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ABSTRACT  
 
This report forms a part of Phase One of the project entitled Research and 
Development Project Metrology for Post-Combustion Carbon Dioxide Capture using 
Amine-Based Technologies (WP2). 
 
Both, the sorbent amines used in the Carbon Capture Usage and Storage (CCUS) 
plants, and their degradation products (secondary amines, nitrosamines and 
nitramines) exhibit a complex physicochemical behaviour under the typical Post-
Combustion Carbon dioxide Capture (PCC) conditions. This project is mainly focused 
on nitrosamine emissions due to their major significance and potential impact in health 
and environment. Work has concentrated on a selected group of nitrosamines, 
including those within the priority list supplied by the UK Environmental Agency, and 
some other nitrosamines generally used in scientific research and industrial tests.  
 
This report summarised research performed into nitrosamine physicochemical 
parameters. Initial findings indicate a considerable variation in the values assigned to 
several physical parameters found in the available literature (up to an order of 
magnitude). This has a potential impact on the interpretation of the behaviour of several 
species of nitrosamines affecting the effectiveness of the proposed sampling 
methodologies. We discuss the possible origin of these discrepancies and develop 
some strategies to avoid the ambiguous values among the original large data set.  
These strategies are based on well-known physical and chemical properties and some 
simple statistics.  
 
We then assessed the implications of those values on the proposed monitoring 
methods for the selected group of nitrosamines. The discussion includes both the 
physical and the chemical aspects. With this information, all the possible issues and 
foreseeable aspects were considered to test/validate the methods proposed in this 
project. The current proposed method is specified within a separate document 
“32774_Metrology for PCC using Amine-Based Technologies_Procedure_Impinger 
based Method_v2.0”. This document forms a separate deliverable under WP2 of the 
project.  
 
As part of the validation of the proposed method, a test bench for nitrosamine sampling 
was developed, and as proposed in the referenced WP1 report, two candidate 
methods were tested, a Liquid Sampling (three impingers in series) and a Dry Sampling 
(using two Thermo-Sorb cartridges in series ). A known amount of reference 
nitrosamines was injected into the test bench. 
 
The liquid sampling recoveries range from 70 to 110 % for individual nitrosamines. The 
impinger efficiencies depend on the volatility and chemical structure of the specific 
nitrosamines. Two different criteria were used to assess the validity of the method, a 
capture ±10% of the total mass of the reference amount of injected nitrosamines and 
an impinger capture efficiency criterion of 95% (recovery of less than 5% of the total 
impinger mass in last impinger) which is typical for wet chemistry stack emission 
measurement methods. 
 
The test results for the four most volatile compounds: NDMA, NMEA, NDEA, and NPIP 
under the liquid sampling method meet the requirements for both of these criteria. 
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NDPA meets only the criterion of recovery of ±10% of total mass injected, and the least 
volatile nitrosamines (NDBA, NPYR, and NMOR) have a total mass recovery of ~80%, 
regardless of their molecular structure (in this case the values have a higher variability) 
but NPYR and NMOR pass the 95% impinger capture efficiency test. The ring-type 
nitrosamines pass this criterion despite having lower volatility. As expected, NDPA and 
NDBA were found in sizeable amounts in the back up Thermo-Sorb cartridge, 
demonstrating significant breakthrough from all the impingers.  
 
 
The conclusions presented here could be carefully extrapolated to other species with 
similar volatilities and structures, but not to low volatile compounds such as NDELA 
and EHEN. These kinds of compounds behave differently and require different sample 
media in order to be sampled, for that reason they are not part of the scope of this 
report. Also, CCUS stack conditions may vary and may be different to the ones 
simulated during the test bench laboratory testing, in this case it is advisable to assess 
the impact of such changes on the proposed methods. 
 
The test series using the Dry Sampling Method (Thermo-Sorb cartridges) generated 
some inconclusive results. This could be due to custom delays which resulted in the 
arrival of the samples to the analytical laboratory in Germany beyond the 7-day limit 
specified by the analysis laboratory which guarantees the integrity of the samples. This 
represents a significant constraint that highlights the need for national laboratory 
analysis capabilities. 
 
However, regardless of the limitations and inconclusive results of the dry cartridge 
method this report still concludes that at this stage of this project the impinger method 
is still the preferred method of the two. This is due to mainly the additional uncertainty 
introduced by the dilution required for the dry cartridge method (to avoid any 
condensation reaching the cartridge) in conjunction with the corresponding LODs and 
levels of nitrosamines expected. This further supports the conclusions of the WP1 
report [NPL, 2022]. Both methods will be further evaluated during the field testing of 
Phase 2 on an operational CCUS plant. However, its sensitivity and its capacity to 
inhibit further nitrosation within the samples still support the conclusions presented on 
the WP1 report [NPL, 2022] that in principle the dry method is a fit for purpose method 
for nitrosamines sampling. Then both methods (wet and dry sampling) will be tested 
during Phase 2 in an industrial CCUS plant.   
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1   REPORT SCOPE 
 
At present fossil fuels remain the predominant source of energy of our civilisation, representing 
81% of the total world energy supply (IEA, 2019), the transition to other cleaner energy sources 
(renewables, nuclear or future fusion) will take time, as technical, economic and infrastructure 
challenges are addressed. 
 
In an effort to reduce the impact of fossil fuels usage during this transition, carbon capture 
technology has been proposed using Carbon Capture Usage and Storage (CCUS) to 
extract (and therefore reduce) CO2 from emission-producing industrial installations. Besides 
the oil and gas industry applications, there are several other examples of amine based CCUS 
plants, although they are mainly pilot plants., CCUS is an expanding technology and the target 
is that captured carbon can be either utilised in other applications or stored, therefore 
preventing atmospheric release 
 
The National Physical Laboratory (NPL) was awarded a contract by the Environment Agency 
(EA), funded by the Department of Business Energy and Industrial Strategy (BEIS)1, to 
undertake a research and development project to address measurement gaps associated with 
monitoring emissions from amine-based carbon capture installations. In this frame, NPL lead 
the project entitled Research and Development Project Metrology for Post-Combustion Carbon 
Dioxide Capture using Amine-Based Technologies.  
 
This report forms a deliverable under WP2 of Phase One of the mentioned project. The 
previous Report (Report RES 1613 phase one under WP1, NPL, 2022) presented the compiled 
information on the compounds and process conditions typically encountered within the 
atmospheric emissions of PCC (post-combustion carbon capture) facilities and detailed a list 
of the measurement techniques already available [NPL, 2022]. Through this, two of the main 
objectives of this project were achieved: to understand what compounds may arise from a PCC 
exhaust and identify what measurement protocols currently exist to account for them. It was 
identified that in the PCC process the temperature of the flue gas is relatively low (to maximize 
the CO2 absorption) [Meekoch & Maneeintr, 2020], producing water saturation as a secondary 
undesired result. Due to this, for both manual and instrumental methods isokinetic sampling is 
required to obtain representative samples, and it is necessary to assess the extent of the 
influence this has on the proposed sampling and measurement methods. 

 
From that starting point, in this report we address the third objective which is the validation of 
a methodology for nitrosamines monitoring applicable to PCCs. We describe here the 
candidate methods  for  nitrosamines sampling, for which no reference methods are yet 
available. This report contains a summary of the research conducted and the resolutions to 
the problems which were encountered during the research process which resulted in the 
testing of two proposed methods for nitrosamine measurement on simulated stack conditions. 
Verification of the sample storage and sampling conditions were studied, planned and 
conducted, considering the possible issues related with the stability of the target nitrosamines 
in all the involved stages of the process (sampling, storage, handling and shipping). Specific 
tests were then conducted recreating the most important method parameters. An experimental 
plan was derived with the aim of addressing these considerations by creating a test 
environment that recreated the process conditions typically encountered at a PCC plant. The 
proposed monitoring method was also validated prior to its application in a pilot study on a 
PCC plant planned for a subsequent stage of this project. 

 
Initially, the experiments were proposed to be undertaken using NPL’s Stack Simulator, 
however, it would require a flow rate of about 100 litres per minute for each individual test, 
leading to a large volume of mixed gases (air, CO, NOx, SO2 and water vapour) containing 

 
1 Now Department of Energy Security and Net Zero (DESNZ) 
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measurable concentrations of nitrosamines. This would have led to a large volume of waste 
gas, which would need to be disposed of after each set of tests. This would also require a large 
volume of a cleaning gas mix in order to wash out the internal surface of the Stack Simulator 
between tests. This is particularly critical for some nitrosamines with high boiling points, as will 
be discussed later in this report. This situation resulted in both health, safety and environmental 
concerns that would require significantly more resources and time to address them. For those 
reasons, a purpose made scaled-down Test Gas Generator was designed and assembled, so 
that the waste flows and volumes were more manageable. A validation of the system, 
described below, to ensure its appropriate functioning was performed (reproducibility of the 
programmed synthetic mixed flows, homogenisation times, stability measurements), including 
the safety related aspects (gas line leaks checks, final capture devices to contain all the 
nitrosamines amounts after each test, safe storage or dilution of pollutants within waste gases 
for final disposition, and safe work, contingencies and emergencies protocols). The latter is 
essential from a H&S perspective due to the well-known carcinogenic character of the 
nitrosamines intended to be used during the tests [Beard & Swager, 2021]. 
 
The system was tested with HCl injecting a solution of 0.02 M to produce 5 ppm v/v in the 
stream gas, then we used Fourier Transform Infrared (FTIR) to measure before and after the 
probe to be able to detect any possible variation or instability. The temperature range tested 
was from 190 down to 40 ⁰C, with the scope to determine whether the systems stability holds 
for the lower temperatures (which are the expected stack temperatures at a CCUS plant). 
Although the system is very stable at the higher temperatures, it loses the stability near 40 ⁰C, 
so the decision was made to work at 80 ⁰C to ensure test reproducibility.  

 
Among the different PCC plants (designs, scales and uses) there are several specific details 
and parameters that have a relatively broad range of conditions and values. From a theoretical 
basis there are several potential effects that these can have on the proposed monitoring 
methods, which should be assessed and mitigated against in each particular case. That is why 
it is of paramount importance the detailed specification of the laboratory test conditions and 
the parameters mimicking the studied industrial process are documented, in order to be aware 
of the applicability range of the tested methods. 

 
In this context, the content of water vapour (which ranges from units to tens of percent)  is of 
particular importance and the actual flue gas composition on the PCC stacks are known. For 
instance, some Carbon Capture Usage and Storage (CCUS) plants retain only a fraction of the 
carbon dioxide for industrial use (leaving significant content of CO2 to be emitted to the 
atmosphere), while other CCUS plants are intended to capture a major part of the CO2, 
practically eliminating its emission. In the present project we investigated a number of specific 
conditions and parameters (described in this report) which pertains to describe the general 
features of a PCC and demonstrates a proof of concept of the proposed methods, to be tested 
later (in phase 2) in situ at a given PCC. A more detailed and wider scoped technical proposal 
for systematic testing, meant to cover the whole spectra of existing (or future) PCC plants, 
could be addressed in the future through a more ambitious project phase, based upon the 
results of this current project Phase and in Phase 2. 
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2    INTRODUCTION 
 
2.1  ORGANIC COMPOUNDS CONSIDERED IN THIS REPORT 
 
In the following table there is a summary of the names, acronyms and CAS numbers of the 
organic compounds mentioned in the present report. It includes the most used amines in 
CCUS, and the nitrosamines listed by the UK Environmental Agency as those of priority 
interest. 
 

  Table 1. Amines and nitrosamines mentioned in this report. 
Acronym Name CAS # 
MEA Monoethanolamine 141-43-5 
DEA Diethanolamine 111-42-2 
MMEA  Methylmonoethanolamine  109-83-1 
MDEA  Methyldiethanolamine  105-59-9 
NNS Nitrosamines (Class of compounds) N/a 
NDMA N-nitrosodimethylamine 62-75-9 
NDELA N-nitrosodiethanolamine 1116-54-7 
NPZ Nitrosopiperazine 5632-47-3 
NPIP N-nitrosopiperidine 100-75-4 
EHEN  Ethylethanolnitrosamine 13147-25-6 
NDEA N-nitrosodiethylamine 55-18-5 
NMOR N-nitrosomorpholine 59-89-2 
NDBA N-Nitrosodibutylamine 924-16-3 
NPYR N-Nitrosopyrrolidine 930-55-2 
NMEA N-Nitrosomethylethylamine 10595-95-6 
NDPA  N-Nitrosodipropylamine 621-64-7 
NDPhA N-Nitrosodiphenylamine 86-30-6 
DINA Diethanolnitramine dinitrate 4185-47-1 
NPRO N-nitrosoproline 7519-36-0 
NHeGly N-(2-Hydroxyethyl)glycine 5835-28-9 

 
 
2.2   AMINE POST COMBUSTION CAPTURE 
 
 
Amongst the CCUS technologies, the most widely implemented method for PCC is via 
chemical absorption into organic solvents.  

 
Amine based carbon capture, in use since the 1960s, has been used in several power stations 
and natural gas processing facilities around the world. Amongst other amines, 
Monoethanolamine (MEA) has been traditionally used for decades to remove acid gases 
containing H2S and CO2 in oil refining operations and gas sweetening [Kohl & Nielsen, 1997; 
Stewart, 2014; Pantelis & Tsiourva, 2017]. Recently, there has been a renewed interest in such 
technology for their use in PCC plants for CO2 capture and storage, in the frame of the Net 
Zero emissions policies. In these applications, the most commonly used amine is MEA, which 
is a primary amine and a primary alcohol, used and reused (recycled) during the process. 
 
A recent review of the degradation and emissions in PCC pilot plants at 18 different pilot plants 
and 29 individual campaigns showed that the degree of the amine’s degradation (or 
reciprocally the solvent stability) changes with several operational parameters. The authors 
also demonstrated that the total liquid-phase heat stable salt concentration and the gas phase 
ammonia concentration are the most useful parameters to obtain information of the state and 
degradation of the solvent (Buvik et al., 2021). 
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Although there is experience on the typical emissions from large combustion plants, there is a 
considerable knowledge gap associated with the specific PCC’s pollutant emissions (such as 
nitrosamines) and their typical concentrations. 
 
There is a special interest in the by-products generated from the breakdown of the amine 
solvents, which can nitrosate mainly in the desorber, forming potentially carcinogenic 
nitrosamines. Under typical PCC conditions, nitrosation is a process affecting all amines used 
at industrial scale, such as MEA, DEA, MMEA, MDEA, regardless of whether they are primary, 
secondary or tertiary amines. Despite the diversity and complexity of the different existing 
chemical channels, all processes can lead eventually to nitrosamine formation. As such, PCC 
emissions have the potential to generate environmental and health risk concerns if they were 
to contain toxics or hazardous pollutants [Azzi & White, 2016]. At PCC plants this potential 
hazard is also related to the thermal stability of the nitrosamines which are produced during 
the CCUS process. However, during standard PCC plant operating conditions (e.g., 120 °C in 
7 M MEA) the temperatures are such that the nitrosamines remain stable and thermal 
decomposition is not deemed as significant [Fine et al., 2014]. 
 
It has been shown that within systematic experiments, nitrosamine formation yield is 
proportional to the concentration of common secondary amines generated by MEA 
degradation (such as HeGly, HEEDA and DEA) and it is a function of CO2 loading and 
temperature [Fine et al., 2014; Meekoch & Maneeintr, 2020]. It is then advisable to record 
secondary amines in future research on atmospheric emissions, along with the MEA itself and 
the nitrosamines. 
 
This is important as generally amines (primary ones and produced secondary and tertiary 
ones) are also toxic and corrosive substances with potential health effects. In addition, the 
ability to measure the concentrations of individual compounds or monitor amine degradation 
during PCC is important for both managing amine degradation during PCC and demonstrating 
compliance with environmental regulations [Reynolds et al., 2016]. 
 
This project focuses primarily on nitrosamines, due to their toxicity and due to the need to 
develop, test and validate methods that can be made available for these substances 
(standardised and validated sampling procedures compatible with the existing analytical 
standardised methods). The proposed and tested nitrosamine monitoring methods, studied in 
the frame of the present project and summarised here, and several adaptations and 
enhancements were devised after a comprehensive review of current scientific and technical 
literature and the analysis of the available (pre-existing) sampling and measuring techniques. 
 
3    PCC EMISSIONS & PROCESS CONDITIONS AND ITS EFFECS ON NNS SAMPLING 
 
3.1   GENERAL ASPECTS: 
 
PCC plants use different concentrations and types of amines, with MEA being the most 
commonly used as previously mentioned. In general, amine emissions should also be 
considered as they will have an additional potential impact on the sample stability. This is due 
to the potential further degradation of amines (primary, secondary or tertiary) which will 
produce increased amounts of nitrosamines, as other exhaust components (nitrogen species 
as nitrites or acids) can react with amines to produce more nitrosamines. On the other hand, 
amines are likely to have a detrimental effect on the environment due to their low rate of 
biodegradation and high toxicity [Eide-Haugmo et al., 2009], however this is beyond of the 
scope of this project. 
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As a result of the PCC process, ammonia (NH3) is the most dominant degradation gas product 
in the flue gas [Spietz et al., 2018]. The general composition of a PCC’s exhaust is also 
featured by a mix of sulphur dioxide (SO2), oxides of nitrogen (NOx), carbon dioxide (CO2), 
oxygen (O2), nitrogen (N2), water as vapour and droplets (H2O).  
 
Water droplets are expected in a relatively large proportion, as the PCC exhaust is generally 
at temperatures well below the water dew point. Evidence from numerous tests on pilot plants 
have demonstrated the existence of a sizable fraction of aerosols within the flue gas emissions. 
These studies have also shown that it is difficult to predict those aerosols as they depend on 
several parameters [Khakharia et al., 2016]. Due to this, the flue gas matrix and monitoring 
conditions are likely to be challenging, and they are likely to impact the results of any trials, 
which will be discussed in further detail within this report. 
 
It is worth mentioning that it is likely that such water droplets will contain varying concentrations 
of dissolved nitrosamines (as well as other substances such as amines and nitramines), since 
the water solubility of many of these substances is relatively high. In addition, due to their high 
boiling points as compared to typical PCC’s stack temperatures, tiny droplets of liquid amines 
and nitrosamines may also be entrained within the exhaust gas. Therefore there is a strong 
probability that the target analytes will be found as liquid droplets, partially dissolved in the 
water liquid phase (also droplets), and also in part behaving like gases in vapour form. In this 
intricate situation each nitrosamine will have a different fractionation, since their range of water 
solubilities is wide (from insolubility to near 100% water-soluble). 
 
This scenario where there is a mix of flue gases, water vapour and complex dew droplets 
(water, water with dissolved nitrosamines, and liquid nitrosamines), represents an 
experimental challenge to be overcome. Consequently, the sampling with their corresponding 
sample preservation, transport and analytical methods must be robust enough and must be 
tested and validated. 
 
A similar situation will occur with the case of nitramines, which is advisable to be addressed in 
future projects, although their toxicity (specifically their mutagenicity) is comparatively low to 
their corresponding analogous nitrosamines. In fact, in many cases nitrosamines are 
approximatelly15 times more mutagenic than their N-nitramine analogues [Wagner et al., 
2014]. However, nitramines are photolytically stable, so in principle they could be preserved in 
the environment for longer than nitrosamines. 
 
Carbon capture systems have been installed on several coal fired power stations, gas fired 
power stations and cement kiln industries around the world, with each site having varying 
scales, stack sizes and design parameters. Due to this it will be of interest to record and 
analyse any particularity, feature, or process within each kind of facility that could present a 
challenge to the methods tested here when applied to real installations. However, this task is 
beyond the scope of the present project and should be addressed in forthcoming activities in 
the near future. 
 
3.2    SOME PARAMETERS AFFECTING THE SAMPLING, HANDLING AND STORAGE 
  
3.2.1   EFFECT OF PHYSICAL AND THERMODYNAMIC PROPERTIES 
 

Trace pollutants in gaseous phase are dispersed easily and become more diluted in the 
process, so they are less likely to accumulate, and in turn their environmental concentrations 
reduce by diffusion (unless precipitation and reconcentration process occur). On the contrary, 
pollutants with higher boiling points will be present as liquids, and as such will tend to 
condense/deposit and accumulate easily. This represents a higher risk to both environmental 
and health. This is the case for nitrosamines, and when combined with its carcinogenic 
character, represents an issue of concern. 
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Due to the low operational temperatures of PCC plants, phase-mixed emissions are produced 
(as explained above), requiring previous knowledge of each target nitrosamine’s possible 
behaviour as predicted by its basic thermodynamical and physicochemical properties, such as 
their melting and boiling points and their solubilities. 
 
However, during this investigation we found that these data were not readily available, and the 
following unexpected problems encountered are summarised below: 
 

• There is no available repository of updated and validated data. 
• The data are dispersed within large list of handbooks, textbooks, scientific papers, 

safety sheets, institutional web sites and even commercial web sites. 
• Most data are presented without any kind of uncertainty or confidence interval. 
• In many cases, for a specific parameter of a given nitrosamine several different values 

can be found, in some cases up to eight different values. These values cover a wide 
range (sometimes due to experimental conditions being different from those reported), 
but once the inconsistencies are solved only one meaningful average value prevails 
(asshown below). 

• Many of the values are not properly referenced. 
• Experimental and modelled values are not always specified. 
• Some data are presented in round numbers while others are presented with a large 

number of significant figures (up to 5) purporting to reflect a non-realistic precision of 
the values. 

 
Here, we present the procedures used to select and utilise the nitrosamines data, based on 
some simple statistical analysis and the physics behind these parameters. 
 
For each nitrosamine all the possible data combinations were considered. For example, for 
NMEA five different boiling points were found (154, 161, 163, 170 and 173 ⁰C) and two flash 
points (47 and 76 ⁰C). With this example we can illustrate the importance of having more 
precision within the values used in the estimation of the nitrosamine’s behaviour. If the NMEA 
flash point is indeed 47 ⁰C, then the O2 concentration will play a major role in the concentration 
of NMEA (if there is any ignition source), however, with 76 ⁰C being a higher temperature this 
effect is expected to be much lower. For NDELA, as another example, just 2 boiling points and 
2 flash points were found, but in this case the values differ in an absurd manner, from 11 to 
181 ⁰C for the flash point, and from 125 ⁰C [AAT Bioquest, Inc, 2023] to 376 ⁰C [ChemSrc 
2023] for the boiling point, which are in both cases too large differences in the data. 
 
Figure 1 shows the data corresponding to the Flash points plotted against the Boiling points. 
For each nitrosamine there are several points reflecting the different x,y combinations on the 
plot. For instance, the parameters of NMEA will be represented by not just one but 10 points 
(5 boiling x 2 flash) and NDELA by 4 (2 x 2). 
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Figure 1. Flash vs. Boiling points for some nitrosamines. 

 
In Figure 1 shows that several values for different nitrosamines lie on a horizontal line. This 
however can’t be possible since it is well known that boiling point and flash point correlates 
with the molecular mass and those nitrosamine’s molecular mases are known to have a wide 
range of weights determined with a high precision. After carefully revisiting the data available, 
it was clear that some reference sources claim the nitrosamines flash point was between 9 and 
12 ⁰C (see the bottom values in Figure 1). These low temperatures are very close to the actual 
value of the methanol flash point, so the conclusion is that those data points come from the 
reference standard material’s data sheet values, and the inference is that these reflect the 
values of the most used solvent for nitrosamine standards, which is indeed the methanol. So, 
in these cases all these points were deleted. 
 
On the other hand, a positive correlation can be expected, or at least an increasing relation, 
between these two parameters, due to the inherent physical relation amongst them. Certainly, 
Figure 1 suggests a clear linear correlation in spite of several outsider values. A linear fit was 
made discarding the outliers and averaging certain values when this improved the linear 
correlation. Figure 2 (left) shows the filtered data along with the obtained linear correlation. In 
the same Figure 2 (right) is a reproduced plot from the work of Le et al., (2015), demonstrating 
the dependence of flash point on boiling point of 886 diverse organic compounds. 
 

 
Figure 2. Flash vs. Boiling points for nitrosamines (left) and other organic compounds (right, 

reproduced from Le et al., 2015). 
 
It can be seen in Figure 2 that the regression obtained for the selected nitrosamines is 
statistically indistinguishable from that proposed by Le at al., (2015) evidencing that the 
obtained values have more physical coherence and meaning as compared with the discarded 
ones. In fact, when the referenced regression parameters are applied to our data set, the 
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coefficient of determination (R2) is 0.998, which is close to the one obtained one by the 
weighted least squares fitting (0.9998). 
 
Besides, in several references we frequently found melting points with values around -95 and 
-98 ⁰C, close to the melting point of methanol, again likely to be confused with the melting point 
of the dissolved nitrosamines in the corresponding standards. 
 
Due to the large amount of discarded data, additional independent checks to verify the physical 
meaning and consistency of the boiling points were undertaken. In this case we studied for all 
the nitrosamines of interest the relation of the reported Vapour Pressure (VP) values with the 
boiling point, which must correspond to the temperature for the VP value at 1 atmosphere. 
 
In Figure 3 we represent just a few selected cases, for the sake of clarity. For all the 
nitrosamine’s experimental data (VP vs T) there were applied fitting procedures to the Antoine 
Equation, which can be interpreted as a simplified version of the Kirchhoff-Rankine-Dupré 
equation [Matthews et al., 1950], obtaining a set of three parameters for each individual 
nitrosamine, shown as the trend lines shown in Figure 3. Equation 1 shows therelevant 
mathematical relation. 

𝐿𝐿𝐿𝐿𝐿𝐿10(𝑃𝑃)  = 𝐴𝐴 −  𝐵𝐵
𝑇𝑇+𝐶𝐶

      (1) 
 
Where A, B and C are fitting parameters (their physical meaning can be found in the cited 
reference), and T is the temperature corresponding to the vapour pressure P. This procedure 
was undertaken even in the case of nitrosamines with few data points since Equation 1 reflects 
the physical correspondence between these two variables (VP and temperature). 
 
Amongst the represented nitrosamines, for example, it can be seen (Figure 3) that the NPZ 
(open black points) has two significantly different boiling point values, but only one (the highest 
one) follows the trend given by the VP vs Temperature data. Therefore, the other data point 
(BP = 215 ⁰C) was discarded. This was verified for all the cases and some other values were 
discarded (not shown). 
 

 
Figure 3. Vapour Pressure vs. Temperature for some nitrosamines. 

 
This is particularly important for nitrosamines such as NDPhA and NDPA, since the correlation 
between the boiling and the flash point was not strong enough to determine which values are 
more likely to be real. In both cases, the discarded values (101 and 113 ⁰C respectively) are 
close to the water boiling point, the assumption being this is falsely indicating their relative 
volatility. In some cases, as for NDPA, it seems that some sources report the boiling point 
under low pressure without reporting the pressure, then other works quoting those sources 
assume that it means the normal boiling point (at 1 atm.) and write explicitly that it is the normal 
boiling point (see 113 ⁰C for NDPA in Figure 3). So, in such cases fortunately enough data on 
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vapour pressures was found, allowing for a more realistic boiling point to be chosen. On the 
other hand, for NDPA the boiling point value is 206 ⁰C, but no realistic value for the flash point 
was found (and therefore this nitrosamine is not plotted in Figure 2). 

 
In the previous report [NPL, 2022] we included a table with a proposed list of the nitrosamines 
prioritised due to their likelihood to be found in the PCC exhausts and due to the health hazard 
that it represents. In the present document we report a list that is focused on the nitrosamines 
recently proposed by the UK Environment Agency (internal communication) and some 
additional ones included in the experimental tests in our laboratory. Each compound is 
mentioned along with relevant physical properties potentially affecting the tests and the 
proposed methods. The list includes also relevant physical properties of the main used 
absorbent amine, MEA, to illustrate some aspects of the discussion. All these data were 
selected or averaged as commented above, and they can be seen in Table 3. Once a more 
reliable data set was obtained, some conclusions impacting the proposed nitrosamine 
monitoring methods (sampling, handling and storage) can be drawn. However, due the above 
commented discrepancies and some persisting knowledge gaps, the acquisition of new data 
and their corresponding verification will continue until the end of the present project. 
 
The first conclusion is related to the boiling points, which for the selected group of nitrosamines 
is in the range from 152 ⁰C (NDMA) to 434 ⁰C (DINA). It was confirmed that all the studied 
nitrosamines will be below their boiling points for the conditions of the PCC plant during 
operation, including the stack temperature. 
 
Secondly, the studied nitrosamines can be divided in two groups related to their melting points. 
There are several cases in which, clearly, they will behave as liquids at the temperatures of 
interest (all those with melting points below 30 ⁰C). However, in some cases, as with DINA (> 
50 ⁰C), NPZ (54 ⁰C) and NDPhA (63 to 66 ⁰C), the behaviour can range from a very viscous 
liquid to semi-solid and solid, being able to precipitate within the impingers or elsewhere. In 
the case of NDPhA (insoluble) it perhaps can be purged out of the sample as a fine particle 
fraction. 
 
It is worth mentioning that no experimental melting point values were found for NDELA and 
NPIP, and instead their decomposition temperatures are generally reported. These data seem 
to be in contradiction with having higher boiling points, but no simple relation between these 
two parameters can be used to select the plausible values (as we did before). In this document 
we report all those values without discarding any, and we would like to point out that further 
research to confirm the values of relevant parameters should be eventually undertaken. 
Recently modelled data on those melting points have been found, but they have large 
uncertainties [Williams et al., 2017]. 
 
A secondary aspect of the melting points is related to the viscosity of the nitrosamines which, 
being oil type substances, behave as more viscous and adhesive substances the closer they 
are to their melting points. This increases the risk of them becoming attached to the inner 
surfaces either in the stack or in the scale down purpose made bench test used in the test 
series at NPL. 
 
The criteria on when a nitrosamine is or not volatile is as complex matter since these criteria 
are not universally defined for Volatile Organic Compounds (VOCs) in general. The Industrial 
Emissions Directive defines VOCs as any organic compound having at 293.15K, a vapour 
pressure of 0.01 kPa or more, or having a corresponding volatility under the particular 
conditions of use (the general list includes amines) [Directive 2010/75/EU; Environment 
Agency (UK), 2016]. However, there are other definitions, as VOC means any organic 
compound having an initial boiling point ≤ 250°C at 101.3kPa [EU (European Union), 2004], 
and VOC mean any compound of carbon which participates in atmospheric photochemical 
reactions (excluding CO, CO2, H2CO3, metallic carbides or carbonates, and ammonium 



 NPLML – Commercial  NPL Report (RES) 2531 
        
 

Page 10 of 44 
 

carbonate) [CFR (USA), 2023]. Then, the nitrosamines included in the latest priority list 
provided by the Environmental Agency, and some other included in the used reference 
material, are considered as volatile compounds as shown in Table 2. 
 
 
Table 2. Parameters and criteria used to classify nitrosamine compounds as volatiles. 

NNS Vapour 
pressure Volatile Boiling point Volatile Photo-chem Volatile Priority  

  (@ 20 ⁰C) UK EA TGN M16  (at 1 atm) 2004/42/EC reactions CFR40/USA EA list 

- kPa 1999/13/EC °C - - - - 

NDMA        0.4 Yes 152 yes yes yes yes 
NMEA        0.15 Yes 154 yes yes yes no 
NDEA        0.11 Yes 179 yes yes yes yes 
NPIP        0.012 Yes 225 yes yes yes yes 

NDPA        0.011 Yes 206 yes yes yes no 
NDBA        0.006 No 237 yes yes yes no 
NPYR        0.005 No 214 yes yes yes no 

NMOR        0.005 No 224 yes yes yes yes 
NPZ     ≤ 0.002 No 265 no yes yes yes 

EHEN        0.0001 No 273 no yes yes yes 
NDPhA     ≤ 0.00007 No 347 no yes yes no 
NDELA     ≤ 0.000067 No 376 no yes yes yes 
DINA         0.000025 No 434 no yes yes yes 

 
The nitrosamines with black background are not being included in the tests, since they 
reference standards are not available and/or they are not measured by available laboratories 
(only for NDELA it was found a laboratory with a method to measure it, at Muller Lab.). 
 
Despite the different VOCs definitions, at least 5 of the nitrosamines included in the priority list 
are considered as VOCs. Amongst the first 8 nitrosamines (all tested at NPL), 3 of them have 
an intermediate volatility (NDBA, NPYR and NMOR), while NDELA (not contained in the 
reference standard used for the tests) is not included in this project since it can be measured 
only by a different method using specific sorption tubes (GmbH Muller laboratory, Germany, 
method IFA 8183), this specific sampling and measuring method was developed to be able to 
assess this low volatile nitrosamine [IFA, 2000]. Further research could be addressed to 
assess the feasibility to apply this method to other low volatile nitrosamines of interest in the 
context of CCUS, such as EHEN and NHeGly. 
 
As a consequence of all the statements above, the results of the nitrosamine test will be 
representative only in the case of nitrosamines having a high or moderate volatility, but 
unfortunately not necessarily for low volatile nitrosamines. Therefore, it is strongly suggested 
to extend this study to cover the less volatile nitrosamines, since they are also transported by 
the water droplets, and this could be an important vector for the atmospheric and 
environmental dispersion of those carcinogenic pollutants. Given their significantly lower 
vapour pressures and higher boiling points these nitrosamines (NPZ, EHEN, NDELA, DINA, 
NHeGly, etc.) could have a different dynamic behaviour and so the proposed methods possibly 
will require adjustments or changes. It will require more sampling effort and resources to plan, 
undertake and analyse the new tests, however, it is the only way to develop a truly 
representative and validated sampling and monitoring method for the nitrosamines associated 
to the CCUS plants. Fortunately, the specific test for NDELA can be used as a first approach 
to encompass or serve as a limit for the behaviour of other non-volatile nitrosamines, since 
only DINA and NHeGly have lower volatilities, but within the same order of magnitude. 
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Regarding to the post-depositional behaviour of some nitrosamines, volatilization from water 
bodies may be an important fate process [Lyman, 1990], based upon the relatively high Henry's 
Law constants of some nitrosamines with high or intermediate volatility, as NDMA (Hv = 10-6 
atm.m3/mole) and NDBA (Hv = 10-5 atm.m3/mole). In fact, experiments in controlled 
environments have verified the nitrosamine volatilization at high concentrations [Oliver, 1979: 
and Oliver et al., 1979]. However, the volatilization rate from water becomes very slow 
compared to the volatilization rate of the water itself at very diluted concentrations of NDMA 
[Callahan et al., 1979], the last statement can be then generalised for all the studied 
nitrosamine since NDMA is the most volatile one (relatively). 
 
On the other hand, the importance of the volatilization from soils is different. For instance 
NDMA is expected to volatilize from dry soil surfaces based upon its relatively high vapour 
pressure, however NDBA is not expected to volatilise in the same circumstances, based on its 
lower vapour pressure. These examples show the complexity of the nitrosamine dynamics and 
the need to consider each compound separately, since the important parameters impacting 
both monitoring and environmental dispersions/fate are quite different for all of them, in fact 
they rage at least along five orders of magnitude (as solubilities, vapour pressures and Henry’s 
Law constants). Comparatively, the volatilization of amines is likely to be higher than the one 
observed for nitrosamines, whose Henry's Law constants are typically an order of magnitude 
smaller than that of the corresponding amine. 
 
As a third parameter of interest, we have to consider their water solubility. Unfortunately, there 
are no direct relationships between this parameter with other physical data, and so, the large 
variety of values found in the literature couldn’t be filtered or selected as in the previous cases. 
So, for water solubilities we report here the whole range of found values, specifying just the 
extreme values (Table 3). The majority of the nitrosamines are readily soluble in water, 
resulting in two main implications. 
 
The first consequence of the nitrosamine water solubility is that the water droplets in the 
exhaust will likely contain dissolved concentrations of nitrosamines. Whilst in the case of 
insoluble nitrosamine species the flow dynamics does not rely on water transport, making an 
important differentiation in the exhaust component’s flux patterns, even among different 
nitrosamines, consequently forcing the use of isokinetic sampling. 
 
Among the nitrosamines in the priority list, the lowest solubility ones are NDPA, DINA, and 
NPIP, however, there are many other nitrosamines with low solubility. It is worth mentioning 
that there is a large variability in the values found in the literature. For some of these 
nitrosamines some references claim they are water insoluble species, while other sources 
indicate some solubility values (sometimes low values). We are still endeavouring to shed light 
on this issue but is a complex task. Figure 4. summarises the solubility of the nitrosamines of 
interest. 
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Figure 4. Solubility of nitrosamines of interest in water. 

 
In this sense, with increasing solubility of the nitrosamine species, the more efficient the 
impingers will be, enhancing the collection of the nitrosamines passing through with the flue 
current. So, in spite of the low nitrosamine’s concentrations being measured, a certain relation 
between these two parameters can be expected. 
 
Another reported parameter presenting a large spectrum of values is the storage temperature. 
Among this list of available literature some sources suggest the samples can be stored at room 
temperature, however other references strongly suggest that the storage temperature must be 
as low as -20 ⁰C for many of the nitrosamines of interest. In Table 3 the whole range of values 
was reported, since we don’t have means to verify which is the more suitable storage 
temperature values. To prevent any problems arising from this issue, specific tests on sample 
storage times were carried out (Section 4.2). 
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Table 3. Parameters and features of the studied nitrosamines and MEA. 
Compound CAS Melting Boiling Flash Water solubility  Physical Other Adverse GCMS Storage & 

- # point oC point oC point oC (g/L) state solubilities reactions and interactions inject ⁰C shipping ⁰C 

MEA 141-43-5 4 170 93 1000 Liquid  Acetone, Ethanol Strong oxidizing agents, bases 
and acids. Cu, brass, rubber  220 2 to ambient  

NDMA 62-75-9  -25 to 50 152 49 100 to 1000 Yellow liquid 
Common organic solvents: 

alcohols, ether, ethyl 
ether, chloroform. Lipids. 

**. natural & nitrile 
rubbers, neoprene, PVA, 

PVC, Viton, organics 
200 4 to 20  

NDELA 1116-54-7 200 
(decomp.) 376 181 100 to 1000 Yellow-dark brown 

very viscous liquid Polar organic solvents ** 250 -20 to 20 

NPZ 5632-47-3 54 265 114 54 to 747 Yellow oil to semi-
solid, hygroscopic 

Chloroform, Ethyl Acetate 
(slight) 

**  - -20 to ambient 

NPIP 100-75-4 170 
(decomp.) 225 90 10 to 77 Liquid Organic solvents and 

lipids, HCl 
** 280 2 to 20 

EHEN 13147-25-6 35 273 119 Insoluble. Another 
Ref. 300g/L 

Light yellow, amber 
to dark green 

Methanol, chloroform 
(slight) 

**. May react violently 
from heat, shock, friction  - 0 to 10 

NDEA 55-18-5 < 25 179 63 100 to 106 Clear yellow oil Organic solvents, lipids ** 200 -18 to 20 

NMOR 59-89-2 29 224 90 100 Liquid Organic solvents ** 310 20 

DINA 4185-47-1 50 to 101 434 216 0 to 8.1 Liquid or 
colourless crystal benzene, acetone, alcohol ** - 0 to 10 

NDBA 924-16-3 < 25 237 97 1.27 to 120 Liquid  Organic solvents and 
vegetable oils 

** 280 20 

NPYR 930-55-2 29 214 83 53 to 1000 Yellowish liquid Organic solvents and lipids. 
Methanol (slightly) 

*, **, Reacts vigorously 
with reducing agents (Li, 

Na, Al) 
200 4 to 20  

NMEA 10595-95-6 < 25, -27 154 47 
Not miscible or 
difficult to mix.  

Another Ref. 300g/L 
Liquid Chloroform (sparingly), ethyl 

acetate & methanol (slight) 
** 200 4 to 20  

NDPA 621-64-7 -12 to 6.6 206 Not 
found 

Not miscible or 
difficult to mix. 

Another Ref. 9.9g/L 
Liquid Alcohol; ether; organic; 

lipids 

**. Stable at 20-24 ⁰C, > 14 
days in neutral or alkaline 

solutions (in dark); less 
stable in acidic solutions 

280 -20 to 20 

NDPhA 86-30-6 63 to 66 347 163 insoluble. Another 
Ref. 0.035 g/L 

Orange-brown or 
yellow solid 

100 g/L methanol. 
Benzene * and ** 285 -20 to 20 

* Reacts with oxidizing agents as perchlorates, peroxides, permanganates, 
chlorates, nitrates, chlorine, bromine and fluorine. Potentially Incompatible with 
Cellulose-Based and Expanded Polymeric absorbents. 

** N-nitroso compounds are often sensitive to moisture and light; they may react with water and 
nucleophilic agents. Alkaline hydrolysis may produce highly explosive gas. Avoid reaction with oxidizing 
agents. Store in a dark glass or other suitable light resistant container securely sealed. 

NNS included in the UK EA priority list Note: these values were reviewed, selected or averaged from the available scientific literature in terms of their consistency within a 
large data set (see text for details). Additional NNS available at NPL 



 NPLML – Commercial  NPL Report (RES) 2531 
        
 

Page 14 of 44 
 

3.2.2   CHEMICAL PROCESSES IMPACTING THE METHODS 
 
Some nitrosamines are known to react with different substances and solid surfaces (see Table 
3). With the aim to prevent the use of any material that could compromise the test’s results, in 
Table 3 there is a list of the substances and materials which cause adverse chemical reactions 
with each nitrosamine of interest.  
 
Nitrosamines are readily formed by reaction of secondary amines with nitrites and/or nitrous 
acid at acid pH. For instance, a classic laboratory synthesis of N-nitrosamines is the reaction 
of a secondary amine with acidic nitrite at ca pH 3, while the primary nitrosating intermediate 
is N2O2 arising from nitrous acid [Othmer, 1993] or nitrites [Perera, 2006]. Acid-catalysed 
nitrosation of some heterocyclic secondary amines and their 1-oxide derivatives is a reversible 
process. Seemingly, these nitrosamines readily undergo denitrosation [Kalatzis & 
Papadopoulous, 1981]. The secondary amines’ nitrosation rate, in weakly acid aqueous 
solutions, is proportional to the amines’ concentration and to the square of the nitrite 
concentration. This complex process depends on pH values, having a maximum reaction rate 
at pH values between 2.5 and 3.5 [Perera, 2006]. 
 
Nitrites are commonly formed by nitrification of ammonia, therefore the significant 
concentrations of such a compound usually detected in the CCUS exhausts evidence the 
availability of nitrites and the potential formation of nitrosamines. On the other hand, 
nitrosamines can rapidly be formed at basic pH because the nitrogen oxides (as N2O3 and 
N2O4) are direct nitrosating agents and do not require an acid medium to be transformed into 
agents for nitrosation (as is the case of nitrite) [Perera, 2006]. 
 
Within the studied nitrosamines there are some with cyclic structures or a ring like structure 
e.g., (NPIP, NDPhA, NPZ, NPYR and NMOR). Since they could undergo back-degradation to 
secondary amines, any reversible process in the formation path of any individual nitrosamine 
will make it more difficult to assess the actual amount of this in both scenarios, within the PCC 
plant stack conditions, and during the sampling and storing processes as a part of any 
monitoring activity. In fact, several nitrosamines are slowly denitrosated by inorganic acids, 
especially on heating. Such denitrosation, however, proceeds smoothly and it is much faster 
in an anhydrous medium [Scanlan & Tannenbaum, 1981]. The slow rate of this process in 
aqueous media open the possibility to apply the wet sampling method using an impinger 
solution that provides a suitable chemical condition to guarantee the sample preservation 
along a given storage time. This aspect is considered by specific stability test during the sample 
storage stage in the case of the nitrosamines in solutions (Section 4.2). 
 
In the case of Thermo-Sorb/N cartridges, they have been validated and storage times and 
conditions have been suggested [Rounbehler et al., 1980], so we used the manufacturer 
recommendations. Thermo-Sorb/N cartridges use an inhibitor to prevent degradation during 
sampling and storage.  
 
A variable range of conditions when operating a PCC plant have been observed, for instance 
ammonia concentrations can change unexpectedly by up to one order of magnitude. In 
principle, spikes are expected to occur, but usually there are no continuous monitoring systems 
in place. These kinds of changes indicate process changing conditions, which could imply 
changes in emitted pollutants, such as nitrosamines 
 
Another aspect potentially affecting the pollutant concentration in the exhaust is corrosion 
(metals content in the amines, such as Fe and Cu). The conditions in operating PCC plants 
increase corrosion, particularly the acid-gas load in the lean solutions which will exacerbate 
corrosion in the lean-solvent circuit [Pearson & Cousins, 2016]. In addition, it is well known that 
corrosion products such as trace metals promote amine degradation and consequently 
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nitrosamine formation. For instance, it has been evaluated that the influence of dissolved 
metals, such as Cu, on the formation of nitrosamines in the solvent, particularly during the 
desorber conditions [Wang & Mitch, 2015], evidencing that PCC particularities, like corrosion, 
will affect the production and emission of nitrosamines to the surrounding environment. 
 
The usage of amine (degree of spoilage and content of contaminants) and pH of recycled 
water used for showers are also to be considered. In some PCCs acid showers are used, from 
which the low pH conditions can promote further reactions involving nitrosamines. In general, 
the flue-gas treatment is thought to have an effect on the PCC plants performance and 
emissions.  
 
It has been shown that there are consequences of nonoptimized flue-gas treatment on amine 
degradation, corrosion and atmospheric emissions, including fly ash deposition. These aspects 
are strongly related and, consequently, the overall process from boiler to atmosphere needs 
to be analysed holistically [Meuleman et al., 2016]. Due to this the pH of the amine media 
(where the CO2 is captured) is also a parameter of interest to be recorded, including the 
possible pH changes along the life cycle of the used amines. 
 
In order to prevent further nitrosamine formation during the sampling and the storage stages, 
the effect of substances such as nitrites and secondary amines should be considered, in 
particular when acidic solutions are used. Sulfamic acid was originally in estimation methods 
of nitrites [Rider & Mellon, 1946]. Since then, it has also been used as a pre-treatment to 
remove nitrite, for instance in isotopic analysis [Wu et al., 1997] and multi-isotope (N and O) 
analysis of nitrate [Granger & Sigman, 2009]. 
 
More recently, sulfamic acid has become the most common media to prevent undesirable 
nitrosamine formation during sample storage, as is detailed in our previous report [NPL, 2022 
and references cited there]. Despite this, several inhibitors were used for workup procedures 
described in the literature, including sulfamic acid, ascorbic acid, and tocopherol [Perera, 
2006], and using sodium hydroxide is also known to reduce artificial formation of N-
nitrosamines [Huang et al., 2013]. 
 
High levels of amines, aldehydes, and nitrite in samples from the exhaust of PCC presented a 
risk for the artefactual formation of N-nitrosamines during sample storage or analysis. The 
application of a 30-fold molar excess of sulfamic acid to nitrite at pH 2 destroy nitrite with no 
significant risk of artefactual nitrosation of amines [Dai et al., 2012]. Then, it necessary to 
estimate the nitrite content in the samples (to adjust the amount of sulfamic acid) or using the 
sulfamic acid as a chemical reagent in excess. Some direct applications to nitrosamines 
atmospheric emissions from CO2 capture plants have been done using cold impingers filled in 
with 0.1M sulfamic acid in water, obtaining good results [Fraboulet et al., 2016]. 
 
In summary, sulfamic acid does not guarantee the stability of nitrosamines, rather it is being 
used to avoid the formation of new nitrosamines within the samples. However, there is no 
physicochemical parameter indicating the possible instability of the nitrosamines. On the 
contrary, the boiling points, and the flash or decomposition points are high enough to foresee 
that they are stable enough to survive the sampling and storage stages. In chemical 
environments without oxygen, the nitrosamines generally are thermally stable, as can be seen 
from the temperatures used when injecting the samples into GCMS to be analysed. Those 
values are between 200 and 310 ⁰C, indicating that even at such high temperatures the 
nitrosamine molecules are stable (at least for the measuring time). 
 
However, their chemical stability is difficult to assess since it is strongly dependant on the 
matrix chemical composition (including low or trace concentrations). This fact could challenge 
the nitrosamine stability in complex chemical environments, and that should be assessed in 
the case of samples taken from industrial stacks due to their complex composition (which 
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surely includes different amounts of NOx, CO2 and possibly other acid gases). 
 
The major physical factor that affects nitrosamines is light, particularly that within the UV 
spectrum, which induces photochemical reactions degrading these nitroso compounds. This 
was mitigated against by using proper dark glassware or aluminium foil to cover exposed parts 
of the sampling train in all the tests performed during this project. 
 
Most of the experiments on nitrosamine’s photo-degradation have focused on developing 
technologies for abatement. They generally use UV radiation (more effective) from different 
lamps, being Hg lamps the most common. The absorption (and further degradation) of the 
nitrosamines occurs in the wavelength range from 228 to 236 nm. The maximum absorption 
occurs at λmax= 236, 234, 234, 231, and 228 nm for NDELA, NDEA, NDBA, NPYR, and NDMA 
respectively [Afzal et al., 2016]. 
 
On the other hand, the UV sunlight spectrum at sea level is important from 300 to 400 nm 
approx. Photons with higher wavelength are not energetic enough to be considered UV and 
are not expected to produce photochemical reactions in a noticeable  proportion. However, the 
UV proportion is 5% of the total solar irradiance and it could compromise the stability of 
nitrosamines, although the actual intensity variates with latitude, weather, climate and time of 
the day. Some authors have studied the atmospheric photodegradation of nitrosamines, 
finding that generally they are short-lived in the atmosphere (∼5 min) [Sorensen et al., 2015]. 
 
Owing to absorbance at ∼340 nm, some nitrosamines degrade rapidly also in aqueous solution 
when exposed to sunlight (half-lives in the range 6–11 min) [Sorensen et al., 2015]. However, 
this cannot be extrapolated to water bodies since a relatively fast UV absorption occurs and it 
depends on water depth, composition and turbidity [Dunne and Brown, 1996]. In fact, 
environmentally relevant concentrations of NDELA may be persistent due to competition with 
natural organic matter for photons. This could be a more general case and could be particularly 
important for nitrosamines with low volatility as NDELA, since they atmospheric dispersion is 
likely to be more limited and therefore a sizeable fraction of their emissions will precipitate 
closer to the original source, in comparison with the volatile species which are thought to 
disperse (dilute) more readily in the atmosphere. No many other factors are expected to 
degrade the nitrosamines in aquatic media, since the nitrosamines (and also the nitramines) 
are generally resistant to hydrolysis, and environmental water’s pH is not generally acid. 
 
Standard fluorescent lamps have a spectrum that includes a broad band around 400 nm, 
[Abramowitz et al., 2003]. It means that the effect of a neon lamp could be similar to the effect 
of sunlight on the nitrosamines and this should be considered in laboratory tests and indoor 
measurements. 
 
When the photolysis occurs, the main products of NDMA and NDELA include methylamine, 
dimethylamine, nitrite, nitrate [Lee & Wexler, 2013]. It is worth mentioning that, in those cases, 
due to nitrite formation, different new nitrosamines can be formed within actual samples by 
degrading the present new amines, whether the chemical environment is favourable for this to 
occur. It can happen even in samples without nitrites or amines, but initially traced only with 
nitrosamines. To avoid such a process, in all the tests involving aqueous solutions, sulfamic 
acid is added as an inhibitor to avoid the formation of new nitrosamines within the samples 
[Dai et al., 2012]. 
 
In its crystalline solid form sulfamic acid is indefinitely stable under ordinary storage conditions. 
However, aqueous solutions of sulfamic acid slowly hydrolyse to ammonium bisulphate, it can 
be seen as a first order reaction, being more important for solutions at higher concentrations 
[Fischer and Haffley, 1962]. Then it is necessary to assess the stability of the samples along 
the storage time and define the useful time span of the used sulfamic acid aqueous solutions.  
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Heated components could potentially degrade the sample and low levels of emissions could 
be difficult to quantify, mainly by catalysing oxidizing or acid reactions that could lead to an 
unrepresentative sample when determining which specific nitrosamines are present. 
Therefore, manual monitoring techniques using solid sample media or impingers are probably 
best suited. For instance, NPIP and its precursor PIP undergo up to 50% degradation in 
solutions at 50 °C and pH 7, but not at lower temperatures or other pH. 
 
While many nitrosamines of interest are water soluble, allowing the collection of representative 
samples, others are not (Table 3), representing a more difficult case. Fortunately, the boiling 
points of such nitrosamines (such as EHEN, NMEA, NDPA and NDPhA, also in Table 3) are 
high enough to prevent it from vaporising to a large extent at the usual stack temperatures of 
a PCC plant. In principle these low volatilities could help the collection of such compounds in 
a series of impingers. However, the efficiency of such a method is not guaranteed, due to the 
lack of any binding between these nitrosamines and the solvent molecules (water in this case), 
allowing the purging of the nitrosamines and their evacuation from the liquid sample. This could 
lead to the possibility of not detecting, or the underestimation, of relatively low concentrate 
nitrosamines and is a matter of concern. 
 
Finally, in all the planned tests Thermo-Sorb/N cartridges were used at the end of each 
impinger series, in order to collect the possible nitrosamine breakthrough, and if this is the 
case allowing evaluation of the extent of such a breakthrough under the test conditions. Also, 
such cartridges play a role in terms of our H&S and environmental standards. 
 
After the previous discussion and analysis, it is clear that the diversity of the nitrosamines and 
their specific parameters and behaviours should be considered during the sampling and 
monitoring, as well as to assess their environmental dispersion and fate. In this context, it is 
important to note that a large list of different amines is being recently proposed for CCUS, and 
recent research shows that almost all possible options have been considered, as primary, 
secondary, tertiary, and amine mixes [Wang and Song, 2000]. These new solvents and its 
intended large scale industrial use should rise the concern on the possible impact of the 
therefore diverse and large set of breakthrough products, particularly the nitrosamines. We 
hope corresponding knowledge gap would be addressed in the near future. 
 
 
4    LABORATORY RESULTS ON NITROSAMINE REFERENCE STANDARD 
 
In WP1 report (NPL REPORT RES 1613) there is a description of the proposed primary (Wet 
Impinger Method) and secondary (Dry Cartridge Method) manual methods for sampling 
nitrosamines [NPL, 2022]. But due to the already discussed wide range of properties and 
expected behaviours of the different tested nitrosamines an investigation into the effect of 
temperature, storage and handling conditions on the sample’s degradation has been 
undertaken. This is a necessary step before assessing the feasibility of the proposed methods 
through a laboratory trial at the NPL facilities. The results of this investigation is summarised 
in the following section. 
 
4.1   THE NITROSAMINES REFERENCE STANDARD 
 
The reference standard material used for the laboratory test is the EPA 8270/Appendix IX 
Nitrosamines Mix. This consists in a set of nine nitrosamines mixed at the same concentration 
in a methanol matrix. In Table 4 the concentrations of each nitrosamine in this reference 
standard are specified, the data is provided by the manufacturer. 
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Table 4. Nitrosamines’ reference standard material concentrations and uncertainties 
expressed with a confidence interval of 95% (k=2). 

NNS Vapour Certified Certified 
  pressure concentration  uncertainty 
- kPa (@ 20 ⁰C) µg/mL µg/mL 

NDMA        0.4 2004 65 
NMEA        0.15 2001 42 
NDEA        0.11 2001 29 
NPIP        0.012 2000 13 

NDPA        0.011 2001 13 
NDBA        0.006 2004 15 
NPYR        0.005 2018 15 

NMOR        0.005 1999 15 
NDPhA     ≤ 0.00007 1997 15 

 
While no statistical correlation exists between the certified concentrations and their 
corresponding uncertainties a clear correlation can be seen between the uncertainties and  the 
nitrosamines’ vapour pressure. Figure 5 shows that this is a linear correlation, which means 
that the more volatile the compound is, the more variable the concentration, even for 
certification laboratories. This suggests that vapour pressure is a key parameter for the 
behaviour of these compounds. 
 

 
Figure 5. Certified nitrosamines’ uncertainties and vapour pressures. 

 
4.2   RESULTS ON THE OVERALL BEHAVIOUR OF THE NITROSAMINES (WITHOUT 
DISTINCTION BETWEEN SPECIES). 
 
This first experiment is intended to assess the effect of temperature and storage time on the 
stability of nitrosamine synthetic sample’s purpose made in the laboratory. 
 
Two sample batches (6 samples each) were produced using the above-described reference 
standard. The procedure consisted of preparing carefully weighed dilutions in 0.1 M sulfamic 
acid. The final dilutions contained the nine nitrosamines at approximately 30 µg/L per each 
individual nitrosamine. However, only eight of these nitrosamines were within the analysis 
scope of the selected analytical laboratory. It is worth mentioning that the only nitrosamine that 
could not be analysed is NDPhA, which has the lowest vapour pressure. Each batch of six 
samples was separated in two groups, 3 samples (replicas) were stored and transported at 
room temperature, while the other 3 samples were refrigerated (4°C -10°C) during storage and 
delivery. The first batch was sent to the laboratory just after it was produced, and the second 
one was stored for one week before being sent to the external laboratory for analysis. 
 

0

20

40

60

80

0 0.1 0.2 0.3 0.4

Re
fe

re
nc

e 
St

an
da

rd
 M

at
er

ia
l's

   
  

ce
rt

ifi
ed

 u
nc

er
ta

in
tie

s [
µg

/L
]

Nitrosamine's vapor pressure [kPa]



NPL Report (RES) 2531   NPLML – Commercial    

Page 19 of 44 
 

The samples were measured by Gas Chromatography (GC) coupled to a Thermal Energy 
Analyser (TEA) at the Müller-BBM Industry Solutions GmbH certified laboratory (Germany). 
Samples were also sent to another laboratory in the UK, but the results of the 3 refrigerated 
replicates with 30 µg/L (per species) were consistently below the limit of detection (LOD) of 
0.1 µg/L. Unfortunately the refrigeration of the samples along the whole transportation can’t be 
guaranteed since there were communication and logistics issues. In addition, the procedure in 
the UK laboratory required a dilution of the sample to 1 litre. This is another limiting factor to 
consider, as impinger volumes are typically 200-250 mL and a four-fold dilution increases the 
LOD. Finally, the sent blank (just water with 0.1 M sulfamic acid) were determined to have 
quantifiable amounts of nitrosamines, averaging 11.6 ± 1.7 µg/L for the eight detected species. 
For these reason, no further analyses were performed in the UK laboratory. 
 
Figure 6 shows the measured nitrosamine concentrations represented as box and whisker 
plots (minimum, 1st quartile, median, 3rd quartile, and maximum, mean as x). The graph is 
divided in two parts: samples sent immediately, and samples sent after a one-week delay. 
Samples stored at Room Temperature are depicted in red while the Refrigerated ones are in 
blue. 
 

 
Figure 6. Measured diluted nitrosamines’ standards under different conditions. 

 
Each boxplot shows the 8 nitrosamine’s averaged concentration within one sample. Each 
sample has a well-defined mean with σ <10% for 8 different nitrosamines. However, the 
average values are largely dispersed (± 40% for different replicas), with a larger than expected 
dispersion. This dispersion is related to each sample as a whole rather than to the behaviour 
of the individual nitrosamines. The numerical values can be seen in Tables A1 and A2 (Annex). 
The largest dispersion was seen for the samples at room temperature. In both cases 
(immediate and delayed samples) the 3 replicas can’t be averaged since they have statistically 
different values (either significantly above or below the nominal concentration). Therefore this 
data cannot be used for further analysis unless only  a gross estimation of the order of 
magnitude of the concentrations was required. 
In contrast, in the case of refrigerated samples the measurements have a lower dispersion. 
The standard deviation of individual samples is 8-10% for immediate, and 8% for delayed 
replicas, which are comparable to the 3 replica’s dispersion (9% for both groups). Then, each 
set of 3 replicates is indeed averageable. 
However, the refrigerated samples’ average values for immediate and delayed storage are, 
correspondingly, 20 ± 2 and 18 ± 2 µg/L, representing the 62 ± 6 % and the 57 ± 5 % of the 
corresponding nominal concentration. The storage time seems to be not so significant although 
observable. However, both sets (immediate and delayed) of refrigerated samples are biased 

Room temp. samples
Refrigerated samples

Nominal concentration ± δ

Immediate 1 week delay
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and generated results at only a fraction of the nominal concentration. This bias should be 
reviewed thoroughly along the whole chain of sample preparation, storage and measurement. 
 
4.3 RESULTS ON THE INDIVIDUAL BEHAVIOUR OF THE NITROSAMINES 
(DISTINGUISHING BETWEEN SPECIES). 
In Figure 7a it can be seen that individual nitrosamines behave differently, in terms of their 
recovery and varability. For this analysis the data was separated in two groups: samples stored 
at ambient temperature (left) and refrigerated ones (right). Data is normalized to the average 
concentrations (unity is indicated by a black horizontal line). 
 

 
Figure 7a. Individual nitrosamines’ behaviour under different conditions (n = 6 replicas). 

All the values corresponding to nitrosamines with vapour pressures less or equal than 0.006 
kPa laid below the sample average value, corresponding to the less volatile ones (in the 
inserted table they are shaded in grey). On the other hand, all the values corresponding to 
nitrosamines with higher vapour pressures (the most volatile ones) are above the average 
concentration value. Similarly, this relation approximately also holds for the boiling points. 
This data stratification was not present in the original solutions, since the dilution factor affects 
the whole group of nitrosamines rather than some specific cases. The standard certified 
uncertainties are low (≤ 3.2%), while the observed deviations are on average -12% (min. -18%) 
and 7% (max. 11%) for the non-volatile and the volatile species respectively. Therefore, the 
only possibility is that the handling, storage or analytical process caused the observed 
differentiation. 
During handling and storage, the main predictable effect on concentration values related to 
volatility is the potential volatilisation of a part of the sample content. However, this would have 
led to a decrease in volatile species rather than the observed decrease in non-volatile species, 
Besides, the potential photodegradation during handling and storage would affect the nitroso 
functional group without distinction between the specific species, so degrading the different 
nitrosamines in the same proportion. Therefore, the two mentioned process (volatilization and 
photodegradation) are not the cause of the behaviour observed in Figure 7a. 
The analytical method used at the Muller laboratory was GC-TEA, in which each sample is 
passed first by a chromatographic separation and then is introduced in the Thermal Energy 
Analyzer (TEA). 
The TEA detector can be used specifically for N-Nitrosamine’s detection. The signals are 
based on chemiluminescent light emitted by excited NO2, stoichiometrically generated from a 
N-Nitroso group (NNO) from N-Nitrosamine decline. This emission has a wavelength of ~ 
600nm. The NNO group is generated by pyrolysis of the nitrosamines at 350 to 500 ⁰C. 
So, it is possible that during the chromatographic process, or during any other process related 
with the sample introduction into the measuring system, the more volatile species would be 
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more readily transported producing the a higher signal, while the non-volatile species which 
would move with more difficulty producing artifactually depleted concentrations. 
This further highlight that the behaviour of the nitrosamines is dependent on vapour pressure. 
Since the vapour pressure values (VP) change drastically with the temperature, Ideally 50 °C 
to 80 °C is the temperature range better describing the CCUS stacks conditions. However, in 
this test series we only tested at 80 °C in order to guarantee the stability and reproducibility of 
the tests. The system stability was monitored by FTIR using HCl, and it was observed to have 
a high variability below 80 °C. This could be caused by inhomogeneous gas mixing within the 
small probe volume at these relatively low temperatures. 
In order to simulate the CCUS stacks conditions, it will be advisable to perform experiments at 
50 °C and at 80 °C, to cover the whole range of actual temperatures. 
A last test with synthetic liquid samples was conducted to investigate the potential effect of 
longer storage times on the measured values, and to answer what can be considered as a limit 
for the liquid samples’ storage time. This synthetic sample was made with a refrigerated 
solution (10 µg/mL per nitrosamine species) obtained from the reference standard. The storage 
time of this solution was one month, keeping the sample bottle refrigerated (4 ⁰C) at all times. 
After the elapsed time, a diluted sample was prepared at 0.055(4) µg/mL and delivered using 
ice packs in a thermally insulated box at 4 - 10 ⁰C (same condition as the other refrigerated 
samples from this study). Figure 7b (right) represents the measured values as a percentage 
of the nominal known concentration of the synthetic samples. Each graph corresponds to a 
different waiting time before delivering the samples to the laboratory. In Figure 7b the data in 
the left and central plots were previously compiled in Figure 7a (refrigerated samples). Here, 
instead of plotting the replicates we plot their corresponding averages and standard deviations. 
 

 
Figure 7b. Mass measured (%) in refrigerated samples after different waiting times. 

 
Although graphically it is not easy to recognise the difference between the results for the 
immediately delivered samples and the ones delayed by one week (left and central plots in 
Figure 7b), they have a linear correlation (R2 = 0.999) indicating that in average the nitrosamine 
measured percentage was reduced by a factor of 0.92 by delaying the analysis by one week 
(the linear correlation can be seen in Figure A1 in the Annex). The reason behind this reduction 
on the measured values is not clear, but it could be related to volatilization of part of the 
nitrosamines. In this case, there is no evidence of any differential behaviour for specific 
nitrosamines. 
In the case of the sample stored for one month, it can be seen that not only the measured 
values (%) were lower but also it is evident that the higher the volatility the higher the reduction 
on the measured value, this can be clearly seen for the 5 more volatile compounds, while the 
3 less volatile nitrosamines are measured in similar amounts, as before. 
In summary, the liquid samples with nitrosamines must be refrigerated in order to provide 
repeatable measurements, although in this case they have been underestimated in 
comparison with the reference concentration in synthetic samples. Also an “ageing” effect was 
observed, so we suggest analysing the samples within one week if possible. It can be 
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concluded from these results that the analysis of aqueous “synthetic” nitrosamines samples 
may pose analytical challenges even for certified laboratories. 
 
5.   RESULTS ON NITROSAMINES LIQUID SAMPLING TEST 
 
5.1   LABORATORY TEST BENCH AND TEST SERIES DESCRIPTION  
Typical CCUS flue gas conditions were simulated in a scaled down experimental bench, where 
all the gas flows and conditions were carefully controlled (Figure 8). A series of three impingers 
were used to capture the target analytes after passing them through the experimental system, 
I1 being the first one and I3 the last. All the impingers where filled with approximately 200 mL 
of an aqueous solution of 0.1 M sulfamic acid. A Thermo-Sorb cartridge was placed at the back 
end of the capture system in order to capture any possible breakthrough of nitrosamines. After 
each test the 3 impingers and the probe were rinsed with deionized water (samples labelled 
as PW – probe wash) to collect any nitrosamines deposited on the glassware surfaces. Due 
to the oily and sticky nature of nitrosamines the full efficiency of the wash can’t be guaranteed.  
 

 
Figure 8. Schematic of the test bench for the nitrosamine liquid sampling test. 

 
Apart from the equipment described in Figure 8, other equipment were also used as part of the 
test bench and measurement system for various functions such as heating the test probe, 
measuring the total flow rate and the total volume of gas passing through the system. These 
equipment are the same or of similar type with the ones we propose to use on the next phase 
of this project which consists of field measurements on an actual CCUS plant/stack. The 
following picture series illustrates some of the equipment. 
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Picture 1. Equipment used in the nitrosamine liquid sampling test bench. 

 
All gas cylinders used have been certified gases. The gas stream composition consisted of N2 
(79%), O2 (21%) NOx (72 ppm of NO and 7 ppm of N2), CO (21 ppm) and SO2 (5.7 ppm), 
which is a typical composition of CCUS flue gases. 
The nitrosamines were injected with a precision syringe set at an approximate range of 0.05 
mL per minute, delivering a total of 3 mL of solution across the test duration (typically one 
hour). The solution was a dilution of the same reference standard used in the previous 
described tests (EPA 8270). 
A total of fifteen tests, T1 to T15, were performed at the same temperature (80 °C) and 
pressure (1 atmosphere), and using the same blend of 8 nitrosamines, as described in the 
previous tests in this report (Section 4). The test plan is summarised below. 

• T1 initial system blank, without introduction of nitrosamines (day 1) 
• T2 first test with injection of nitrosamines (solution/spray, day 2) 
• T3 nitrosamine injection (day 2) 
• T4 blank (just water injection, day 3) 
• T5 nitrosamine injection (day 4) 
• T6 nitrosamine injection (day 5) 
• T7 blank (just water injection (day 5) 
• T8 nitrosamine injection (day 5) 
• T9 blank (just water injection, day 9) 
• T10 -T14 nitrosamine injection (day 10) 
• T15 nitrosamine injection (day 12) 

Each test lasted for one hour, in which a nitrosamine mass of 6 to 7.4 micro grams (per species) 
was injected into the test bench, this represented a concentration of approximately 6.8 µg per 
cubic meter of each nitrosamine, bubbled through the impingers at a constant rate of 14 L/min. 
Due to the previously observed variability in the “synthetic” sample tests with the diluted 
reference material, a significant variability was expected on this test series as well. For this 
reason the test series performed at fixed conditions was the main focus during this 
experimental phase in order to obtain repeatable results. All the experiments were then 
performed to allow direct comparability of the results, using the same gas matrix, almost 
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identical gas conditions and practically the same amount of nitrosamines injected. 
Temperature of the probe and the sampling line was 80 ⁰C, and it was maintained below the 
dew point to allow the presence of water vapour droplets. The pressure was slightly above the 
atmospheric pressure, and the sampling time (test duration) was one hour. 
During the tests, the main gas stream (15.5 L/min) was divided in two using a T connector and 
a valve. A reduced stream (approx. one tenth of the total flow) was passed through the Thermo-
Sorb cartridges, which have an operational flow rate range of 0.2 - 4 L/min. The other 90% of 
the gas stream was used for the wet sampling method (impingers). In order to avoid the 
potential dispersion of the nitrosamines in the surrounding environment, the larger fraction of 
the stream was passed through 2 serial-connected activated carbon filters (1,5 litres of volume 
each). 
After each test the solutions were recovered into brown glass sample bottles and the probe 
and impingers were washed with Deionized water.  
All the samples were refrigerated immediately after sampling and were subsequently shipped 
together with temperature loggers to the analytical laboratory. During transportation, the 
samples were kept cold by being packed together with ice bags inside thermal insulation boxes 
(expanded polystyrene). Upon arrival, the temperature conditions during transport were 
checked and verified. The maximum recorded temperature was 10 °C, which was 
approximately the same for all samples (±2 °C). This maximum temperature was recorded 
close to the arrival date and time. An improved cooling method for transportation of the 
samples is currently being researched and will be proposed/utilised for Phase 2 of this project. 
All samples were analysed at the Muller Laboratory (Germany) by Gas Chromatography 
coupled to a Thermo-Energy Analyser (GC-TEA). The blank test (T1) registered values below 
the LOD, equivalent to < ≈ 0.05 µg of each nitrosamine for the liquid samples and < 4 ng within 
the Thermo-Sorb cartridges. 
 
5.2    WET SAMPLING METHOD DATA ANALYSIS 
The obtained data set is summarised in Tables A3 to A7 in the Annex. In the following sections 
we discuss the obtained data set and analyse it within the context of nitrosamine emission 
monitoring. 
The recovery of each one of the 3 impingers and the total impinger recovery is analysed in 
Section 5.3. Two different criteria were used to assess the validity of the method, a capture 
±10% of the total mass of the reference amount of injected nitrosamines and an impinger 
capture efficiency criterion of 95% (recovery of less than 5% of total impinger mass in last 
impinger) which is typical for wet chemistry stack emission measurement methods. The results 
are discussed considering individual nitrosamine physic-chemical properties. The analysis of 
“missing” fractions of nitrosamines is carried out in Section 5.4. This last section explains how 
and why the different species are distributed along the test system and the details the cases 
in which some of the nitrosamines were partially stuck on the inner surfaces of the system, or 
where there was breakthrough from the 3 impinger system onto the backup Thermo-Sorb 
cartridge. 
 
5.3   IMPINGER RECOVERIES 
Box and whisker plots in Figure 9 illustrate the results obtained in all the tests where 
nitrosamines were injected into the test system. The first impinger captured the largest 
amounts of nitrosamines, although it also showed the largest relative variability. As expected, 
it was followed by the second impinger, which captured an also sizeable amount of the total 
nitrosamines. However, it can be seen that each individual nitrosamine behaves in a different 
manner. 
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All the measurements were reported originally as concentrations (Muller Lab), µg of each 
nitrosamine per litre of solution per each one of the eight measured nitrosamines. However, 
the graphs in Figure 9 are presented as mass percentage, where 100% represents the total 
amount of nitrosamines injected during each test. 
 

 

 
Figure 9. Box plots of the recoveries for impingers 1, 2 and 3 (connected in series), n=11 

 
In Figure 9, each nitrosamine appears along with its vapour pressure value (for 20-22 °C), its 
molecular mass and molecular structure. These results will be further discussed, however it is 
worth noting that ring structured nitrosamines are practically non collected in the 3rd impinger 
(the last one) regardless of their volatility, while linear nitrosamines having the lowest volatility 
(NDPA and NDBA) are the ones exhibiting higher values in this last impinger.  
The first approach to assess the total impinger efficiency is shown in Figure 10, where the sum 
of the 3 impingers is indicating the efficiency of the whole liquid sampling system. 

 
Figure 10. Total nitrosamine’s sampling yield [%]. 3 impingers combined, n=11 

 
The three nitrosamines with lower volatility are partially captured within the liquid sampling 
system, some 75 to 80% (in average). The missing 25 to 20% will be discussed in a later 
section of this report. If we add the nitrosamines recovered during the probe wash (PW) and 
the ones captured by the dry cartridges a graph similar to Figure 10 will be obtained (not 
shown). The 5 most volatile nitrosamines are over 100% (near 110%). This result could be 
potentially due to an analytical overestimation in the case of the 5 most volatile nitrosamines, 
while the reason  is not clear in the case of the remaining 3 nitrosamines. The reasons for 
“losing” measurable amounts of nitrosamines (they can potentially get stuck to the sampling 
lines) may apply both for the test bench and for the analytical device. This will be discussed in 
more detail in a further section of this report. 
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It is worth noting that nitrosamines were recovered in some of the blank tests that were carried 
out after a test where nitrosamines had been injected into the test rig (Annex, Table A3). This 
potentially is due to the nitrosamine species getting stuck onto the surfaces of the test rig and 
is discussed further in Section 5.4. 
Another way to assess the impinger efficiency is applying the “the absorber efficiency check” 
a general practice used in stack monitoring with manual extractive techniques are being 
applied.  “The absorber efficiency check is passed if less than 5% of the measured pollutant is 
in the last impinger of the sample train”, as described in the Performance standard for 
organisations carrying out manual stack emission monitoring [Environment Agency. January 
2019. Version 8]. 
In this case, disregarding the total amount of nitrosamines injected in the gas flow, Figure 11 
and Table 5 illustrate the amounts of nitrosamines captured by the 3rd impinger, taking as 100% 
just the total amount of nitrosamines collected in the three impingers. 
 

 
Figure 11. Values of third impinger recoveries, n =11 

 
NDPA and NDBA have considerable breakthrough into the last impinger, therefore failing the 
absorber efficiency check. The other 6 nitrosamines have a median breakthrough of less than 
5% breakthrough into the last impinger.The same can be seen in Table 5, where the values in 
red correspond to failures of the absorber efficiency check. 
 

Table 5. Nitrosamines collected in the last impinger. 
Nitrosamine 3rd impinger yield 

NDMA 2 ± 1 % 

NMEA 3 ± 2 % 

NDEA 5 ± 3 % 

NPIP 2 ± 1 % 

NDPA 11 ± 7 % 

NDBA 23 ± 12 % 

NPYR 0.2 ± 0.6 % 

NMOR 0.2 ± 0.7 % 
 
The four most volatile nitrosamines are captured with a reasonable efficiency by the first two 
impingers (Figure 9). Also, the two least volatile nitrosamines appear to be captured mainly by 
the 2 first impingers (NPYR and NMOR, Figure 9). However, the total amount of injected 
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nitrosamines was not efficiently recovered, with recoveries of approximately 80% for these 
nitrosamines (Figure 10). 
 
 
5.4   ANALYSIS ON THE MISSING NITROSAMINES. 
Ring type nitrosamines (NPIP, NPYR and NMOR), which are also low volatility species, were 
seen to be partially trapped within the measurement system (test system and/or impinger walls) 
and then recovered during the washing procedure (PW). However, amounts of linear 
nitrosamines with low volatility (NDPA and NDBA) can partially pass through the impingers to 
the backup cartridge. This can be seen in Figure 12, where the probe wash solutions and dry 
cartridge nitrosamine mass (%) are represented as box and whisker plots. 

 

 
Figure 12. Non sampled nitrosamines recovered in PW and Thermo-Sorb cartridges, n=11. 

 
As was shown in Figure 4, based on the data obtained from the available literature, the 
solubilities of the nitrosamines are not well known. However, it seems that ring type 
nitrosamines are the least volatile ones amongst the whole set of studied nitrosamines. On the 
other hand, the most volatile compounds (NDMA, NDEA and NMEA) seem to be efficiently 
captured by the impingers and, in spite of their volatility, no significant amounts are passing 
through the liquid sampling system to the dry Thermo-Sorb cartridges. 
In fact, the nitrosamines recovered within the probe wash are of the same type with the ones 
recovered in the blank tests in which some nitrosamines were identified. This shows that the 
species attached to the surfaces during the test are consistently the same ones (blank tests 
with values measured above the LOD are shown in the Table A3 within the Annex). This is 
illustrated in Figure 13, where the percentage of nitrosamines recovered in the blank tests 
(average of 3 blanks) – from possible contamination of previous tests – are represented against 
the amounts recovered by the probe wash (average of PW from 11 tests). 

0.4 kPa 0.15 kPa 0.11 kPa 0.012 kPa
74 amu 88 amu 102 amu 114 amu

0.011 kPa 0.006 kPa 0.005 kPa 0.005 kPa
130 amu 158 amu 100 amu 116 amu
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Figure 13. Nitrosamines found in blank tests vs. nitrosamines recovered within the PW. 

The final locations of the missing nitrosamine fractions are one or more of the following: 
• The internal walls of the test bench (including sampling lines and connections) 
• The internal walls of the impingers (insufficient PW efficiency) 
• Breakthrough through the whole system or a leak 

When there is breakthrough from the 3 impingers onto the back-up dry cartridge it is always 
linear nitrosamines, and the amount captured correlates with the volatility of each species 
(Figure 14). 

 
Figure 14. Nitrosamines captured by backup Thermo-Sorb cartridges and the relationship 

with their volatility. 
 
There is a linear correlation between the amounts captured by the back-up Thermo-Sorb 
cartridges and the volatility inverse values (1/vapour pressure @ 20-22 °C). However, this 
correlation holds just for the linear nitrosamines and not for ring type ones. These were 
systematically below the detection limit of 4 ng of the Thermo-Sorb so were either captured by 
the impingers and/or got stuck within the system’s walls and inner surfaces. Although we can’t 
exclude the possibility of breakthrough past the whole system including cartridges. 
The behaviour of ring-type structures like NPIP, NPYR and NMOR (and probably others such 
as NDPhA, NPZ, etc.) is different when compared to linear-structured nitrosamines. Amongst 
the possible explanations for the observed behaviour, we can highlight the following: 

• The ring type nitrosamines are better retained in the system. Their low volatility alone 
cannot explain this, since NDPA and NPIP have practically the same value of vapour 
pressure, but NDPA is well captured in the cartridges while NPIP is not 

• A fraction of those nitrosamines breaks through past the cartridges 
• A fraction of the ring-type nitrosamines undergoes back-degradation to secondary 

amines (as explained in Section 3.2.2), reducing their concentrations within the 
samples. This could also help to explain the impinger recovery values for these species 
which were significantly lower when compared with other species of similar volatility 
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Regarding the observed correlation, it can be argued that the actual values for the vapour 
pressure depends on the temperature (Figure 3). However, it can be shown that the shift of 
the vapour pressure values with the temperature changes from 20 to 80 °C is similar for all the 
species, resulting in a similar plot (not shown) to Figure 14 (right hand graph) in which the 
correlation between the nitrosamine amounts captured by the backup Thermo-Sorb and the 
corresponding inverse of the vapour pressures values is demonstrated. 
 
 
6.   RESULTS ON NITROSAMINES DRY SAMPLING TEST 
 
The test plan used to assess the performance of the nitrosamines dry sampling method, using 
Thermo-Sorb cartridges, was similar to the test series for the liquid sampling. In this tests series 
we used a dilution probe and a total flow rate of approximately 5 litres per minute. The main 
gas stream was divided in two using a T connector and a valve, while a reduced stream 
(approx. one tenth of the total flow) was passed through the Thermo-Sorb (operational flow 
rate range of 0.2 - 4 L/min). To avoid the potential dispersion of the nitrosamines into the 
environment, the gas stream was passed through two serial-connected activated carbon filters 
(1,5 litres of volume each). The very low volume of liquid (reference nitrosamine injection) used 
in comparison to the gas volume (gas matrix) in the system resulted in a sufficiently dry enough 
gas to avoid any condensation reaching the Thermo-Sorb cartridges. This won’t necessarily 
be the case in actual CCUS plants where further dilution may be needed therefore increasing 
the uncertainty of the measurement. This in conjunction with the corresponding analytical 
LODs and levels of nitrosamines expected on CCUS limits the use of this method. 
We performed the same number of tests and blanks using the same test plan described in the 
previous section, but in this case the impingers with Sulfamic acid were replaced by 2 Thermo-
Sorb cartridges coupled in series, as shown in Picture 2 (left). In all cases the nitrosamines 
were introduced as a spray solution. The first six tests were performed using two cartridges 
coupled in series. However, the remaining 4 tests were performed in pairs Picture 2 (right) in 
which the gas flow was split in two pathways with the same flow rate each. A set of 2 Thermo-
Sorb cartridges connected in series were installed at the end of each pathway. These tests 
were intended to assess the reproducibility of the measurement under identical conditions, 
with the total amount of collected nitrosamines expected to be half of the mass collected in the 
six previous tests 
 

 
Picture 2. Dry Sampling Method using two serial Thermo-Sorb cartridges: one couple serial 

connected(left) and two simultaneous replicas (right). 
 
During the application of the impinger method we observed that a probe wash just with water 
may not be sufficient (Section 5.4). For this during the dry Thermo-Sorb tests, the probe wash 
was performed first with deionised water (100 mL), and then with methanol (100 mL). 
 
 
 

Dry sampling with two 
cartridges connected in series

Dry sampling with 2 replicas
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The test plan is summarised below: 

• T1 - initial system blank, no introduction of nitrosamines (day 1) 
• T2 test -  nitrosamines injection (day 1) 
• T3 test - nitrosamines injection  (day 2) 
• T4 test - nitrosamines injection  (day 2) 
• T5 test - nitrosamines injection  (day 2) 
• T6 blank (injecting just water) (day 3) 
• T7 test - nitrosamines injection (day 3)  
• T8 test - nitrosamines injection  (day 3) 
• T9 test - nitrosamines injection  (day 3) 
• T10 blank (injecting just water) (day 3) 
• T11-T12 and T13-T14, paired tests with half of the nitrosamines (½ flow rate, day 3) 
• T15 blank (injecting just water, day 6) 
• T16 a final blank (injecting 10/% methanol in water, day 6) 

 
The duration of each test was an hour, in which a nitrosamine mass of approximately 0.25 
micro grams was injected (per species), which represents a concentration close to 1 µg per 
cubic meter of gas for each nitrosamine. The sampling rate was kept at an average rate of 
0.33 L/min. This represents about 20 ng of nitrosamines delivered to each cartridge (per 
species),- 10 ng for the paired test series. The same gas matrix (as described in section 5.1), 
and almost identical conditions (temperature, pressure, collecting times) were used to assess 
the repeatability of the test series. 
 
After finishing the tests, the samples were refrigerated, packed (in thermically isolated boxes 
filled with ice packs), and immediately sent to the analytical laboratory. Unfortunately, due to 
unexpected custom delays the samples arrived in at Muller Lab in Germany beyond the 
maximum storage time of 7 days and therefore according to their analysis method “the results 
may not be valid”. The analysis was carried out , under a standardised method specifically for 
nitrosamines collected in Thermo-Sorb cartridges (IFA 8172 – IV/18).  
 
This may have not only had an impact on the quality of the analytical results but has also 
highlighted the need for national laboratories with proven analytical capabilities to 
quantitatively measure nitrosamine concentrations in CCUS matrices. 
 
In this section we analyse the available data and derive some conclusions where possible. The 
first thing to note is that most results (both first and second cartridge) were below the detection 
limit (4 ng per nitrosamine). Moreover, all the cartridges that were second in line within each 
series produced results below the detection limit. This could be because either the 
nitrosamines were fully captured by the first cartridge (but not detected during analysis), or 
even if there was breakthrough to the second cartridge that was also not detected during the 
analysis. On the other hand, within the initial system blank 2 nitrosamines were detected 
(NDPA and NDBA) even though the system was clean and had not been used for any previous 
testing. It is worth pointing out that the same two nitrosamines were detected in higher 
concentrations in the back-up Thermo-Sorb cartridges used during the liquid impinger 
sampling method.  
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Table 6. Nitrosamine masses captured in the sampling test with Thermo-Sorb cartridges. 
 TS-01 TS-03 TS-05 TS-11 TS-12 TS-13 TS-14 
NDMA    5.28 8.16 5.57 5.11 
NMEA    5.45 8.36 5.31 4.66 
NDEA    4.78 8.1 6.11 4.79 
NPIP   4.26  5.35 4.21  

NDPA 4.95 12.1   6.76 4.34  

NDBA 8.83    6.32   

NPYR        

NMOR     4.36   

 
The detection limit is 4 ng (per species), and the expanded uncertainty is estimated at 10% of 
the measured value. In Table 6 the spaces left blank correspond to measurements below the 
LOD. There were 9 tests reporting values below the LOD for all the measured nitrosamines, 4 
of these tests were blanks, but the other 5 had been spiked with nitrosamines and didn’t 
produce any significant result. 
 
It should also be mentioned that in Test 8 the cartridge was found to be blocked during 
sampling. This was possibly caused by some residual water from the previous test probe wash. 
This highlights the importance of firstly ensuring the system is dried after a probe wash and 
secondly the importance of selecting a sufficient dilution ratio  when sampling CCUS processes 
with Thermo-Sorb cartridges to avoid any condensation  
 
In regard to the paired tests (11/12 and 13/14) surprisingly, in spite of having half of the 
nitrosamine content, they generated results more consistently above the limit of detection. As 
these tests were performed last in the test series this resulted in a shorter time interval between 
sampling and analysis, which could be an explanation for the more consistent results. However 
in tests 11/12 the results from test 12 are approximately 1.6x higher than the corresponding 
values from  test 11. This could be due to a preferential path through the cartridge from test 
12, or it may also be related to the exceedance of the maximum sample storage time before 
analysis. 
 
The injected nitrosamines correspond to the same standard diluted solution, so the different 
species are in the same proportion in all the cases (in fact the initial concentration for each 
species is the same within 1%). However, the transport dynamic within the system 
disaggregates the nitrosamines causing a nonhomogeneous distribution and sampling of the 
different species (as shown in Section 5). Comparing tests 12 and 13 (selected because they 
have a larger number of values above the limit of detection), it can be observed (Figure 15) 
that there is a correlation between the measured nitrosamines, as expected, although there is 
a large variability potentially due to the exceeded storage time. 
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Figure 15. Correlation between the tests 12 and 13. 

 
Given the small data set and the observed variabilities, it makes little sense to evaluate 
nitrosamine capture efficiencies. However, although the present data series is not enough to 
support formal conclusions, we can compare the two test series (Thermo-Sorb and impinger) 
in regard to the total mass of each species captured on the Thermo-Sorbs and the total mass 
of each species captured in all 3 impingers as a percentage recovery of the refence injected 
amount. This comparison was made using Test 12 from the Thermo-Sorb test series, since it 
is the one with the larger amount of available data. It can be seen (Figure 16) that in both 
methods the species with higher volatilities and simpler linear structures are the most efficiently 
captured, while the low volatile and ring type ones are less efficiently captured (NPYR was not 
detected above the limit of detection in any of the dry tests). 

 
Figure 16. Dry sampled nitrosamines (T12) vs average liquid impinger’s recoveries. 

 
Due to the large number of results below the LOD and in order to evaluate the analytical 
efficiency of the Thermo-Sorb itself in conjunction with the analytical method used (in this case 
GC-TEA), a series of additional tests were carried out by spiking three cartridges with known 
amounts of nitrosamines. The first Thermo-Sorb cartridge (test TT-01) was spiked with 345 ± 
20 ng, while the second and third Thermo-Sorbs (tests TT-02 and TT-031) were spiked with 
700 ± 50 and 600 ± 50 ng respectively. Table A8 (Annex) summarises the analysis results. 
 
The results were expressed as percentage of the nominal amounts of added nitrosamines. 
The test “efficiencies” are widely dispersed, as it can be seen in Figure 17. For the three more 
volatile species (NDMA, NMEA and NDEA) the average values due to this wide dispersion  
have little significance. The average total mass capture efficiencies are reported in Table 7. 
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Figure 7. Thermo-Sorb cartridges measured masses (%) 

 
Considering that the reference solution used was the same for all three tests, it seems that the 
volume of the solution added (35 µL in one case and 60-70 µL in the other two cases) has a 
considerable impact on the results. Results for Tests TT-02 and TT-03 are closer, but even in 
these we can identify significant differences. A number of factors may have had an impact on 
the results (e.g. the possible saturation of the internal granular media within Thermo-Sorb 
cartridges, the preferential paths along them in conditions of having a volume partially 
saturated, the volatility of the different nitrosamines, etc), however through the existing data 
no further conclusions can be supported. 
 
It should be pointed out that as far as we know, there is no standardised method that specifies 
spiking a Thermo-Sorb cartridge with a liquid reference solution, so we have used an in-house 
method injecting 30 – 60 µL of the standard solution. However, due to the large variability of 
the obtained values, we suggest using a volume of 20 µL or less to avoid a possible saturation 
of the cartridge. 

 
Table 7. Thermo-Sorb average measured masses (%), values ± standard deviation with n=3. 

Nitrosamine TT-01 δ TT-02 δ TT-03 δ 
NDMA 87 13 43 5 30 3 
NMEA 77 10 51 6 35 4 
NDEA 71 9 57 7 40 5 
NPIP 52 6 55 7 44 6 
NDPA 60 7 61 8 49 7 
NDBA 58 7 53 7 47 6 
NPYR 25 2 37 4 25 3 
NMOR 30 3 39 4 28 3 

Notes: 
• The uncertainty reported by the analytical laboratory is 10% 
• The expanded uncertainty includes the uncertainty of the reference solution and the 

added volumes 
 
 

7.   CONCLUSIONS. 
A test bench for nitrosamine sampling at laboratory scale was developed and tested, this can 
be used to carefully control all the relevant parameters to simulate the behaviour of an 
industrial CCUS stack. The described system was used for two series of sampling tests. Firstly, 
a liquid sampling test using 3 impingers in series and one back-up dry cartridge, and in 
secondly a dry sampling test using two Thermo-Sorb cartridges in series. 
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The liquid sampling tests had recoveries of between 70 – 110 % for individual nitrosamines, 
while the total recovery (impingers, probe washes and cartridges combined) shows analytical 
overestimation for the more volatile nitrosamines. As expected, the impinger efficiency 
depends on the volatility of the specific nitrosamine, but it also depends on the nitrosamine 
solubility, which in turn depends on the nitrosamine chemical structure. The ring-type 
nitrosamines have lower recoveries as compared with the linear ones with similar volatilities. 
Also, cross contamination was observed to be an important factor for the ring type 
nitrosamines, and more efficient probe/impinger cleaning method may be necessary. Surface 
conditions dramatically affect the impingers efficiency for low volatile nitrosamines and is 
considered to be one of the main factors affecting the observed variability. 
The proposed liquid sampling method with it associated analytical technique (GC-TEA) 
produced good results for the more volatile nitrosamines introduced into the NPL test bench. 
Two different criteria were used to assess the validity of the method, a capture ±10% of the 
total mass of the reference amount of injected nitrosamines and an impinger capture efficiency 
criterion of 95% (recovery of less than 5% of total impinger mass in last impinger). In regards 
to the first criterion five species (NDMA, NMEA, NDEA, NPIP and NDPA) satisfy this, while the 
other 3 nitrosamines (NDBA, NPYR and NMOR) have a recovery of  75 to 80%. On the other 
hand, testing the 95% impinger capture efficiency criterion we find that only 2 intermediate 
linear nitrosamines, NDBA and NDPA, do not pass this test, as they are mostly captured in  
the last impinger (the 3rd impinger). 
The two applied criteria for evaluating the wet sampling efficiency produced different results 
for intermediate and low volatile nitrosamines. For the four most volatile nitrosamines both 
criteria are passed, which allows us to assume that volatile nitrosamines can be monitored 
effectively by this sampling method. However, the high solubility of low volatile compounds and 
the presence of water vapour on CCUS stacks predicts that the dispersion of such toxic 
pollutants may have a major environmental and human health effect (potential accumulation 
in soils and water bodies in the vicinity of the PCC plants). Future research should focus on 
this specific type of nitrosamines. 
The conclusions in this study can be applied to the specific nitrosamines tested but can also 
be carefully extrapolated to other nitrosamines with similar volatilities (vapour pressure) and 
similar structures (linear or ring type). Some of the nitrosamines listed in the EA priority list, 
such as NDELA and EHEN, are expected to behave in a completely different way to the 
nitrosamines included in this study. This is due to their very low volatility, with vapour pressures 
of one to two orders of magnitude below the less volatile species studied here (see Table 2). 
For that reason, more testing would be required, in order to determine whether the proposed 
methods can be applied for NDELA, EHEN or any other nitrosamine whose parameters are 
very different to the ones included in this study. 
The stack conditions during CCUS plant operations may be different to the ones used here. 
Also, these conditions can vary across time (gas matrix concentrations, amount of water 
droplets, etc.). For that reason, future research should include tests in which  the impact of 
such changes on the efficiency and validity of the proposed methods is assessed. Phase 2 of 
this project (field testing on an operation CCUS plant) will provide some further data on this.  
Finally, the Dry Sampling Method (Thermo-Sorb cartridges) test series generated some 
inconclusive results. This could be due to the exceedance of the maximum7-day limit between 
sampling and analysis that guarantees the integrity of the samples. This represents a 
significant constraint that highlights the need for national laboratory analysis capabilities.  
However, regardless of the limitations and inconclusive results of the dry cartridge method this 
report still concludes that at this stage of this project the impinger method is still the preferred 
method of the two. This is due to mainly the additional uncertainty introduced by the dilution 
required for the dry cartridge method (to avoid any condensation reaching the cartridge) in 
conjunction with the corresponding LODs and levels of nitrosamines expected. This further 
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supports the conclusions of the WP1 report [NPL, 2022]. Both methods will be further 
evaluated during the field testing of Phase 2 on an operational CCUS plant.  
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8.   ANNEX 
 
  Table A1. Diluted reference material analysis, immediately sent samples (Conc. in µg/L) 

Nitrosamine AMB/01 AMB/02 AMB/03 REFR/01 REFR/02 REFR/03 Nominal δ 
NDMA 41 48 18 20 21 22 32.6 1.5 
NMEA 40 46 17 20 22 22 32.6 1.2 
NDEA 40 47 17 21 23 22 32.6 0.9 
NPIP 40 47 18 20 21 21 32.8 0.7 
NDPA 51 46 18 21 23 22 32.5 0.7 
NDBA 37 42 16 18 20 19 32.6 0.7 
NPYR 36 42 15 16 17 18 32.5 0.7 

NMOR 38 44 16 18 19 20 32.6 0.7 
 
  Table A2. Diluted reference material analysis, samples delayed 1 week (Conc. in µg/L) 

Nitrosamine AMB/04 AMB/05 AMB/06 REFR/04 REFR/05 REFR/06 Nominal δ 

NDMA 38 28 22 20 19 17 31.1 2.5 
NMEA 38 28 21 20 19 17 31.0 2.1 
NDEA 39 29 21 20 19 18 31.0 1.9 
NPIP 39 29 21 19 18 17 31.3 1.7 
NDPA 39 29 21 20 19 18 31.0 1.7 
NDBA 35 26 19 18 17 16 31.0 1.7 
NPYR 35 25 19 16 15 14 31.0 1.7 

NMOR 37 27 20 18 17 16 31.1 1.7 
Note: 

• The analytical expanded uncertainty is declared to be 10% of the value (Muller Lab’s 
reports) 
 

 

 
 
Figure A1. Results for test of synthetic delayed samples vs immediately delivered samples. 

 
In the case of the samples with a wating time of one month, the apparent dispersion is due to 
the volatility of each species, which becomes significant in long storage times. This was 
discussed in Section 4.3 (Fig. 7b). 
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Table A3. Results for the blanks in the Liquid Sampling Method test series: Captured mass 

[µg] 

  T1       T4       T7       T9       
Specie I1 I2 I3 PW I1 I2 I3 PW I1 I2 I3 PW I1 I2 I3 PW 

LOD 0.05 0.04 0.05 0.05 0.04 0.04 0.04 0.09 0.05 0.04 0.04 0.01 0.05 0.04 0.05 0.01 
NDMA      0.10    0.06    0.08    
NMEA      0.07         0.06    
NDEA                     
NPIP      0.13    0.052    0.05    
NDPA                     
NDBA             0.06        
NPYR      0.33   0.11 0.07    0.10   0.03 

NMOR      0.35   0.12 0.06    0.09   0.03 
Vol [mL] 245 212 254 52 205 207 183 86 227 211 219 56 249 206 245 56 

 
Notes: 

• In all the tests I1, I2 and I3 corresponds to impingers 1, 2 and 3 respectively, while PW is 
the Probe Wash (washing of probe and impingers) and TC the Thermo-Sorb cartridges 

• All the values below the limit of detection (LOD) have been left blank 
• All the Thermo-Sorb cartridges were found to be below the LOD (0.004 µg) 
• As discussed in the text, the nitrosamines in I1 may be contamination (“stuck” nitrosamines 

on the impingers surfaces) from the previous test. 
• Vol. [mL] is the volume of the water collected in each impinger and probe wash.
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Table A4. Test results 01: Liquid Sampling Method: Captured mass [µg] 
  T2           T3            T5           

Specie I1 I2 I3 PW TC Nom. I1 I2 I3 PW  TC Nom. I1 I2 I3 PW TC Nom. 
LOD 0.05 0.04 0.05 0.03 0.02   0.05 0.04 0.05 0.03  0.05   0.04 0.05 0.05 0.1 0.04   

NDMA 5.0 1.7 0.3 0.06 0.07 6.5 6.2 1.1 0.3 0.3   6.4 5.3 0.9 0.1   6.8 
NMEA 5.2 2.1 0.4  0.11 6.5 6.6 1.5 0.4 0.2   6.4 5.5 1.2 0.2   6.8 
NDEA 4.5 1.7 0.7  0.22 6.5 6.4 1.9 0.7 0.1  0.18 6.4 4.9 1.8 0.4   6.8 
NPIP 5.0 1.4 0.2 0.11  6.6 4.7 0.9 0.2 0.4   6.4 5.1 0.7 0.1   6.8 
NDPA 3.3 3.1 1.2  0.51 6.5 5.0 2.3 1.1 0.2  0.23 6.4 3.6 2.6 0.7  0.16 6.7 
NDBA 1.7 2.5 1.3  0.86 6.5 2.8 2.1 1.4 0.1  0.47 6.4 1.6 2.3 1.2  0.45 6.8 
NPYR 4.3 0.8 0.1 0.39  6.5 1.9 0.2  0.9   6.4 4.5 0.4  0.3  6.8 

NMOR 4.3 0.8 0.1 0.39  6.5 1.7 0.2  0.9   6.4 4.3 0.4  0.3  6.8 
Vol [mL] 237 192 246 32     237 192 246 32      197 235 238 113     

Notes: 
• The acronym Nom. stands for Nominal Mass, and refers to the total amount of individual nitrosamines injected in each test. 
• Thermo-Sorb values were originally reported as mass within each cartridge, the values were corrected by the calculated dilution factor. 
• Some Thermo-Sorb cartridges were measured below the LOD. 
• As discussed in the text, the nitrosamines in I1 may be contamination (“stuck” nitrosamines on the impingers surfaces) from the 

previous test. 
 

Table A5. Test results 02: Liquid Sampling Method: Captured mass [µg] 
  T6           T8           T10           

Specie I1 I2 I3 PW TC Nom. I1 I2 I3 PW TC Nom. I1 I2 I3 PW TC Nom. 
LOD 0.06 0.05 0.04 0.02 0.004   0.05 0.04 0.06 0.02 0.004   0.04 0.04 0.05 0.01 0.004   

NDMA 5.34 0.77 0.18   6.1 4.34 0.58 0.07 0.51  6.1 4.02 0.87 0.14 0.91  6.7 
NMEA 5.34 0.93 0.13   6.1 4.56 0.77 0.11 0.45  6.1 4.02 1.17 0.22 0.78  6.6 
NDEA 5.06 1.36 0.24  0.04 6.1 4.34 1.11 0.19 0.34  6.1 3.57 1.67 0.44 0.58  6.6 
NPIP 5.91 0.64 0.06   6.2 4.79 0.51 0.06 0.68  6.1 4.46 0.71 0.09 1.36  6.7 
NDPA 3.94 2.09 0.58  0.12 6.1 3.65 1.71 0.44 0.24 0.10 6.1 2.46 2.18 1.04 0.41  6.6 
NDBA 2.08 2.27 1.09  0.35 6.1 2.28 2.03 0.86 0.17 0.04 6.1 1.09 1.77 1.60 0.29  6.6 
NPYR 4.50 0.27  0.05  6.1 3.42 0.21  1.07  6.1 2.90 0.22  2.34  6.6 

NMOR 5.34 0.34  0.05  6.1 3.88 0.28  1.22  6.1 2.90 0.24  2.79  6.7 
Vol [mL] 281 227 222 85     228 214 278 76     223 198 242 65     
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Table A6. Test results 03: Liquid Sampling Method: Captured mass [µg] 
  T11           T12           T13           

Specie I1 I2 I3 PW TC Nom. I1 I2 I3 PW TC Nom. I1 I2 I3 PW TC Nom. 
LOD 0.05 0.04 0.05 0.01 0.004   0.05 0.04 0.05 0.010 0.004   0.05 0.04 0.05 0.01 0.004   

NDMA 5.07 0.54 0.07 0.35  6.2 6.82 1.78 0.09   7.4 6.14 0.74 0.07 0.04  6.1 
NMEA 5.07 0.69 0.09 0.23  6.2 6.36 2.33 0.10  0.05 7.4 5.91 0.91 0.11 0.03  6.1 
NDEA 5.07 1.01 0.16 0.11  6.2 5.00 2.96 0.18  0.15 7.4 5.68 1.25 0.19 0.02  6.1 
NPIP 4.54 0.47 0.05 0.69  6.2 7.50 1.29 0.06   7.4 5.91 0.70 0.06 0.06  6.1 
NDPA 4.54 1.55 0.33 0.05  6.1 2.73 3.81 0.36  0.47 7.4 4.55 1.76 0.38 0.01 0.08 6.1 
NDBA 2.94 1.92 0.67 0.04  6.2 0.64 2.96 0.68  1.22 7.4 2.73 2.07 0.77 0.01 0.20 6.1 
NPYR 2.14 0.15  1.77  6.2 7.50 0.53 0 0.013  7.4 5.23 0.38  0.12  6.1 

NMOR 2.03 0.16  2.02  6.2 7.73 0.57 0 0.013  7.4 5.45 0.42  0.13  6.1 
Vol [mL] 267 216 257 63     227 212 226 48     227 212 226 48     

 
 

Table A7. Test results 04: Liquid Sampling Method: Captured mass [µg] 
  T14           T15           

Specie I1 I2 I3 PW TC Nom. I1 I2 I3 PW TC Nom. 
LOD 240 202 255 62     249 234 277 62.9     

NDMA 0.05 0.04 0.05 0.01 0.004   0.05 0.05 0.06 0.01 0.004   
NMEA 5.75 1.46 0.25 0.10  6.9 5.72 0.87 0.11 0.08  6.2 
NDEA 5.27 1.86 0.41 0.07 0.05 6.9 5.72 1.08 0.12 0.05  6.2 
NPIP 4.08 2.43 0.84 0.04 0.15 6.9 5.47 1.45 0.22 0.03  6.2 
NDPA 6.23 1.05 0.14 0.15  7.0 5.97 0.77 0.07 0.13  6.3 
NDBA 2.06 2.83 1.81 0.02 0.52 6.9 4.48 2.01 0.44 0.02 0.10 6.2 
NPYR 0.41 1.50 2.14 0.01 1.50 6.9 2.74 2.29 0.83 0.02 0.29 6.2 

NMOR 5.27 0.36  1.00  6.9 5.22 0.44  0.33  6.2 
Vol [mL] 5.27 0.38   0.55   6.9 5.47 0.47   0.35   6.2 

 
 
 



 NPLML – Commercial  NPL Report (RES) 2531 
        
 

Page 40 of 44 
 

Table A8. Diluted reference material analysis in spiked Thermo-Sorbs: Captured mass [ng]. 

Nitrosamine TT-01 TT-02 TT-03 
NDMA 300 300 177 
NMEA 266 359 212 
NDEA 245 401 239 
NPIP 180 386 263 
NDPA 208 428 296 
NDBA 200 372 283 
NPYR 86 262 149 

NMOR 102 275 167 
Nominal 345 700 600 

 
Notes: 

• The nominal concentration of the used solution was 10 µg/mL 
• The Thermo-Sorbs were spiked with 35, 70 and 60 µL respectively (using a micro-

pipette) 
• The last row in the table indicates the nominal mass of nitrosamines spiked in each 

cartridge. 
• These cartridges were immediately stored in thermal insulator boxes with ice packs 

and sent immediately to the laboratory for analysis. 
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