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Executive summary
Previous ANLEC R&D projects and the current project have quantified the removal of SOx and NOx in
condensate wastes as dilute sulphuric and nitric acids during CO2 compression in the CO2 Purification
Unit (CPU) at the Callide Oxyfuel Project (COP) designed by Air Liquide, and also by compression of
slip streams relevant to the “sour gas” compression patented by Air Products.
A literature review was therefore undertaken on the processing of the acid liquids resulting from
oxyfuel flue gas compression, primarily for possible saleable products, and also waste disposal. The
inclusion of this review in the project was prompted by the authors’ awareness of patents to utilise
the acid wastes. Here, we also indicate other possible uses as examples. An extensive review is not
intended, but it is clear that although the issues of waste disposal or utilisation is well known, a
viable process for their utilisation has yet to be established.
Recent patents of Air Products and Praxair detail options to:
•

•

produce gypsum by recycling liquids to an existing Flue Gas Desulphurisation (FGD) unit (not
relevant for Australian application) and adding a process unit fed with a calcium slurry to the
CPU; and
produce sulphuric acid and dilute mixed acid generation by additional processes for oxyfuel
derived gases from high or low sulphur coal.

The former process produces a low-value product, the latter processes do not generate products
matching commercial specifications.
The literature indicates that dilute mixed acids may potentially be used for particular applications
which would be associated with an economic value, with examples including the pre-treatment of
biomass – such as bagasse- to aid digestion in ethanol production, the recovery of rare earth
elements from coal and ash wastes, and pre-treatment of ores used in mineral carbonation to
improve their reactivity to form carbonates.
Data presented for the composition of the acid liquids from laboratory and COP compressors
indicates that the generated acid concentrations change with increasing pressure in staged
compression, as the water vapour condenses to a greater extent at low pressures (<10 bar). Higher
acid concentrations are therefore achieved for the acids at higher pressure. This may provide a
higher concentration product option not considered to date.
Regardless of the potential use, consideration must be given to the impurities present in the CPU
condensates. For example, combustion flue gas contains a number of trace elements and these are
likely to report to the condensates either at atmospheric pressure or during compression conditions.
Estimates of the cost of adjusting the liquids pH prior to disposal in an ash dam and the value of the
products are also presented. These magnitudes indicate that a justification for transforming the
mixed acid wastes into products may be to avoid these disposal costs rather than the value of the
products themselves.
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1. Introduction
Previous ANLECR&D projects [1-5] have reported investigations into the sulphur oxides, nitrogen
oxides and mercury removal during compression of oxy-fuel flue gas at the Callide Oxy-fuel Project
(COP). This work is relevant to the COP CO2 Purification Unit (CPU) designed by Air Liquide and also
previous research and patents [6-9] by Air Products on the cleaning of flue gas in “sour-gas
compression” where SOx and NOx are removed together in the CPU with a product of mixed acids.
COP Air Liquide flowsheet : Figure 1 shows a diagram of the COP CPU. The raw flue gas is conveyed
to the CO2 purification unit at a nominal temperature above the acid dew point (~145C) to prevent
condensation; cold end corrosion being managed by material selection. The stream is quenched in
Scrubber 1, which comprises a quencher followed by a low pressure (LP) scrubber. This lowers the
gas temperature from above the acid dew point to below the H2O dew point and removes acid gases
as indicated on Figure 1 using a caustic (NaOH) wash. The saturated gas is then compressed to 20-30
bar, when condensate is formed, comprising Nitrites and Nitrates from the dissolution of NO2
formed at pressure from NO oxidation. Hg removal has also been reported [10]. A liquid, mixed acid
product is formed, which may be a waste and will need to be disposed. Without the inclusion of
Scrubber 1, SO2 will react with the condensed water to form H2SO4, so that the “waste” then is a
mixed acid (primarily HNO3 and H2SO4). This process is called “sour gas compression” and is the topic
of a patent and research [9] of Air Products. After compression, the gas is passed through a high
pressure scrubber and then absorptive dryers to remove H2O to <1ppm, before being cryogenically
distilled to separate liquid CO2 from the incondensable light gases (O2, N2, Ar). Any remaining NO2 is
also liquefied out in this process.

Figure 1: Simplified schematic of the COP CPU [1]. More detail of the individual units such as
Scrubbers 1 and 2 and the staged compression are provided in Spero [10].
The Air Products flowsheet, ie the COP flowsheet without Scrubber 1: As the removal of SOx and
NOx together in “sour gas compression” may avoid the need for Scrubber 1 (ie low pressure
cleaning), it may reduce the capital and operating cost of the process. In the current report, the
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implications of the removal of the acid “waste” is considered, based on the information in the
literature.
1. Mixed acid properties
COP Air Liquide flowsheet of Figure 1: The magnitudes of the condensate wastes are detailed in
Attachment A, where those reported from the COP are given in Table 1.
Table 1: Liquid properties from the COP [10]. Referring to the flowsheet of Figure 1, Scrubber 1
comprises two parts used in the Table, an initial Quencher and a final LP (low pressure) Scrubber, the
compressor liquid waste comes from an intercooler (after CO2 compression to 10 bar) and a final
cooler (after CO2 compression to 24 bar), Scrubber 2 is the HP (high pressure) scrubber.

Although the present report is focussed on the condensates during compression, it is noted that the
Scrubber 1 waste is a mixture which is primarily sodium sulfate and sulphite, accounting for about
99% of the SO2 and SO3 in the CPU flue gas inlet. The Scrubber 2 waste is primarily HNO3 as SOx has
previously been removed. The mixed acid waste is that from the two compressor condensate
streams of Table 1, and based on the gas fed to the compressor being saturated with water vapour,
will give 59,000 tonnes/y from the intercooler and 3,200 tonnes/y from the final cooler for a 500
MWe oxyfuel plant.
The Air Products flowsheet, ie the COP flowsheet without scrubber 1: Removing Scrubber 1, results
in a sour gas (SG) comprising SOx as well as NOx entering the compressor, with Attachment A
estimating the condensate waste concentrations of Table 2. The same overall tonnage of liquid
removal is obtained as for the COP flowsheet.
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Table 2: Estimated condensates for the Air Products SG process where both NOx and SOx are
removed and H2SO4 and HNO3 are formed

Pressure,
bar

COP- Callide

SG-Sour gas

NO3 -, as SOx previously
removed

SO4-- alone

Mixed acid, SO4- and NO3-, for
both SOx and NOx removal

Mol/L

pH

Mol/L

pH

Mol/L

pH

10,
intercooler

0.82

0.09

1.77

-0.55

2.59

-0.64

24, final
cooler

1.50

-1.18

Fully removed
at 10bar

-

1.50

-1.18

The theoretical values for the COP flowsheet of Table 2 exceed those reported in Table 1. During
several trials at the COP the measured concentrations also exceeded these theoretical values, with
Attachment A suggesting that observed losses in the compressor and release of volatiles from
condensates are possible reasons.
2. Literature on mixed acid waste processing from oxyfuel vendors
Two of the oxyfuel CPU vendors have considered products using the wastes from SOx and NOx
removal, which are reviewed here.
2.1. Air Products processes and patents
The possibility of simultaneously removing SOx, NOx and mercury during compression has been
developed by Air Products as their ‘‘Sour Gas Compression’’ technology [6, 7, 9], shown on Fig 2. In
this process, two scrubbers and one adsorption bed are operated at elevated pressure (15 and 30
bar in two stages) and are designed on the basis of creating higher surface area and residence time
for gases to dissolve.

(a)
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inerts

CO2 product

(b)
Figure 2: Sour Gas Compression technology by Air Products applied in the CPU, (a) Raw oxy-fuel CO2
compression with integrated SOx and NOx removal followed by (b) CO2 low temperature purification
process [6]
To allow removal of SO2, NO and NO2 from the process, a longer residence time and contact with
water is needed after compression of the raw CO2 as shown in Fig. 2(a). After adiabatic compression
to 15 bar the CO2 is cooled by preheating boiler feed water (BFW) and condensate. At this point
holdup is added to the process by use of a contacting column with recirculated liquid condensate. A
holdup of only a few seconds is necessary to allow time for all of the SO2 to be removed as H2SO4.
The operations allow mixing of water with SO3 and then with NO2 to remove these components from
the gas continuously thus allowing reactions to proceed until all the SO2 and the bulk of the NO is
removed. Little HNO2 or HNO3 will be formed until all of the SO2 has been consumed. The SO2-lean
CO2 is then compressed to 30 bar where a similar process as at 15 bar adds another few seconds of
holdup to the process. Around 90% of the NOx and all of the SO2 can be removed in this way from
the CO2 before the inert removal. The impure 30 bar CO2 is then dried in a dual-bed thermally
regenerated desiccant drier. Oxygen, nitrogen and argon are removed from CO2 by low temperature
processing shown in Fig. 2(b).
A further recent patent [10] details processes to convert the waste streams to solid products. The
two options involve conversion of the acids to gypsum by contact with a lime slurry as shown in
Figure 3. The two options accept the two liquid streams from the compression stages at 15 and 30
bar of Figure 2a comprising H2SO4, HNO3 and Hg.
One option involves recycling the acids to a flue gas desulphurization unit (FGD) operating at
atmospheric pressure. For a retrofit application with a FGD, this will simply require facilitation of the
recycle, for an Australian application a new FGD will be required. In addition, acid gases including
N2O will be partially released on depressurisation of the liquids prior to the FGD. The second option
involves a FGD operating at pressure being fed by the waste liquids and a calcium slurry. The
advantage of this system is that acid gases will not be released, as no depressurisation is required.
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The gypsum product, for both options, is CaSO4 and Ca(NO3)2, this being removed wet and would be
dried before sale as a building product.

Figure 3: The two Air Products options for converting waste acid liquids to gypsum, black- an
illustrative oxyfuel plant with FGD, blue- low pressure option, red- high pressure option [11]
It is suggested that the appropriate option for Australian application involving a retrofit will be the
high pressure case, as standard units will not have an existing FDG.
2.2. Praxair processes and patents
In research by Praxair [12, 13] two SOx/NOx removal technologies were proposed depending on the
SOx levels in the flue gas. The activated carbon process was proposed for power plants burning low
sulphur coal and the sulphuric acid process was proposed for power plants burning high sulphur
coal.
Figure 4 shows the configuration of the process proposed for high sulphur coal for flue gas
purification and conversion of SOx and NOx to concentrated acids. The process consists of three main
vessels: the NOx stripper, the SO2 reactor and the NOx absorber. Flue gas enters the process after
leaving the raw gas compressor. The original purpose of the NOx stripper was to thermally desorb
NOx. As experimental results show that thermal desorption of NOx from sulphuric acid was not
achieved and it was not possible to remove NOx from sulphuric acid to the extent needed for
production of directly saleable sulphuric acid. The second vessel is the SOx reactor with the primary
purpose of SO2 conversion to SO3 and sulphuric acid. Following the SO2 reactor the last vessel is the
NOx absorber. The purpose of this vessel is to absorb gas phase NOx from the flue gas stream into
the liquid acid stream for 1) low NOx emissions and 2) to recycle NOx back to the front of the process
for NOx concentration. Sulphuric acid has a high absorption capacity for gas phase NOx.
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Figure 4 : The process for high sulphur coal prior to the cold box used for high sulphur coals [12, 13]
Of note on Figure 4 is that the flue gas is partially dried prior to compression and that water is then
added in the process. This provides an added measure of control over the water in the high pressure
system providing a means of controlling higher acid concentrations depending on this water
addition. A next generation design may balance the water removal and addition.
Figure 5 shows the configuration of the process for flue gas purification by simultaneously removing
SOx and NOx at high pressure with at least two activated carbon beds alternatively operated in
adsorption and regeneration modes. Regeneration of the carbon material is achieved by passing a
stream of water from top to bottom. The waste water can be recycled in order to minimize the
waste water generated. A drying step is required to remove the water adsorbed on the active sites in
order to complete the regeneration stage. The nitrogen can be used for drying.

Figure 5 : The activated carbon bed process for removal for low sulphur coals [12, 13]
For the high sulphur coal process, the sulphuric acid did not meet the performance expectations.
Although it could achieve high SOx (>99%) and NOx (>90%) removal efficiencies, it could not produce
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by-product sulphuric and nitric acids that meet the commercial product specifications. A key
stumbling block for the process was its inability to remove NOx from the produced sulphuric acid.
Since activated carbon process was shown to remove SOx from flue gas obtained from high sulphur
coal plants and since it is a less complex process than the sulphuric acid process, the research
related to the process was discontinued.
The activated carbon process was able to achieve simultaneous SOx and NOx removal in a single step.
The removal efficiencies were >99.9% for SOx and >98% for NOx, thus exceeding the performance
targets of >99% and >95%, respectively. The gas quality in the stream exiting the purification stage
achieved was : SOx <10 ppm, NOx <20 ppm.
The process was also found to be suitable for power plants burning both low and high sulphur coals.
A 40 days long continuous operation test confirmed the excellent SOx/NOx removal efficiencies
achieved in the operation. This test also indicated the need for further efforts on optimization of
adsorption-regeneration cycle to maintain long term activity of activated carbon material at a higher
level. The retention capacity of activated carbon material for SOx and NOx was significantly reduced
over a long term test period of 40 days. Optimization of adsorption-regeneration cycle is needed to
maintain long term activity of activated carbon material at a higher level and thus minimize the
waste acids for disposal.
3. Other potential products
3.1. Mixed concentrated acids
The term “mixed acid” is a common term used for a mixture of concentrated nitric acid and
sulphuric acid, which is used as a nitrating agent in the chemical manufacturing industry, for
products such as explosives and plastics. The reaction proceeds by the addition to NO3- of H2SO4
thought to catalyse the reaction by absorbing (dehydrating) the H2O product. Thus, concentrated
H2SO4 (~93-98%) is required. High concentration mixtures of H2SO4 and HNO3 are used in the
production of nitro-aromatics [14]. This mixture, typically 50:50, uses the H2SO4 as a catalyst to
nitrate aromatic compounds. Nitro-benzene is a precursor to aniline, which is its dominant use. The
World Health Organisation estimates the global production of nitrobenzene at ~2M tonnes (in
1997)[15] and a more recent report forecasts that the nitrobenzene market will reach US$9.5M in
2019 [16]. Given the high water levels used in this process, it is likely that a dehydration step would
be required to remove water from the CPU condensates prior to its use.
Based on the methods used by the sulphuric acid industry, Praxair [12, 13] considered options for
product purification to achieve a concentrated sulphuric acid, this being a readily traded industrial
chemical. Table 3 gives indicative concentrations for commercial sulphuric acid. Relevant to the
current issue is that the concentrated acid has an NOx limit of <5ppmw.
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Table 3 : Sulphuric acid and its common uses
Mass fraction, H2SO4

Concentration, mol/L

Common name

10%

~1

dilute sulphuric acid

29–32%

4.2–5

battery acid (used in lead–acid batteries)

62–70%

9.6–11.5

From lead chamber process (used for
fertilizer manufacture)

93-98%

~18

concentrated sulphuric acid

Gas phase removal of NOx is certainly possible with a typical Selective Catalytic Reduction (SCR) unit,
but was not considered. The liquid purification options considered were NOx reduction by hydrazine,
and dilution of the concentrated H2SO4 to about 60% to remove NOx then reconcentrating (an
energy intensive process).
The resultant acid achieved the 93% H2SO4 target, but also 2.5% HNO3, well above the target. In
addition, mercury would need to be removed. Praxair therefore decided not to continue with further
development of the technology.
4.2 Mixed acid treatment of biomass
The literature review revealed few options for the direct use of the dilute acid product. However, a
potential use of dilute acids is for pre-treatment [17-19] of biomass – bagasse, grass, corn and
others- for ethanol production at mild temperatures ( with acid concentrations of ~ 1-10% (~0.1-1
mol/L) concentration, temperatures of ~100-150 C). Ethanol is an alternative transportation fuel.
Cellulose, which is the major source of fermentable sugars in these materials, is protected by a
network of lignin and hemicellulose. The dilute-sulphuric-acid pre-treatment by hydrolysis removes
this protecting shield and makes the cellulose more susceptible to enzymatic digestion.
This application has been proven for bagasse for mixed acid, although sulphuric acid appears to be
the most significant acid, tests using a mixed acid with the concentrations of that expected would be
necessary.
4.3 Rare Earth Element recovery
The recovery of rare earth elements (REE) has received significant attention over the last 2 years
with the US Department of Energy’s NETL focus on extracting rare earth minerals from coal and coal
by-products. The US DOE NETL program has awarded over $8M in funding from 2015 for laboratory
and pilot scale extraction processes relating to REE’s from coal. REE ores are not typically high in
concentration and require substantial processing to obtain a usable product [20]. Acid digestion is
the industrially favoured extraction method, though many others are being researched. Industrial
acid digestion uses HCl, H2SO4 or HNO3, with the choice being influenced by cost considerations and
technical performance [21]. Recent test results with fly ash showed that concentrated HNO3 (15M)
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could be used to extract up to 97% of the REE content [22]. As a by-product of the CPU, a mixed
acid condensate could be used to provide a cheaper source of industrial acid for this growing
industry.
4.4 Acid digestion in mineral carbonation
Mineral carbonation is a CO2 capture process using Ca/Mg ores as a stable carbon sink through
carbonation. This is a growing area for CCS research, with a number of potential process routes.
Acid treatment of the ores (eg. Sepentine, Wollastonite, Olivine) provides a means of extracting the
Ca/Mg component prior to carbonation. This step greatly enhances the overall conversion rate. A
recent review found that a wide number of strong acids such as HCl, H2SO4 and HNO3 have been
employed for the dissolution of silicate rocks [23], but despite their effectiveness in extracting Mg,
these process may not be viable due to the large energy penalties associated with their recovery.
Recovery processes are typically included because of the high cost of purchasing the acids. Given
the high costs associated with either purchasing or recovering acid additives, it is likely that a mixed
acid waste from the CPU may improve the economic viability of this process.
4.5 Impurities in CPU acid wastes
Regardless of use, consideration must be given to the level of impurities present in the CPU
condensates. Combustion flue gases contain a number of trace elements and these are likely to
report to the condensates either at atmospheric or during compression conditions. Table 4 shows a
list of trace elements detected during the 2012 Macquarie University Trial at the COP [24]. Clearly,
the concentrations in the flue gas are reduced as they pass from the stack to the start and end of the
compression process, respectively. This suggests that these impurities are being captured out of the
flue gas and therefore are likely to report to the condensates. Mercury has been reported at levels
up to ~20-50µg/L (in the low pressure condensate of COP), which is 10-25 times higher than safe
drinking limits (2µg/L). These impurities must be considered in the context of end use; in that higher
quality restrictions are likely to be required where human contact is expected. The extra purification
costs associated with higher quality targets will ultimately determine the price that may be gained
for condensate re-sale. Table 5 summarises the uses and quality restrictions in terms of general
impurity requirements and acid concentration.

12

Table 4. Impurities in flue gas [24] likely to be contained in condensates

Table 5. Summary of Uses and Acid Quality Restrictions for CPU condensates
Downstream use for
mixed acid waste
Biomass Pre-treatment

End Product
Ethanol

Quality Restrictions

Reason

Impurities - Low

Treated biomass separated
from acid liquor is unlikely to
contain impurities.

Concentration –Low or
High

Processes exist for dilute and
concentrated acid digestion

Rare Earth Element
recovery

REE ore

Impurities - Low/Medium Process and REE ore quality
dependant
Concentration - High

Mineral Carbonation

Mg/Ca
carbonate

Impurities : Low

Nitro-aromatic
production

Aniline

ConcentrationMedium/High
Impurities : Medium-High
Concentration: Very high

Final carbonated product
may be used for building
products similar to gypsum
Process impurities must be
removed due to wide
industrial use for chemical
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4. Economic considerations
Here the magnitudes of the disposal costs and potential value of identified products are estimated,
based on the values of Table 2.
An estimation of the cost of disposal of the mixed acid condensates in an ash dam may be made
considering the use of 50%wt NaOH to increase the pH of the mixed acid from 3 to about 6.5-6.7
[23]. This chemical was used as it is used in the Scrubber 1 of Figure 1. For a 500 MWe oxyfuel unit
of the COP design the estimated annual cost is 22.5 M$/y for the dosing only. Clearly, for such a
scale, less expensive dosing or disposal options would be considered.
Considering a gypsum product with a current value of ~ $10-15$/t, a gypsum product will return less
than $0.2M annually. Considering a dilute acid mixed acid product, if a user of dilute acid purchased
concentrated sulphuric acid at ~200-350$/t , then this translates to a value for the dilute acid of ~
20-35$/t (not considering the expected cost impact of the impurities), which is likely to be a similar
cost for transport. The annual return is then M$1.3-2.2. For Nitric acid, the production costs were
~US$35/tonne HNO3 [24] (in 1985) and is currently valued at ~US$300-500/tonne HNO3 for 68%
concentrated solutions. If sold for ~$100/tonne (to account for impurity removal), this equates to
0.85M$.
These magnitudes indicate that the economic justification for transforming the mixed acid wastes
into products is to avoid disposal costs rather than the value-addition of the products themselves.
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Attachment A: Estimation of magnitudes of mixed acid wastes
Here the magnitudes – quantity and composition- of acid wastes based on mass balances for the
Callide Oxyfuel Project (COP) and measurements made on the CPU at the COP are estimated for a
500MWe oxyfuel unit, this being a typical commercial scale. An 85% availability is assumed, with
energy generation of 3,720,000 MWh/y and CO2 generation of 3,160,000 tonnes CO2/y. An emission
intensity of 0.85 tonnes CO2/MWh has been assumed.
A.1 Assumptions and simplifications
The (stack) flue gas has a composition range measured during University of Newcastle (UoN) trials at
the COP (1) as given on Table A1.
Table A1: Flue gas composition range for oxyfuel and air firing

The well-known higher levels of the acid liquid gases in oxyfuel are apparent in Table A1, for the
estimates the average values are used these being 943ppm for SO2, and 1083ppm for NOx (NO+NO2)
as NO forms NO2 during compression with O2. Estimates are made of two flue gas conditions
entering the compressor, both saturated with water vapour at 25 oC, so that a substantial proportion
of the H2O of Table A1 has been removed prior, these being
•

The COP flow sheet: After Scrubber 1 of Figure 1 assuming that all SO2 has been removed,
and of the acid gases only NOx enters the compressor

•

The “sour gas -SG” compression: By replacing Scrubber 1 with a cooler condenser and
neglecting its retention of acid gases. This represents the condition of the Air Product
purification patent (6)

The condensates were estimated at three points
•

Condensed prior –CP- to entering the compressor

•

At the intercooler –IC- after initial compression to 10bar

•

After full compression –FC- to 24bar

The SOx and NOx removed as condensates in the condensates during compression were estimated
at the COP trials as quantified on Figure A1.

16

Figure A1: NOx and SOx removed during compression of slip streams in a laboratory piston
compressor
The condensate and % removal estimates based on Figure A1 are given in Table A2.
Table A2: Condensate and removal estimates, * the estimated condensates at atmospheric pressure
had a concentration of 0.24 mol/l SO4- and a pH of 0.32 due to the dilution from condensed water
vapour in the flue gas.
Pressure, bar

Code

1
10
24

CP
IC
FC

Condensate,
tonne/y
438,000
59,000
3,200

SOx removed, %

NOx removed, %

*
100, assumed
-

40
40

The estimated condensate concentrations and pH are given in Table A3.
Table A3: Condensate concentrations and pH
Pressure,
bar

10
24

COP- Callide
NO3 -, as SOx previously
removed

SG-Sour gas
SO4-- alone

Mol/L
0.82
1.50

Mol/L
1.77
Fully removed
at 10bar

pH
0.09
-1.18

SO4- and NO3-, for both
SOx and NOx removal
pH
-0.55
-

Mol/L
2.59
1.50

pH
-0.64
-1.18

A.2 Comparisons with measured values during COP trials
The calculated concentrations and pH values may be compared with those measured (6) during a
UoN field campaign given in Table A4 and officially reported by the COP given in Table A5.
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In general, the acid concentration calculations above are higher than those measured The highest
concentration of nitrate was measured during the UoN work was 45.4g/L which corresponds with a
0.13 pH. This concentration is of similar magnitude to those officially published by COP for the CPU
liquids at 25.0g/L NO3-. The higher calculated values indicate that NOx is captured through
mechanisms other than condensate removal. From previous UoN work (6), this is likely through
HNO3 deposition in non-wetted higher pressure areas of the CPU. The presence of HNO3 has been
verified (by FTIR) during depressurisation of the small pressure rig. This was measured to account
for ~10% of the NOx balance. At the COP, the UoN field campaign on the Molecular Sieve
Regeneration measured significant quantities of HNO3 present in the off-gas as the driers were
heated to remove adsorbed water. This suggests that the likely exit point for NOx captured in nonwetted areas is currently to atmosphere through the Driers.
Another mechanism identified by UoN is the potential release of “volatile NOx” during
depressurisation of the condensates (6). As NO2/N2O4 is absorbed in water, the acid products form
an equal mixture of HNO2 and HNO3. The HNO2 remains present as a dissolved gas which can be
released when the liquid condensates are exhausted to atmospheric pressure. Laboratory tests have
shown that up to 50% of the captured NOx can be desorbed, however measurements have shown
that HNO2 is likely to be further oxidised to HNO3 in the compressor leading to lower amounts of
volatile NOx gases. This mechanism is likely to lead to lower measured values of nitrate
concentration, particularly in the interstage condensate which measured volatile losses of up to
18%. Recent small pressure rig experiments at UoN have indicated that lower pressures result in
lower amounts in dissolved O2 and thus have more limited ability to oxidise the HNO2 in the liquid
phase.
Related to sulphur capture, UoN laboratory experiments have shown that an equilibrium between
gas phase SO2 and maximum dissolved SO2 and is obtained above a pH of 2. Below this limit, the
solution becomes saturated and no further SO2 may be dissolved. This limit is well above the pH
calculated above, suggesting that 100% SO2 capture in the atmospheric condensation stage in
unlikely without additional capture additives (such as NaOH) to balance the pH. During the UoN
experiments performed on the “high SO2” slipstream condensates were produced with SO4 concentrations as high as 0.5g/L. These concentrations were measured in both interstage and high
pressure condensates, despite the majority of SO2 capture occurring below 10 bar. By comparison
the calculated concentration equates to 22.9g/L SO4-, which is significantly higher than measured
values. This suggests that the liquid condensates are becoming saturated with SO2 at an equilibrium
well below the assumed the 100% capture rate. As with the NOx case discussed above, it is likely
that acid formation and deposition in non-wetted areas is also possible with H2SO4, though this is an
area that has received less attention due to focus on the Air Liquide process at COP.

Table A4. Condensate quality from COP CPU taken from UoN Field Campaign of 2014 (6)
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Table A5. Published condensate data from the COP [10]
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Executive Summary
Additional experiments made on the UoN small pressure rig were undertaken with NOx and mixed
NO+SOx injection using a combined gas analysis system (FTIR/NOx/N2O). This complementary work
was made because industrial NOx analysers do not differentiate NO2 from other forms of NOx
(HONO, HNO3, N2O). The intention was to provide tightly controlled gas flows to enable the FTIR
identification and quantification of other species formed during the compression process. It was
found that the variable amounts of water vapour had an over‐riding influence on baseline FTIR
measurements which required specific deviations from previous methods. Overall, this work has
identified N2O being formed during the injection of a mixed acid gas stream in similar quantities to
those measured by the dedicated N2O analyser. It has also confirmed the presence of HONO
released during de‐gassing of the liquid phase from a 25 bar condition. However, the trace levels
(~1.3ppm) indicate that the measured NO and NO2 traces are likely real gas concentrations evolved
from desorbing out of the depressurised liquid. This also suggests that the 1 hour residence time at
25 bar is sufficient to oxidise dissolved HONO formed in the NOx absorption process. The FTIR also
confirmed the presence of HNO3 desorbing out the back sections of the reactor at concentrations
similar to those measured with the NOx analyser. The presence of HNO3 represents a potential
safety hazard during maintenance of an oxyfuel compression circuit.
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Introduction
The Callide Oxyfuel Project CO2 Processing Unit (COP CPU) was designed to remove SOx at
atmospheric pressure using a 2 column caustic scrubbing unit (shown as Scrubber 1 in Figure 1). The
removal of NOx occurred at higher pressure during compression and in a high pressure column
(Scrubber 2 in Figure 1).
However, other gas vendors have proposed alternative circuits involving co‐removal of SOx and NOx
at high pressure as a method of improving overall capture and reducing CPU footprint. Air Products
Sour Gas Compression process (Figure 2) involves high pressure co‐removal of SOx and NOx in a 2
column system operated at 15 and 30 bar, respectively. The application of this process is suited to
Australia, as both NOx and SOx are present at reasonable levels in flue gas in Australian coal fired
power stations, and their co‐removal avoids the cost of the addition of separate SOx removal
technologies. Capture at higher pressure also provides a method of reducing overall unit size and
thus capital requirements. Notionally, the presence of NO2 also acts as an oxidiser for SO2,
providing greater SOx capture. This mechanism is based on the lead chamber process used in
sulfuric acid manufacturing. However, the co‐capture of SOx and NOx at atmospheric pressure has
been linked with the formation of N2O‐a potent greenhouse gas equivalent to 300 the impact of CO2.
The current work extends this finding to high pressures.
The UoN has previously reported on the formation of N2O during co‐removal of mixed acid streams
on both the small pressure system and the bench‐scale compression unit [2]. In that report the
presence of N2O was measured using a dedicated industrial N2O analyser. This work reports on
additional experiments made on the small pressure system which included the use of an FTIR
spectrometer to alternatively verify the presence of N2O and estimate its concentration. This
combined analytical approach was also extended to NOx‐ only measurements (ie no SO2 injected)
made under controlled conditions to quantify other nitrogen containing species present in various
parts of the experimental system.
Identification and quantification of nitrogen‐containing species observed in experiments at the
University of Newcastle at high pressure from the compression of oxyfuel gas were described in our
previous report [3]. Importantly, the use of an industrial chemiluminescent NOx analyser measures
the presence of NO and by difference through a convertor “Total NOx”. Typically, the difference
between NO and Total NOx is attributed to NO2. However, our research has suggested that this
measurement may also include other nitrogen containing species HNO2, HNO3 and N2O, depending
on the experimental conditions. Here we report additional laboratory FTIR measurements to the
presence of nitrous oxide (N2O) in the products of reactants comprising 1000 ppm NO, 1000 ppm
SO2, at 5 bar, and in the presence of water. In addition further experiments which attempted to
identify water soluble de‐gassing products were also undertaken.
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Figure 1. Air Liquide’s CPU design for the Callide Oxyfuel Process with atmospheric scrubbing of SO2
followed by high pressure removal of NOx.

Figure 2. Air Products Sour Gas Compression process with co‐removal of SOx and NOx at high
pressure using two columns at 15 and 30 bar respectively (taken from [4]).

The mechanisms of NOx transformations and capture have been studied extensively by the UoN, in
part as they relate to mercury capture prior to the brazed aluminium heat exchanger in the COP
CPU. Figure 3 shows a summary of these processes presented in an invited webinar by the Global
CCS Institute in 2016. Importantly, it shows the challenge of obtaining a nitrogen mass balance and
the need for different experimental measurements to capture these impacts.
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NO  NO2

Figure 3. High pressure mechanisms of NOx and mercury capture during oxyfuel flue gas
compression showing capture in condensates (as stable nitrites) and as acid condensation. Dissolved
gases may potentially be an emission when condensates are depressurised, as indicated by the
experimental evidence. Taken from [5].

Experimental
The small pressurised reactor used at the UoN for COP CPU mechanistic studies has three modes of
experimental operation (Figure 4); these being (1) Absorption of NOx into liquid water at high
pressure; (2) de‐gassing of the liquid after the experiment and (3) desorption of condensed acids
from the back‐end of the reactor after the experiment.
(1) Absorption
by liquid

(2) De‐gassing
of liquid

NOx
(+SO2)

(3) Desorption
of condensed acid

N2
5% O2

NOx
(from surfaces)
H2O
bypassed

H2O

Air

NOx
(from liquid)

Figure 4. Diagram showing the “modes” of experimental operation showing (a) absorption of NOx
(and/or SOx) into liquid water at pressures; (b) de‐gassing of volatile NOx species out of the liquid
after absorption and (c) desorption of NOx species from the non‐wetted surfaces after the reactor
(bypassing liquid).
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Mode 1 (absorption) involves the initial contacting of NOx gases with liquid water in which capture
occurs through the gas phase oxidation of NO to NO2 and the subsequent absorption of soluble NO2
as a mixed acid (HNO2/HNO3). Higher pressure has been shown to increase the oxidation of NO and
improve overall NOx capture. Previous mixed acid work has shown that the addition of SO2 injected
into the small pressure system results in the formation of N2O at 5 and 25 bar to different extents.
This work replicates those experiments at 5 bar with FTIR measurements as verification.
Mode 2 (de‐gassing) involved the controlled removal of the liquid after absorption of NOx only (over
~1 hour at 25 bar). The liquid was dropped out in 40‐50mL aliquots into a sealed vessel with a
constant flow of air at 3LPM. Dissolved gases present in the liquid were then allowed to de‐gas over
1 hour before the next aliquot was taken. It was hypothesized that the absorption of NO2 into a
mixture of HNO2/HNO3 would result in a build‐up of HNO2 dissolved in the liquid phase (HNO2 being
fully ionised). The FTIR measurements taken during this period were averaged over several minutes
to obtain sufficient signal. This is important as much of the dissolved gases were observed to be
removed over the course of several minutes and hence much of the transient changes are averaged
out by the FTIR.
Mode 3 (desorption) involved bypassing the liquid section of the reactor and depressurising the
transport lines. This allowed for the dissolved gases to be contained in the reactor while the back‐
sections of the system could be flushed. Importantly, this mode of analysis has previously measured
a large peak in NO2 (of the order of several 1000ppm) over the course of several minutes. It was
hypothesized that the gas phase formation of HNO3 in the back sections of the system could occur
because of the presence of water vapour derived from the reactor. Once condensed onto the
surface, the lack of a liquid water phase could allow the HNO3 to retain sufficient vapour pressure to
be evaporated once depressurised. The FTIR experiments were taken after a 1 hour absorption of
NOx only injection at 5 bar.

FTIR Operation
The FTIR spectra in this series of experiments, performed in November 2014, were collected under
the same conditions as previous NOx only experiments. The outlet flow of the high pressure batch
reactor at atmospheric pressure (ie after reduction of the reactor pressure) was connected to a
Nicolet 6700 FTIR. The FTIR cell was operated in flow‐through mode (the flow was determined by
the conditions of the experiment) in order to minimally perturb the concentrations of reactive
nitrogen species measured in the products and to avoid the condensation/ disappearance of these
species. Specific to these experiments was the need to provide the FTIR analyser with a sample gas
with constant H2O vapour. This required a minor change to previously reported work, where the
experiment was started by bubbling N2 only through the pressurised system. Once a H2O baseline
was established the NO and SO2 gases were turned on through custom designed Mass Flow
Controller (MFC) software.
A folded‐beam gas cell with a total path length of 2.4 meters (Infrared Analysis Inc., Model 2.4‐H)
was custom fitted to the FTIR. The FTIR was operated using a liquid nitrogen cooled MCT/A detector
with the following beam parameters: 128 scans were co‐added to obtain spectra at 0.25 cm‐1
resolution with a scanning range between 650‐4000 cm‐1. Spectra were recorded using FTIR
software (Thermo Scientific Nicolet OmnicTM).
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Peak identity was confirmed and concentrations estimated by comparison with standard spectra
provided by a Database of 386 Digitized Quantitative Gas Phase Reference Spectra (Infrared
Analysis, Inc QASOFT Package 4.0).

Results
(Mode 1) Confirmation of nitrous oxide (N2O) formation from mixed acid gas (SO2/NO) injection
This experiment was performed 18/11/2014 under the following conditions: flow 3 SLPM, 1000 ppm
NO, 1000 ppm SO2, 5 bar, and 150 mL water in the bubble reactor.
Figure 5 shows FTIR spectra for the frequency range of 2300‐2100 cm‐1 at three times after the
commencement of this experiment, and also for the feed gas. All show the characteristic features for
gas phase spectra of N2O. The feed gas for this experiment shows small amounts of N2O (~10 ppm)
probably as an impurity in the NO gas used.
Each of the product gas spectra show significantly enhanced concentrations of N2O: 200 ppm about
2‐3 minutes after the commencement of the experiment, increasing to 240 ppm once steady state
conditions had been reached. This matches measurements of N2O made in UoN Milestone 4.1
report (with a dedicated N2O analyser) which showed a peak N2O concentration of 230ppm with the
same feed conditions.
The observation of N2O formation under these conditions is not unexpected given previous research
[6] which showed significant amounts of N2O formed from coal combustion gases containing similar
amounts of NOx and SO2. As N2O has a global warming potential 265–298 times that of CO2 for a 100‐
year timescale, the formation and fate of this species in full scale oxy‐combustion systems requires
investigation and evaluation.
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Figure 5: FTIR spectra of the region of N2O absorbance for feed and product gas from 5 bar experiment in University of Newcastle pressure reactor. (a) product gas
spectrum 2‐3 minutes after commencement of flow; (b) & (c) product gas spectra under steady state conditions. (d) feed gas spectrum with N2 made prior to acid gas
injection into 150 mL water in bubble reactor, showing trace N2O impurity.
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(Mode 2) Species observed during de‐gassing of liquid water after NOx‐only absorption at 25 bar
This experiment was based on replicating previous NOx only measurements made on the small UoN pressure system.
Initially, experiments with the FTIR attached were made to confirm the presence of other NOx species (Nelson and
Bray, 2015). In replicating the work, a more controlled set of measurements could be made to quantify the
concentrations of these other NOx species, specifically HONO and HNO3.
Spectra were collected at a range of times after a 25 bar experiment with NO injected at 1000 ppm, O2 set to 5% and
collection of potential products in liquid water. Specific to this experiment was the addition of liquid water in the de‐
gassing vessel, to ensure that the H2O vapour was constant. The pressurised liquids were dropped out into a smaller
beaker sitting in this water bath. Figure 6 shows the FTIR product gas spectra from this experiment. Trace
concentrations of N2O of ~1.3ppm are observed but no nitric acid (compare the large amounts of nitric acid observed
in Figure 19 of our previous report [3]). The NO and NO2 measurements taken with the NOx analyser showed that
NO2 reached a peak of 35ppm during these de‐gassing experiments. This suggests that the high pressure conditions
produced a relatively stable liquid. Previous work had confirmed the presence of HONO (ie nitrous, sometimes
written as HNO2) during volatile release experiments, leading to the conclusion that it was the main volatile species
released during de‐gassing. However, these controlled experiments have allowed quantification of HONO
concentration at trace levels. This suggests that the main volatile species evolved from high pressure liquids are in
fact dissolved gases NO and NO2.

Absorbance
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1200

1100
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900

800

700

Wavenumber (cm-1)
Figure 6: Product gas spectrum in region of HONO and HNO3 absorbance from collected water experiment; features
due to trace HONO (~1.3ppm) observed but no HNO3.
Figure shows the spectra at intervals after the commencement of the desorption phase from the collected water.
These spectra are complicated by the very large absorption due to gas phase water but Figure (a) and (b) show
evidence of very broad absorption. It is not clear what species might be responsible for these features but water
condensing in the FTIR cell is one possibility.
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Figure 7: Spectra collected from collected water during desorption. Sharp lines due to gas phase water. (a) to (c)
spectra collected at intervals of ~5 minutes at increasing times after commencement of desorption
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(Mode 3) Species observed during acid desorption test after NOx injection at 5 bar
As with Mode 2, these experiments were designed to replicate previous NOx only measurements. The acid
desorption at the end of the NOx injection experiments has previously been observed as a NO2 peak well above the
measurement range of the NOx analyser. It was theorised that this material was HNO3 produced in transport lines
downstream of the pressure vessel (in the presence of H2O vapour) which was subsequently desorbed into the gas
phase. In this experiment, the NO2 was observed to peak above 500ppm, then drop to 20ppm within 20 minutes. A
smaller secondary peak was then observed to occur over ~45 minutes. The purpose of these measurements was to
identify that this species is HNO3 and quantify its concentration.
Figure shows spectra obtained during acid desorption. The time elapsed from the beginning of these spectral
collections increase in approximately 20 minute intervals from Figure 8(a) to (b) to (c). The fine lines are due to gas
phase water and these decrease in intensity with time after the commencement of the desorption. The spectra also
include features due to gas phase nitric acid which vary in intensity but which are present at all three times. The
identity of the features as due to nitric acid was confirmed by removing the lines due to water; the resulting
spectrum is presented as Figure , with peaks at 1710, 1304, and 879 cm‐1 confirming the identity of the nitric acid,
HNO3 at a concentration of ~55ppm. The large negative peaks are due to NO and NO2 in the subtraction spectrum
used.
TABLE 1. Summary of FTIR experiments and findings
FTIR Experiments
Mode 1‐absorption
(on page 8)

Inputs
NO 1000 ppm
SO2 1000 ppm
O2 5%
H2O added as
150mL liquid (batch)

Output
Present in the reactor
exit gas:

Pressure 5 bar

Residual SO2, NO, NO2

240 ppm N2O
(from FTIR)

Comment
Specific to Air Products
Sour Gas Compression
process (with presence
of SO2)

H2O vapour from
reactor
Mode 2‐ degassing of
liquid after absorption
(on page 9‐10)

Simulating conditions of
the high pressure
condensate removal
stage at the COP CPU
(after‐cooler), where
liquids exit the system

NO 1000 ppm
SO2 nil
O2 5%
H2O added as
150mL liquid (batch)
Pressure 25 bar

Present in liquid off‐gas
during degassing:

De‐gassing: Air 3 LPM
NO2
Trace HONO
No HNO3
Mode 3‐desorption of
condensed acid
(on page 12‐13)

NO 1000 ppm
SO2 nil
O2 5%
H2O sat vapour after
reactor
Pressure 5 bar

Present in the
desorbing gas stream:

Desorption: 5% O2 in N2

HNO3
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Simulating conditions
after the lower pressure
condensate removal at
the COP CPU
(intercooler), where
water vapour and NOx
gases are present
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Figure 8: FTIR spectra of desorption gas with time from commencement of desorption increasing in approximately
20 minute intervals from (a) to (b) to (c)
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Figure 9: FTIR Difference spectra after subtraction of water lines from acid desorption experiment (from Figure 4b
above). Peaks at 1710, 1304, and 879 cm‐1 confirm the identity of HNO3 at a concentration of ~55ppm.

Conclusions
Additional experiments made on the UoN small pressure rig were undertaken with NOx and mixed NO+SOx injection
using a combined gas analysis system (FTIR/NOx/N2O) with Table 1 summarising the experiments.
It was found that the variable amounts of water vapour had an over‐riding influence on baseline FTIR measurements
which required experimental deviations from previous methods. Overall, this work has identified N2O being formed
during the injection of a mixed acid gas stream in similar quantities to those measured by the dedicated N2O
analyser. It has also confirmed the presence of HONO at trace levels when released during de‐gassing of the liquid
phase from the 25 bar condition. This indicates that the measured NO and NO2 traces are likely real gas
concentrations evolved from desorbing out of the depressurised liquid. This also suggests that the 1 hour residence
time at 25 bar is sufficient to oxidise dissolved HONO formed in the NOx absorption process. The FTIR also
confirmed the presence of HNO3 desorbing out the back sections of the reactor at concentrations similar to those
measured with the NOx analyser. This indicates that for this specific experimental condition the “NO2” trace
measured with the NOx analyser is reflective of real HNO3 concentrations. The presence of high HNO3 concentration
in the gas phase represents a significant safety hazard during maintenance and unplanned shut‐downs of the high
pressure circuit. It also confirms the previous theory on potential avenues for NOx capture in an oxyfuel
compression system.

13

References
1.

2.

3.

4.
5.
6.

Spero, C., 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. 2014.
Stanger, R. and T. Wall, ANLECR&D project 6‐0215‐0234 Milestone Report 4.1 “Products formed from gas
impurities in oxyfuel‐derived CO2 compression: Emissions on depressurisation, stability, disposal and
utilisation potential March 2017. 2017.
Nelson, P.F. and P.S. Bray, Formation of nitrogen containing gases under high pressure during compression of
OxyFuel gas. ANLECR&D PROJECT 6‐1212‐0221: Gas quality impacts, assessment and control in oxy‐fuel
technology for CCS: Part 2. Mercury removal with SO3 in the fabric filter and with NOx as liquids in CO2
compression. 2015, Report of a subcontract from the University of Newcastke to Macquarie University. p. 43.
Li, H., et al., Gas quality control in oxy‐pf technology for carbon capture and storage ‐ a literature review,
Report to Xstrata Coal Low Emissions Research and Development Corporation. 2012.
Wall, T. and R. Stanger, Gas quality impacts, assessment and control in oxy‐fuel and Gas quality impacts,
assessment and control in oxy‐fuel: part 1, webinar to Global CCS Insitute, 21 July 2016. 2016.
Linak, W.P., et al., Nitrous oxide emissions from fossil fuel combustion. Journal of Geophysical Research:
Atmospheres, 1990. 95(D6): p. 7533‐7541.

14

