
 Energy Procedia   63  ( 2014 )  893 – 901 

Available online at www.sciencedirect.com

ScienceDirect

1876-6102 © 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
doi: 10.1016/j.egypro.2014.11.099 

GHGT-12 

Predicting amine mist formation based on aerosol number concentration and size 
measurements in flue gas 

 

Jan Mertensa*; Leonie Brachertb, Dominique Desaghera, Bernd Schallertc, Purvil 
Khakhariad, Earl Goetheerd 

a Laborelec, Rodestraat 125, 1630 Linkebeek, Belgium 
b Karlsruhe Institute of Technology (KIT), Institut für Technische Thermodynamik und Kältetechnik, Engler-Bunte-Ring 21, 76131 Karlsruhe,

Germany
c E.ON New Build & Technology GmbH, Alexander-von-Humboldt-Str. 1, 

D 45896 Gelsenkirchen, Germany 
d TNO, Leeghwaterstraat 46, 2628 CA Delft, The Netherlands 

Abstract

Amine based solvent used for CO2 capture can be lost during the process due to: degradation, vaporization, 
mechanical losses and aerosol (mist) formation. Only recently, studies have appeared pointing out that aerosols can 
dominate the total amine emission at pilot plant scale behind coal fired power plants. Future full scale amine 
scrubber installations will be imposed emission limit values (ELV) for a number of components including NH3 and 
the amine itself. Most likely these ELV will be expressed as maximum concentrations tolerated in the CO2 poor flue 
gas leaving the stack so it is important to prevent or cure amine aerosol emission. The study presents a novel 
combination of two existing measurement techniques, that measure: (i) amine emissions from the top of the absorber 
using FTIR and (ii) PSD of the incoming flue gas using the ELPI+. The study is the first to show how combining 
these two measurement techniques allows to predict the presence or absence of mist formation. This hypothesis is 
based on information obtained during several measurement campaigns on different pilot plants.  
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1. Introduction 

 
Post combustion carbon capture (PCCC) is based on the removal of CO2 after the combustion of a fossil fuel. 

Reactive absorption is one of the most important techniques for the removal of CO2 from flue gas. This reactive 
absorption process makes use of the reversible nature of the chemical reaction of an aqueous alkaline solvent 
(usually an amine) with an acid gas (CO2). The amine based solvent can be lost during the process due to: 
degradation, vaporization, mechanical losses and aerosol (mist) formation. Studies on emission processes such as 
vaporization and mist formation exist at laboratory conditions [1, 2, 3]. Only recently, studies have appeared 
pointing out that aerosols can dominate the total amine emission at pilot plant scale [4, 5, 6, 7 , 8, 9, 10, 11, 12].  

 
The origin and driving factors of the NH3 and monoethanolamine (MEA) emissions including mist formation 

phenomena as measured at different pilot plants using a Fourier Transformed Infra Red (FTIR) analyser were 
recently published [10]. Mist precursors can be ultrafine liquid or solid particles of sulphuric acid, salts or any form 
of particulate matter in the flue gas entering the absorber from for example a coal fired power plant [4, 11]. 
Submicron (< 1 m) particulate matter or H2SO4 aerosols may serve as nuclei for the formation of amine aerosols 
[4]. Particles in the form of soot (106 number of particles per cm3) can cause MEA emissions in the order of 200 mg 
Nm-3 [11]. H2SO4 aerosols with a particle number concentration in the order of 108 per cm3 can lead to MEA 
emissions in the range of 600-1100 mg Nm-3. 

 
Future full scale amine scrubber installations will be imposed emission limit values (ELV) for a number of 

components including NH3 and the amine itself. Most likely these ELV will be expressed as maximum 
concentrations tolerated in the CO2 poor flue gas leaving the stack. The exact value of the ELV will depend on the 
local authorities but it is clear that the high amine concentrations measured during mist formation phenomena will 
not be tolerated. Therefore, countermeasures need to be implemented. For the design of different countermeasures 
types and location (upstream or downstream the amine plant), it is crucial to have an idea of the aerosol size 
distribution and number concentration entering or leaving the absorber.  

 
Recently, a relation between measurements of the aerosol sizes and numbers entering and leaving a MEA mini-

pilot absorber was published [13]. These data can serve future installations when designing aerosol emission 
countermeasures. The generated H2SO4 aerosols sent into the mini-pilot absorber are observed to be extremely small 
(i.e. <0.2 m) with number concentrations exceeding 1E8 cm 3. The aerosols grow in size as they travel through the 
mini-pilot absorber through the taking up of water and amine to sizes close to but staying below 1 m. However, 
despite the fact that most of the aerosols (expressed in number concentrations) are well below 1 m, most of the 
water (and thus amine) is found in the aerosol sizes between 0.5 and 2 m. Therefore, if one aims at designing 
efficient countermeasures, eliminating this size fraction is crucial.  

 
The work presented here builds further on the lessons learned in previous work and presents Particle Size 

Distributions (PSD) and corresponding total number concentrations measured upstream of different carbon capture 
pilot installations around the world. The combination of amine measurements using FTIR behind the absorber and 
linking it to PSD measurements in front of the absorber is novel. The objective of the paper is apart from presenting 
these novel data, the formulation of a hypothesis that allows to predict mist formation based on the PSD of the 
incoming flue gas. It is important to note that throughout this work, MEA was used as a solvent. 
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2. Materials and Methods 

 
The presence or absence of mist formation inside the absorber is observed through amine measurements carried 

out by a Fourier Transformed Infra Red (FTIR) analyser in the flue gas leasing the absorber. These amine 
concentrations are then linked to the incoming (i.e. in front of absorber) PSD and total number concentration as 
measured by an Electrostatic Low Pressure Impactor (ELPI+). Both analyser systems and sampling-set-ups are 
shortly presented below.  

 

2.1. Fourier Transformed Infra Red (FTIR) measurements of amines leaving the absorber  

 
A FTIR analyser (GASMET CX 4000) is used to analyse the gas phase leaving the absorber at the different pilot 

plants. The sampled flue gas is heated to 180°C using a trace heated transfer line. At this temperature the aerosol 
phase is vaporised implying that the concentration of amine measured by FTIR is the sum of vapour phase MEA and 
MEA that was present in the aerosols [9, 10]. The FTIR analyzer was specifically calibrated for the amine of interest 
at the different locations (in this study always MEA). The uncertainty of the components measured by the FTIR 
depends on the chemical composition (and thus possible interferences) of the matrix in which it is measured. 
Therefore, stating detection and quantification limits is difficult; however they are in the low mg Nm-3 range at the 
applied conditions (for more information, [9,10]). 

 

2.2. Electrostatic Low Pressure Impactor (ELPI+) measurements of particle size distribution and total number 
concentrations 

 
The PSD and total number concentrations in the incoming flue gas are measured using DEKATI’s Electrical Low 

Pressure Impactor, ELPI+. The particles are charged by corona charging and subsequently separated in a low 
pressure cascade impactor with 14 electrically insulated collection stages. The measured current signals are 
proportional to the number concentration and size. By using kernel functions in order to account for the charging 
efficiency dependency on diameter and for the collection efficiencies of the different stages, the number 
concentration in every channel can be calculated. A more precise description of the original ELPI can be found in 
[14, 15]. The ELPI+ features an additional impactor stage which enlarges the measurement range covered by 
impactor stages from a cut-off of 30 nm down to a cut-off of 16.7 nm [16]. Additionally, a filter stage has been 
added which collects all the particles that aren´t trapped in one of the impactor stages. The charging efficiency 
decreases strongly with the particle size, so that below 6 nm no charging is expected anymore. Thereby, particles 
down to 6 nm can be measured. The maximum number concentrations that are detectable in every stage as indicated 
in the manual are not reached during any of the pilot testing described here.  

 
A last important remark concerns the non-isokinetic sampling of the aerosols and the effect this may have on the 
observed aerosol sizes. This effect is only important for aerosols that are larger than a few m [17, 10]. The absence 
of the effect of iso-kinetic sampling on the measured MEA concentrations using the FTIR was presented in [10]. 
This was explained by the fact that the aerosols should be smaller than 1 m which is confirmed by a study [13] in 
which the PSD of the incoming flue gas and the PSD of the flue gas leaving the absorber are compared. Therefore, it 
was judged not necessary to iso-kinetically sample the aerosols for both the FTIR and ELPI+ measurements at the 
different pilots visited in the framework if this study. Measured ELPI+ total number concentrations of H2SO4 
aerosols were compared with measurements using a condensation particle counter (UF-CPC 200 PALAS GmbH) 
[18]. The usage of these two different principles for the measurement of the volatile sulfuric acid aerosol shows that 
both devices confirm high number concentrations above 108 cm-3. In case where the flue gas contains a very high 
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number of aerosols smaller than 6 nm, an overestimation of number concentrations measured by the ELPI+ filter 
stage (< 6nm), which has been noted in literature before for the original ELPI, has been observed.  

 
It is impossible to use the ELPI+ on saturated flue gas since condensation on the impactor plates of the ELPI+ 

would imply short-circuiting between impactor plates and thus falsify the measurement. This means that the flue gas 
must be diluted before entering the ELPI+. This study uses a one-stage heated dilution step to dilute the flue gas to 
make ELPI+ measurements possible as depicted in figure 1. The flue gas behind the absorber is usually found at a 
temperature close to 50 C. The sampling probe as well as the dilutor is therefore heated up to a temperature slightly 
higher (eg. 80 C) to avoid condensation along the sampling system. Inside the heated box with the dilutor, the 
sampled flue gas is diluted with heated, particle and moisture free air. Controlling the flow through the mass flow 
controller allows applying different dilution ratios and by doing so, the effect of the dilution on the measured PSD 
can be investigated. 

 

 

Fig. 1.Sampling set-up of the ELPI+ including the one-stage heated dilution step 

 

3. Results and discussion 

 

3.1. Effect of dilution on the measured ELPI+ PSD measurements 

 
Similarly to the effect described in [13] for the case of H2SO4 aerosols, shrinking of MEA aerosols behind the 

absorber with increasing dilution ratios is observed here due to the evaporation of water from the aerosol. Figure 2 
presents this phenomenon for one of the locations during a period where high MEA mist formation was taking 
place. Increasing the dilution increases the fraction of PM/aerosols in the smallest size fractions. The extent to which 
the shrinking occurs is very much function of the nature of the PM/aerosols. At some of the locations, hardly any 
shrinking was observed suggesting the absence of high water content inside the PM/aerosols. This reduces the 
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potential for water evaporation and thus shrinking of the PM/aerosols. One must be aware that the measured PSD 
may not be the true PSD and this difference may be larger in cases where aerosols with large water contents are 
present. In these conditions, the true PSD will be shifted towards larger sizes as compared to the measured PSD 
(with dilution) and this shift is very much a function of the dilution ratio as can be seen in figure 2.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.Increasing dilution reduces the apparent aerosol size and thus shifts the measured PSD towards smaller sizes in cases where aerosols/PM 
with high water content are present 

 

3.2. Filtering PM/aerosols from the flue gas prevents mist formation inside the absorber 

 
At different pilot plants, the effect of filtering of the incoming flue gas on the MEA mist formation process was 

evaluated. Filtering the flue gas targets to reduce the number concentration of the mist precursors (PM/aerosols) 
entering the absorber and thus reducing the chances of mist formation. Figure 3 presents this effect for 3 different 
flue gases sent into a MEA absorber. For reasons of confidentiality, the number concentrations on the y-axis are 
removed. As a comparison, the measured ambient PM/aerosol PSD of the ambient air at one of the locations is also 
presented. Flue gas 1 and 2 contain a high number of PM/aerosols and at these locations, MEA mist formation took 
place leading to high MEA emissions from the top of the absorber. ELPI+ measurements of the flue gas 3 however, 
revealed significant lower PM/aerosol numbers. Using this flue gas, no MEA mist formation process took place and 
only volatile MEA emissions were measured by the FTIR (< few ppm). In order to confirm the fact that it is indeed 
the presence of a high number of mist precursors that induces the mist formation and not something else inside the 
flue gas, a filtering of flue gas 2 was carried out (keeping all other operational parameters constant). The filtering 
resulted in a PSD measured by the ELPI+ similar to the PSD of flue gas 3 with even slightly lower numbers than in 
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flue gas 3. The filtering prevented MEA mist formation and the FTIR revealed very low MEA emissions leaving the 
absorber. This experiment reveals that indeed, the presence of mist precursors in the form of nuclei (PM/aerosols) in 
great numbers leads to mist formation and thus high amine emissions. Filtering the flue gas is therefore considered 
as a possible countermeasure to avoid mist formation.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Filtering PM/aerosols out of the flue gas prevents mist formation inside the MEA carbon capture absorber 

 

3.3. Relating measured PM/aerosols concentrations upstream of different pilot plants to the presence/absence of 
mist formation 

 

Based on several measurement campaigns at different pilot plants during which experiments were carried out where 
the flue gas was filtered, we managed to come to the hypothesis presented in figure 4. We noted that above a certain 
threshold number concentration, MEA mist formation takes place and that below a certain value, no MEA formation 
issues were encountered. In between these values, there is a grey zone. Flue gas with a total number concentration 
that falls within this grey zone was observed to lead during some periods to mist formation and during other periods 
not. This may be related to variations in numbers of PM/aerosols entering the absorber as well as to changes in 
operational settings of the pilot plant varying throughout the day. It must be repeated that this work was done only 
using MEA as a scrubbing solvent and therefore, the thresholds observed in this study may not be valid for other 
solvent systems.  
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Fig. 4. Relating number concentrations measured upstream of different MEA capture pilots to the presence or absence of MEA mist formation 

 

4. Conclusions and future research 

 
The study presents a novel combination of two existing measurement techniques, that measure: (i) amine emissions 
from the top of the absorber using FTIR and (ii) PSD of the incoming flue gas using the ELPI+. The ELPI+ 
measurement is challenging because dilution of the saturated flue gas is necessary to avoid condensation inside the 
equipment which would falsify the readings. Dilution can impact the apparent PSD since if the PM/aerosols of 
interest contain a lot of water, increasing the dilution shrinks the PM/aerosols and thus will affect the measured 
PSD.  
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The study presents a case whereby high MEA emissions were present because of MEA mist formation. Filtering this 
flue gas reduced the MEA emissions to very low numbers. This experiment reveals that indeed, the presence of mist 
precursors in the form of  high number concentrations of nuclei (PM/aerosols) leads to mist formation and thus high 
MEA emissions.  
 
The study is the first to show how combining these two measurement techniques (amine emissions from the top of 
the absorber and PSD of the incoming flue gas) allows to predict the presence or absence of mist. This hypothesis is 
based on information obtained during several measurement campaigns on different pilots. Above a certain threshold 
number concentration, MEA mist formation takes place whereas below a certain value, no MEA mist formation 
issues were encountered. In between these values, there is a grey zone.  
 
Currently, research is going-on to identify the best possible countermeasures (upstream, inside and downstream of 
the absorber) to avoid or cure (i.e. precipitate the formed aerosols) this mist formation. We require a high efficiency 
countermeasure but at the lowest CAPEX and OPEX cost possible since this will be extremely important for future 
demo and full scale installations.  

 

Acknowledgements 

This research was carried out within the framework of the Dutch CATO-2 program . This research was feasible 
thanks to the GDF SUEZ CCS research program which partly funded this research.  

 

References 

[1] Chi, S. and G.T. Rochelle, 2002. Oxidative degradation of monoethanolamine. Industrial & Engineering Chemistry Research, 41, 4178–4186 
[2] Freeman, S. A., Davis, J. and G. T. Rochelle, 2010. Degradation of aqueous piperazine in carbon dioxide capture. International Journal of 

Greenhouse Gas Control, 5, 756–761 
[3] Nguyen, T., Hilliard, M., Rochelle, G. T., 2010. Amine volatility in CO2 capture. International Journal of Greenhouse Gas Control 4, 707–715 
[4] Kamijo, T., 2011. Amine Emission Control Technology of KM CDR ProcessTM, Presentation at the EPRI meeting: ‘Amines for post 

combustion Capture, 16th August 2011.  
[5] Kamijo, T.. Y. Kajiya, T. Endo, H. Nagayasu, H. Tanaka, T. Hirata, T. Yonekawa and T. Tsujiuchi, 2013. SO3 impact on amine emission and 

emission reduction technology. Energy Procedia 37, 1793 – 1796 
[6] Kolderup, H., K. Hjarbo, A. Huizinga, I. Tuinman, K. Zahlsen, K. Vernstad, A. Hyldbakk, T. Holten, H. Kvamsdal, P. van Os, E. da Silva, E. 

Goetheer, and P. Khakharia, 2012. Emission Quantification and Reduction (No. WP 1 and 3 in the project: CCM TQP Amine 6 for Gassnova 
SF, Norway). 

[7] Knudsen; J. and O. Bade; 2012: Emission Reduction Technologies; CLIMIT Workshop 5-6 December 2011, Oslo, Norway. Available at 
www.akercleancarbon.com  

[8] Carter, 2012. National Carbon Capture Center: Post-Combustion., 2012 NETL CO2 Capture Technology Meeting, July 10, 2012. 
http://www.netl.doe.gov/publications/proceedings/12/co2capture/presentations/2-Tuesday/T%20Carter-NCCC-Post-combustion.pdf  

[9] Mertens, J., M. L. Thielens, J. Knudsen and J. Andersen, 2012. On-line monitoring and controlling emissions in amine post combustion 
carbon capture: a field test. International Journal of Greenhouse Gas Control, 6, 2-11  

[10] Mertens, J., H. Lepaumier, D. Desagher and M.L. Thielens, 2013. Understanding Ethanolamine (MEA) and ammonia emissions from amine 
based post combustion carbon capture: lessons learned from field tests. International Journal of Greenhouse Gas Control, 13, 72-77 

[11] Khakharia, P., L. Brachert, J. Mertens, A. Huizinga, B. Schallert, K. Schaber, T. Vlugt, and E. Goetheer, 2013. Investigation of aerosol 
based emission of MEA due to sulphuric acid aerosol and soot in a Post Combustion CO2 Capture process. International Journal of 
Greenhouse Gas Control, 19, 138-144 

[12] Khakharia, P. H. M. Kvamsdal, E. F. da Silva, T.J.H. Vlugt and E. Goetheer, 2014. Field study of a Brownian Demister Unit to reduce 
aerosol based emission from a Post Combustion CO2Capture plant. International Journal of Greenhouse Gas Control 28, 57–64 

[13] Mertens, J., L. Brachert, D. Desagher , M.L. Thielens, , P. Khakharia, E. Goetheer and K. Schaber, 2014. ELPI+ measurements of aerosol 
growth in an amine absorption column. International Journal of Greenhouse Gas Control, 23, 44-50 

[14] Keskinen, J., K. Pietarinen, K. and M. Lehtimäki, 1992. Electrical low pressure impactor. Journal of Aerosol Science, 23, 353-360 
[15] Marjamäki, M., J. Keskinen, D. Chen and D.Y.H. Pui, D.Y.H., 2000. Performance evaluation of the electrical low-pressure impactor (ELPI). 

Journal of Aerosol Science, 31, 249-261 
[16] Yli-Ojanperä, J., J. Kannosto, M. Marjamäki, and J. Keskinen, 2010. Improving the Nanoparticle Resolution of the ELPI. Aerosol and Air 

Quality Research, 10, 360-366 



 Jan Mertens et al.  /  Energy Procedia   63  ( 2014 )  893 – 901 901

[17] Angelo, M., 2008. Automatic Particle Monitoring Technology. Presentation for the SICK company 
[18] Brachert, L., J. Mertens, P. Khakharia and K. Schaber, 2014. The Challenge of Measuring Sulfuric Acid Aerosols: Number Concentration 

and Size Evaluation using a Condensation Particle Counter (CPC) and an Electrical Low Pressure Impactor (ELPI+). Journal of aerosol 
science, 61; 21-27 


