressurisation.
N2O formation was only detected in 2 cases, when NOx and SO2 were simultaneously captured in liquid water and
when SO2 was captured into HNO3. Interestingly there was no N2O formation when NOx was captured into H2SO4;
which showed that the capture of SO2 into an aqueous media is necessary for the formation of N2O.

3.2 Laboratory compression results
The results for the mixed acid gas compression study are compiled in Figures 10-14. Each figure shows the measured
gas concentrations from Feed, 2nd Stage ( ~10 atm) and Outlet (25 atm) of the compressor. In all cases, 100% of the
SO2 is captured in the compression system. This is consistent with previous work on slipstreams at the Callide
Oxyfuel Project. Furthermore, for all cases where SO2 was injected, the formation of N2O was detected. A maximum
of ~30ppm N2O was measured across the experimental suite. However, no N2O was observed in the Feed,
demonstrating the need for liquid water and combined SO2/NOx capture. Figures 10 and 11 show the results for the
High S condition (ie 750ppm SO2) for both High and Low N, respectively. In both cases, the concentration of SO2
was sufficiently high to ensure that some SO2 is carried over into the 3rd stage (final stage). The impact of this carry-
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over was that N2O was produced in both 2nd and 3rd stages of the compressor, resulting in the highest levels of N2O
measured. In Figures 12, 13 and 14, the SO2 level was low enough to ensure 100% SO2 capture in the second stage.
In some conditions, the N2O concentrations were highest exiting the second stage and appeared to be lower exiting the
3rd stage. This resulted in overall lower emission of N2O exiting the compressor.
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Figure 10. Results for compression of flue gas containing a targeted mixture of 750ppm NO / 750ppm SO2.
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Figure 11. Results for compression of flue gas containing a targeted mixture of 250ppm NO / 750ppm SO2.
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Figure 12. Results for compression of flue gas containing a targeted mixture of 750ppm NO / 500ppm SO2.
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Figure 13. Results for compression of flue gas containing a targeted mixture of 1000ppm NO / 250ppm SO2.
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Figure 14. Results for compression of flue gas containing a targeted mixture of 750ppm NO / 250ppm SO2.
A summary of N2O measurements is given in Figure 15. Overall, these results suggest that the final N2O
concentration is linked to the SO2 conditions, rather than NOx conditions. To quantify this relationship, the same N2O
data set was plotted against the measured amount of SO2 capture in the second stage and across the whole compressor
(shown in Figure 16). With the exception of one point, there appears to be clear trend between SO2 capture and N2O
formation. When this experimental condition was repeated, the N2O concentration was found to be in line with the
broad trend.
It has previously been suggested by Air Products [4] that the SO2 present in the flue gas will actively reduce the
amount of NOx captured through the “Lead Chamber Process”. This mechanism uses NO2 as the gas phase oxidation
agent through which SO2 becomes H2SO4. Results from Air Products pilot system at Vattenfall’s Schwarze Pumpe
Oxyfuel Plant were presented [1] to suggest that the S/N ratio will affect NOx capture- essentially reducing NO2 to NO
until SO2 is removed. However, a previous UoN study conducted on a slipstream at the Callide Oxyfuel Project found
that such influences were minimal [11]. Figure 17 presents similar findings from this work; namely that the maximum
impact measured across the whole compressor was ~45ppm reduction in NOx captured. In the second stage, the
maximum difference in NOx capture was 98ppm. This suggests that a portion of intermediate NOx capture can be
shifted to higher pressure stages under a mixed acid gas injection scenario. However, these results also suggest that
both NOx and SOx capture occurs concurrently.

18

N2O Formed in compression,
ppm

35
30

High N / High S

25

Low N / High S

20

High N / Med S

15

High N / Low S
Highest N / Low S

10
5
0
Feed

2nd Stage

Compression Stage

Outlet

Figure 15. Summary of N2O measurements taken on laboratory compression system with mixed acid gas injection.
35

N2O Produced,
ppm

30
25
20

Whole
Compressor

15
10

Interstage

repeated

5
0
0

200

400

600

800

SO2 Captured, ppm
Figure 16. Impact of SO2 concentration on the formation of N2O. A drawn line is given to indicate trend.

19

NOx Captured, ppm

600

∆ 45ppm

500
Whole
Compressor

400

2nd Stage
300

∆ 98ppm

200
0

200

400

600

800

SO2 Captured, ppm
Figure 17. Interaction of SO2 capture on NOx capture for the targeted High NO feed condition (in measurement
~842-850ppm) for different SO2 feed conditions.

4. Discussion
Gas phase reactions vs Liquid phase reactions
This work has shown that gas phase acid-forming reactions associated with SOx and NOx are significant at the higher
pressure of 25 bar of the experiments. It is clear that SO2 has a higher tendency to form a condensable acid than NOx
gases at 5 bar. Higher pressure and longer residence time were required to achieve similar conversion levels from the
NOx gases, apparently due to the slow gas phase kinetics of NO oxidation. The outcome of this work is that the gas
phase conversion of acid gases to condensable products represents an alternative capture mechanism to removal in the
water condensates which form in oxy-fuel flue gas compression. This mechanism is likely to occur as in the nonwetted areas of the compression system (ie after water condensate removal, in transfer lines) and may be enhanced by
higher surface areas such as the molecular sieve dryers. Removal of these condensed highly concentrated acids may
also represent a safety hazard if not properly accommodated. Previous UoN desorption work at laboratory scale has
shown that some of this acidic material can be removed by depressurisation and evaporation. UoN work at the Callide
Oxyfuel Project has also measured the presence of HNO3 in the gas phase during molecular sieve regeneration. This
work measured HNO3 concentrations far in excess of the inline NOx concentrations suggesting a degree of build-up on
the molecular sieve dryers. The presence of HNO3 in various parts of the compression system also has ramifications
for mercury capture. In other UoN compression work, gas phase mercury was observed to be significantly captured in
the 3rd stage of the compressor (high pressure). This stage is well known to produce highly acidic condensates but of
low volume. The gas phase reaction between elemental mercury and NOx gas species have been observed in a dry
system (ie no water vapour) [9]. However, the presence of a liquid HNO3 “film” on internal sections of the
compressor may also provide an alternative capture mechanism that is yet to be studied.
These acid gas reactions closely mirror the previous work on gas phase reactions between SO2, NOx and hot water
vapour done at Imperial College [13]. In the ICL experiments, it was demonstrated that a large decrease in SO2
concentration was measured when NO2 and water vapour was present. This was explained by suggesting that the
oxidation of SO2 was limited by the inlet NO2 concentration, due to higher temperatures (the hot water vapour used)
limiting the reconversion of NO to NO2. Literature, however, indicates that the gas phase reaction: NO2 + SO2  SO3
+ NO is slow under room temperature conditions [14] and therefore would not be significant in the conditions studied.
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Hence it was suggested that SO2 was first condensed, and that the measured SO2-NO2 reaction took place in the
condensed liquid phase.
It is important to note here that ionisation is a key step to N2O formation. While liquid condensates occur in the wet
gas studies, there is no water condensation and therefore no ionisation step occurs. This agrees well with literature [15,
16].
Figure 18 [17] gives possible reactions involving the liquids indicating the complexity of the current systems.

Figure 18: Suggested mechanisms associated with liquid reactions during SOx and NOx absorption [17]
In Figure 18, it is clear that HNO2 and HSO3- ions drive the liquid reactions, with pathway II then generating N2O. The
Chalmers work [8, 17, 18] suggests that this pathway operates at a low liquid pH (<2). This is not indicated from the
current results where N2O is formed initially in the liquid water experiments with results given on Figures 5 and 6
before the pH will have reduced due to acid formation. The speculation related to the pH appears to be in error. One
reason for this may lie in the weak ionisation of HNO2, which tends to remain present as a dissolved gas rather than
NO2-. Significant UoN work on the volatility of compression condensates has shown that HNO2 is present in large
quantities in the liquid phase (after NOx absorption) and that a combination of liquid residence time or additional
oxidisers can enhance the natural oxidation of HNO2 to HNO3. For the formation of N2O, this means that a large
amount of NOx species may be absorbed in the liquid phase but unaccounted for in the calculation of pH. A further
complication in the HNO2 oxidation process is that NO is a product which must then be desorbed out of the liquid.
This was previously speculated to be a prime reason for HNO2 build-up in the liquid, in that the high partial pressure
of NO in the gas phase precludes further NO desorbing from the liquid. This process of (i) absorption of NOx in the
liquid, (ii) liquid phase formation of HNO2 and (iii) desorption of NO into the gas phase; makes the mass transfer
through the gas-liquid film a potential driving influence. This influence may also be a reason for the initially high
N2O concentrations observed in the small pressure vessel experiments. Such change in rate limiting mechanisms have
previously been ascribed to SO2 absorption at atmospheric pressure [19] and linked to changes in pH. In particular,
the presence of HSO3- above a pH of ~4 (shown in Figure 19). Below a pH of 4, the rate limiting step was considered
to be mass transfer controlled. Future work may entail comparisons between the heterogeneous oxidation rate (using
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dissolved O2) and those using NO2-. Returning to the mechanism of N2O formation, it is clear that SO2 plays an
important role in determining its presence. When NOx was injected into a H2SO4 solution; no N2O was detected. This
demonstrates the importance of HSO3- as the liquid phase driver.

The compression work transferred the small pressure vessel experimental conditions from “continuous gas/batch
liquid” to continuous gas & liquid”. This compression environment enabled an industrially relevant ratio to gas to
liquid and real mixing conditions. With this system, the amount of N2O formed was a maximum of ~30ppm, with
little influence of NOx feed concentration. From Figure 16, a clear relationship exists between the amount of N2O
formed and the amount of SO2 captured. This amount of captured SO2 was also found to impact on the NOx captured.
When SO2 was limited to below 500ppm, it was observed that 100% SO2 capture occurred in the second stage. The
downstream impact of this being that no further N2O was produced in the 3rd and final stage. The practical outcome of
this work is that both NOx and SOx will be captured at the lower pressure stages as a mixed acid condensate, while the
high pressure stages are likely to have a higher concentration of HNO3 and lower levels of H2SO4. This may have
implications to the potential use of the mixed acid wastes. Regardless of how much NOx is captured, the SO2 in the
system was shown to determine how much N2O is formed and where. This makes comparing the formation of N2O as
a fraction of feed NOx misleading. For this work, a better correlation was found by using the ratio of N2O formed per
amount of SO2 injected. This relatively consistent value ranged from 3.8-6.1% (mol N2O/mol SO2) of the SO2
entering the compression system being used to produce N2O. This amount of N2O was found to be equivalent to
under 1% CO2 in GHG impact and therefore relatively insignificant.
On the NOx/SOx interaction, previous work on the UoN compression system used a slipstream from the Callide
Oxyfuel Project CPU [11]. When comparing slipstreams containing mixed NOx/SOx or NOx only, it was found that no
detectable difference could be measured. This finding was in contrast to pilot scale work presented by Air Products
[1] from their “Sour Gas Compression” process. The current work has shown that a measurable interaction occurred
up to ~100ppm in the low pressure stage and ~50ppm at higher pressure. Overall, it is likely that the UoN slipstream
work could not detect such minor influences over the variability in the real flue gas quality. The Air Products work
was based on higher SOx/NOx ratios (SO2 ~3000ppm, NOx ~400ppm), typical in European power stations, which
could have greater interaction. The UoN work has focussed on lower sulfur levels which are typical for coals in
Australian conditions.
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Figure 19. (a) The dependence of oxidation rate on sulfur containing solutions for different oxidation pathways
(towards H2SO4) and (b) the speciation of sulfur based ions against pH). Taken from Liu’s UoN PhD thesis [19].

5. Conclusions
From the controlled experiments on the small pressure vessel a number of conclusions may be drawn:
1. Gas phase reactions of acid gases result in significant capture and deposition of acids: the experiments
involving water vapour only showed that acid condensates are readily formed associated with SOx and NO
removal but no N2O is formed. Overall capture through this mechanism was shown to range between 59-91%
for NOx and 70-97% for SO2 depending on the residence time.
2. Liquid water is required for N2O formation during co-injection of mixed acid gases: a mixture of SOx and
NOx will readily react with liquid water, with release of N2O at the pressures studied. The N2O is formed
when both SOx and NOx are in contact with liquid water with a peak concentration of ~200ppm. At low
pressure this amounted to ~10% of the feed NOx, while at high pressure N2O formation was ~0.7% of NOx
feed. It appears that mechanisms in the liquid are necessary for N2O formation, but that the liquid must
contain HSO3-. This requires SO2 in the reacting gas. Previous speculation in the literature that the liquid pH
must be less than 2 for N2O to form is not evident from the current experiments, as N2O was formed initially
before absorption of the acid gases.
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3. Release of SO2,NOx and N2O occurs out of the liquid when depressurised: all measured gases of interest were
detected at significant levels as they partially desorbed from the depressurised liquids, apart from the
O2/NO/H2SO4 (aq) experiment where no N2O was formed.

From the compression work using the laboratory compressor it was found that:
4. The formation of N2O has minor significance in GHG terms: the maximum concentrations of N2O measured
were ~30ppm. This was calculated to be equivalent to less than 1% CO2.
5. The formation of N2O was related to the capture of SO2: the formation of N2O formed a clear trend with the
amount of SO2 captured with 3.8-6.1% of SO2 fed into the system being used to produce N2O. Higher SO2
levels (above 500ppm) resulted in carry-over of uncaptured SO2 into the high pressure stage, resulting in
further N2O formation.
6. The capture of SOx and NOx is significant: in all experiments with SO2, the compression process resulted in
100% capture of SO2 with 66-79% capture of NOx.
7. The interaction between SOx and NOx gases is measurable but not of major significance: the change in NOx
capture due to SO2 capture was measured as <100ppm in the low pressure stage and <50ppm in the high
pressure stage.
Relevance to oxy-fuel CO2 compression: The results are relevant to oxy-fuel CO2 compression without prior SO2
scrubbing, which is commonly called the Air Products Sour Gas Compression process. This differs from the process
used at the Callide Oxyfuel Project where a caustic scrubber is used prior to compression to remove SOx. In the
standard oxy-fuel CO2 compression system with several stages of compression, soluble SO2 has found to be readily
removed in the initial low pressure stages; with the oxidation of NO to soluble NO2 at higher pressures being
necessary for NOx removal. This is consistent with previous measurements which have shown that NO oxidation to
NO2 in the COP flue gas compressor is incomplete (ie. typical oxidation is 80% to 90% of compressor inlet NO). The
present N2O measurements appear to be the first experimental confirmation of N2O formation with simultaneous SO2
and NOx removal. These results indicated that N2O formation was only formed when NOx and SO2 were
simultaneously captured in liquid water and when SO2 was captured in HNO3. From other work on reactions
mechanisms N2O was speculated to be formed by complex reactions involving liquid species, with the present data
indicating that the HSO3- ion is necessary, as the previous work also indicates. Overall, the compression of oxy-fuel
flue gases containing mixed acid gases may prove to be a cost effective alternative for impurity control where mixed
acid condensates depending on their disposal cost or even potential economic use. The formation of N2O has been
proved to occur to a minor extent but must be evaluated as part of the CPU design in terms of its GHG impact.

6. References
[1] V. White, A. Wright, S. Tappe, J. Yan, The Air Products-Vattenfall Oxyfuel CO2 Compression and Purification
Pilot Plant at Schwarze Pumpe, in: 3rd Oxyfuel Combustion Conference 9-13 September, Ponferrada, SPAIN,
2013.
[2] V. White, L. Torrente-Murciano, D. Sturgeon, D. Chadwick, Purification of oxyfuel-derived CO2, International
Journal of Greenhouse Gas Control, 4 (2010) 137-142.
[3] Laura Torrente-Murciano, Vince White, David Chadwick, Removal of SOx and NOx from Oxyfuel-Derived CO2,
in: IEA 1st Oxyfuel Combustion Conference, Radisson Hotel, Cottebus, Germany, 2009.
[4] R.J. Allam, E.J. Miller, V. White, Purification of carbon dioxide, in, Air Products and Chemicals, Inc., EP, 2007.
[5] C. Spero, Callide Oxyfuel Project - Lessons Learned, Report to the Global CCS Institute,
http://www.globalccsinstitute.com/publications/callide-oxyfuel-project-lessons-learned, accessed, 14/09/2015, in,
2014.
[6] C. Spero, T. Yamada, P. Nelson, T. Morrison, C. Bourhy-Weber, Callide Oxyfuel Project: Combustion and
Environmental Performance, in: 3rd Oxyfuel Combustion Conference, 10-12th September, Ponferrada, SPAIN,
2013.
[7] P. Court, A. Briglia, J.-P. Tranier, N. Perrin, Callide CO2 Capture Pilot Plant Design, in, 2nd IEA GHG Oxyfuel
Combustion Conference, Yeppoon, Australia, September 13th 2011.

24

[8] F. Normann, E. Jansson, T. Petersson, K. Andersson, Nitrogen and sulphur chemistry in pressurised flue gas
systems: A comparison of modelling and experiments, International Journal of Greenhouse Gas Control, 12 (2013)
26-34.
[9] T. Ting, R. Stanger, T. Wall, Oxyfuel CO2 compression: The gas phase reaction of elemental mercury and NOx at
high pressure and absorption into nitric acid, International Journal of Greenhouse Gas Control, 29 (2014) 125-134.
[10] T. Ting, R. Stanger, T. Wall, Laboratory investigation of high pressure NO oxidation to NO2 and capture with
liquid and gaseous water under oxy-fuel CO2 compression conditions, International Journal of Greenhouse Gas
Control, 18 (2013) 15-22.
[11] R. Stanger, T. Ting, C. Spero, T. Wall, Oxyfuel derived CO2 compression experiments with NOx, SOx and
mercury removal—Experiments involving compression of slip-streams from the Callide Oxyfuel Project (COP),
International Journal of Greenhouse Gas Control, 41 (2015) 50-59.
[12] R. Stanger, T. Ting, T. Wall, High pressure conversion of NOx and Hg and their capture as aqueous condensates
in a laboratory piston-compressor simulating oxy-fuel CO2 compression, International Journal of Greenhouse Gas
Control, 29 (2014) 209-220.
[13] L.T. Murciano, V. White, F. Petrocelli, D. Chadwick, Study of individual reactions of the sour compression
process for the purification of oxyfuel-derived CO2, International Journal of Greenhouse Gas Control, 5 (2011)
S224-S230.
[14] J.W. Armitage, C.F. Cullis, Studies of the reaction between nitrogen dioxide and sulfur dioxide, Combustion and
Flame, 16 (1971) 125-130.
[15] Susianto, M. Pétrissans, A. Pétrissans, A. Zoulalian, Experimental study and modelling of mass transfer during
simultaneous absorption of SO2 and NO2 with chemical reaction, Chemical Engineering and Processing: Process
Intensification, 44 (2005) 1075-1081.
[16] M. Pires, M.J. Rossi, The heterogeneous formation of N2O in the presence of acidic solutions: Experiments and
modeling, International Journal of Chemical Kinetics, 29 (1997) 869-891.
[17] S. Ajdari, F. Normann, K. Andersson, F. Johnsson, Modeling the Nitrogen and Sulfur Chemistry in Pressurized
Flue Gas Systems, Industrial & Engineering Chemistry Research, 54 (2015) 1216-1227.
[18] S. Ajdari, F. Normann, K. Andersson, F. Johnsson, Reduced Mechanism for Nitrogen and Sulfur Chemistry in
Pressurized Flue Gas Systems, Industrial & Engineering Chemistry Research, 55 (2016) 5514-5525.
[19] D. Liu, T. Wall, R. Stanger, CO2 quality control through scrubbing in oxy-fuel combustion: Rate limitation due
to S(IV) oxidation in sodium solutions in scrubbers and prior to waste disposal, International Journal of
Greenhouse Gas Control, 39 (2015) 148-157.

25

