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Summary 

Odour from pig production can be a severe nuisance to people living in the vicinity of the 

production facilities. The development of odour reduction technologies for pig production is limited 

by the present method for measurement of odour, which is based on the collection of air samples in 

sampling bags and dilution-to-threshold based on human panellists. The hypothesis of the current 

PhD-project has been that reduced sulphur compounds significantly influence odour from pig 

production. The objective was (i) to further develop methods for measuring odorants from pig 

production including sulphur compounds, (ii) to correlate measurements of odour and odorants and 

identify important odorants, and (iii) to implement the developed methods in the evaluation of 

odour reduction technologies. The loss of sulphur compounds in Tedlar bags was below 5% over 24 

h of storage and combined with a detector in the low ppbv-range Tedlar bags can be used to measure 

sulphur compounds from pig production. The concentrations of sulphur compounds were decreased 

in Nalophan bags and in particular hydrogen sulphide was decreased with ca. 30% over 24 h of 

storage. The concentrations of carboxylic acids, phenols and indoles were significantly decreased 

over 24 h of storage in both Tedlar and Nalophan bags. Sulphur compounds were also shown to be 

negatively influenced by the dilution in an olfactometer. Proton-Transfer-Reaction Mass 

Spectrometry (PTR-MS) was found to provide specific and sensitive measurements of odorants 

from pig production including sulphur compounds. Odorants measured by PTR-MS demonstrated 

to be a feasible method to predict the odour concentration from facilities with growing-finishing 

pigs using multivariate data analysis. Hydrogen sulphide, methanethiol, trimethylamine and 4-

methylphenol were identified as important odorants for the prediction of odour concentration. The 

PTR-MS showed to be a robust method that can be used to estimate the removal of odorants in a 

biological air cleaner and handle the conditions with high levels of dust and humidity. A portable 

and low-cost method for measurement of methanethiol and dimethyl sulphide with pre-

concentration on silica gel and chemiluminescence detection was developed and demonstrated to be 

an alternative to the commercial methods. The results of the present study confirm that sulphur 

compounds are important odorants from pig production that have to be included in measurements of 

odorants from pig production. Odour measurements based on the collection of air samples in 

sampling bags change the relative odorant composition towards sulphur compounds and may 

underestimate the odour emission from pig production and the effect of odour reduction 

technologies. Prediction of odour concentration based on chemical measurements of odorants by 

PTR-MS is a method that can improve the understanding of odour from pig production and the 

development of odour reduction technologies towards significant odorants. 
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Resumé 

Lugt fra svineproduktion kan være til stor gene for folk, som bor tæt på produktionsfaciliteterne. 

Udviklingen af lugtreducerende teknologier til svineproduktion er begrænset af den nuværende 

metode til at måle lugt, som er baseret på opsamling af luftprøver i poser og bestemmelse af en 

tærskelværdi ved brug af menneskelige panellister. Hypotesen for det næværende PhD-projekt har 

været at reducerede svovlforbindelser har afgørende betydning for lugt fra svineproduktion. 

Formålet var (i) at videreudvikle metoder til at måle lugtstoffer fra svineproduktion inklusiv 

svovlforbindelser, (ii) at korrelere målinger af lugt og lugtstoffer og identificere betydende 

lugtstoffer og (iii) at implementere de udviklede metoder i evalueringen af lugtreducerende 

teknologier. Tabet af svovlforbindelser i Tedlar poser var mindre end 5 % over 24 timers lagring, og 

kombineret med en detektor i det lave ppbv område kan Tedlar poser anvendes til at måle 

svovlforbindelser fra svineproduktion. Koncentrationen af svovlforbindelser blev reduceret i 

Nalophan poser, og især svovlbrinte blev reduceret med ca. 30 % over 24 timers lagring. 

Koncentrationen af carboxylsyrer, phenoler og indoler blev reduceret signifikant i både Tedlar og 

Nalophan poser. Det blev endvidere vist, at svovlforbindelser var negativt påvirket af 

fortyndingssystemet i et olfaktometer. Kemisk ionisering med massespektrometri (PTR-MS) 

resulterede i specifikke og sensitive målinger af lugtstoffer fra svineproduktion inklusiv 

svovlforbindelser. Måling af lugtstoffer ved brug af PTR-MS blev vist at være en brugbar metode til 

at prediktere lugtkoncentrationen fra slagtesvineproduktion ved brug af multivariat dataanalyse. 

Svovlbrinte, methanthiol, trimethylamin og 4-methylphenol blev identificeret som betydende 

lugtstoffer for prediktion af lugtkoncentration. Det blev demonstreret, at PTR-MS er en robust 

metode, som kan anvendes til at estimere fjernelsen af lugtstoffer i en biologisk luftrenser og 

håndtere forholdene med høje niveauer af støv og fugt. En transportabel og økonomisk metode til 

måling af methanthiol og dimethyl sulfid ved opsamling på silica gel og analyse ved brug af 

kemoluminescens blev udviklet og viste sig at være et alternativ til de kommercielle metoder. 

Resultaterne af nærværende studie viser, at svovlforbindelser er betydende lugtstoffer, som skal 

inkluderes i måling af lugtstoffer fra svineproduktion. Lugtmålinger baseret på opsamling i 

prøveposer ændrer indholdet af lugtstoffer til et relativt højere indhold af svovlforbindelser og 

underestimerer lugtemissionen fra svineproduktion og effekten af lugtreducerende teknologier. 

Prediktion af lugtkoncentration baseret på kemiske målinger af lugtstoffer med PTR-MS er en 

metode, som kan forbedre forståelsen af lugt fra svineproduktion og udviklingen af lugtreducerende 

teknologier i forhold til betydende lugtstoffer. 
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1 Introduction 

Emission of odour from pig production can be a severe nuisance to people living in the vicinity of 

intensive production facilities. During the last decades, odour from pig production and other types 

of animal production has gained increased attention. The future development of animal production 

requires that the distance between new production facilities and the neighbours is increased or that 

the odour emission is reduced by the use of odour reduction technologies (e.g. air cleaning and 

slurry treatment). The focus on odour from animal production has initiated the development of 

odour reduction technologies.  

It is clear that both neighbours and farmers have an interest in the development of odour reduction 

technologies for pig production, but one major obstacle in this process is the measurement of odour. 

At the moment, the only accepted method for measuring odour in Denmark is dynamic olfactometry 

where odour is estimated as dilution-to-threshold with human panellists in an olfactometer (CEN, 

2003). This method has some drawbacks in relation to low recovery of odorants in sampling bags 

(Paper I: Hansen et al., 2011; Koziel et al., 2005; Mochalski et al., 2009; Trabue et al., 2006) and a 

high variation due to the use of human panellists (Clanton et al., 1999). It has often been suggested 

that chemical measurements of odorants would improve the estimation of odour, but this requires a 

reliable method for measuring the odorants and a reliable method for evaluating the response from 

human noses in order to identify the most important odorants from pig production. During the 

development as well as the documentation of odour reduction technologies, knowledge about 

specific odorants would increase the understanding of odour from pig production and improve the 

development of the technologies towards significant odorants. 

At the start of the present PhD-project it was indicated that hydrogen sulphide and reduced organic 

sulphur compounds (e.g. methanethiol and dimethyl sulphide) could be important odorants from pig 

production. Based on the odour threshold value (van Gemert, 2003) and reported concentration 

levels (Kim et al., 2007; Willig et al., 2004), it was found that sulphur compounds could contribute 

substantially to the odour emission from pig production. At the same time it had also been 

demonstrated that sulphur compounds in sample air from pig production were difficult to measure 

due to their reactivity and instability in humid sample air (Devai and Delaune, 1994; Trabue et al., 

2008a). Consequently, sulphur compounds had only been investigated to a limited extent in relation 

to pig production and there was a need to further develop methods to measure these compounds and 

clarify their significance. 
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1.1 Hypothesis and objectives 

It was hypothesized that reduced sulphur compounds have a significant influence on odour from pig 

production. The objective of the present study was (i) to further develop methods for measuring 

odorants from pig production including sulphur compounds, (ii) to correlate measurements of odour 

and odorants and identify important odorants, and (iii) to implement the developed methods in the 

evaluation of odour reduction technologies. The PhD-thesis will focus on answering the following 

questions: 

 

1. Is it possible to develop a method for collection and analysis of gaseous sulphur compounds 

from pig production with a recovery above 80-90%? 

2. How are odorants affected by the storage in sampling bags for olfactometry and the analysis 

in the olfactometer? 

3. Is it possible to predict the odour concentration in pig production based on measurements of 

odorants and to identify important odorants? 

4. Can the developed methods for measuring odorants be applied to estimate the removal of 

odorants in a biological air cleaner for pig production? 

 

1.2 Outline of the thesis 

The present PhD-thesis consists of two parts. The first part is an overview of the knowledge 

regarding measurement of odour and odorants from pig production. The overview includes origin 

and significance of odorants, measurement of odour with human panellists, laboratory and on-line 

methods for measurement of odorants and the correlation between odour and odorants. The second 

part of the thesis is an experimental part where results obtained in own experiments are presented. 

The experimental part is divided into five scientific papers (Paper I – V), see list of papers below in 

section 1.2.1. The five papers can be found in their full length in the appendix. A very important 

part of the present PhD-project was a further development of the methods for measuring odorants 

from pig production including sulphur compounds. Soon in the project it became clear that Proton-

Transfer-Reaction Mass Spectrometry (PTR-MS) was a very useful method for measuring sulphur 

compounds and other odorants from pig production (Feilberg et al., 2010b). Consequently, the 

PTR-MS was applied in all of the studies. Paper I investigates the storage stability of odorants in 

sampling bags normally used for dynamic olfactometry. Paper II evaluates the loss of sulphur 
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compounds during the analysis in two types of olfactometers, where the materials in contact with 

the sample matrix were made of glass and stainless steel/Teflon. Paper III investigates the odorant 

composition in different types of pig production facilities and the prediction of odour concentration 

based on odorants measured by PTR-MS. Paper IV investigates the applicability of the PTR-MS for 

assessment of odorant removal under the conditions present in a biological air cleaner for pig 

production. Papers V evaluates the use of a portable and low-cost method for measuring sulphur 

compounds from pig production (single column trapping/separation and chemiluminescence 

detection, SCTS-CL) and compare the results with the PTR-MS and a commercial sulphur 

chemiluminescence detector (GC-SCD). 

 

1.2.1 List of papers 

The following five papers are included in the present PhD-thesis, see appendix. 

 

Paper I: Hansen, M.J., A.P.S. Adamsen, A. Feilberg, and K.E.N. Jonassen. Stability of odorants 

from pig production in sampling bags for olfactometry. Journal of Environmental Quality, 40: 

1096-1102. 

Paper II: Hansen, M.J., A. Feilberg, and A.P.S. Adamsen. Stability of volatile reduced sulphur 

compounds in the dilution system of an olfactometer. Chemical Engineering Transaction, 23: 67-72. 

Paper III: Hansen, M.J., A.P.S. Adamsen, A. Feilberg, and P. Pedersen. Prediction of odor from 

pig production based on chemical odorants. Submitted to Journal of Environmental Quality. 

Paper IV: Hansen, M.J., A. Feilberg, D. Liu, and L.B. Guldberg. Application of Proton-Transfer-

Reaction Mass Spectrometry for assessment of odorant removal in a biological air cleaner for pig 

production. Submitted to Journal of Agricultural and Food Chemistry.  

Paper V: Hansen, M.J., K. Toda, A.P.S. Adamsen, and A. Feilberg. Evaluation of single column 

trapping/separation and chemiluminescence detection for measurement of sulfur compounds from 

pig production. Paper draft. 
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2 Odorants from pig production 

Odorants from pig production are normally end products or intermediate products from the 

anaerobic microbial fermentation of nutrients excreted by the pigs in urine and feces (Mackie et al., 

1998). Most of the modern European pig production takes place in facilities with slatted floor and a 

slurry pit. In these production systems, the sources of odorants are feed, the pigs, faeces and urine 

excreted on slats and concrete surfaces and the mixture of faeces and urine in the slurry pit. It has 

been demonstrated that the main sources of odour from pig production are slurry and faeces and 

urine excreted on slats and concrete surfaces in the facilities (Lyngbye and Riis, 2005). More than 

several hundred compounds belonging to different chemical classes such as carboxylic acids, 

alcohols, aldehydes, amides, amines, aromatics, esters, ethers, halogenated hydrocarbons, 

hydrocarbons, ketones, nitrogen containing compounds, phenols and sulphur compounds have been 

identified in pig production facilities (Schiffman et al., 2001). In the following section, odour 

threshold values will be defined and the origin and the significance of the most common odorants 

found in pig production will be presented. 

  

2.1 Odour threshold values 

Although several hundred odorants can be identified in pig production, it may only be a limited 

number that are significant odorants. Many of the odorants identified in pig production are found at 

concentration levels below the odour threshold values and will not be detected by the average 

human nose. An odour threshold value is defined as the smallest concentration of an odorant that 

can be detected by the human nose. Two types of odour threshold values are normally reported,  i.e. 

the detection threshold and the recognition threshold (van Gemert, 2003). The detection threshold is 

the minimum concentration that can be detected without any requirements to identify or recognize 

the stimulus. The recognition threshold is the minimum concentration at which a stimulus can be 

identified or recognized and is higher than the detection threshold. The odour threshold values can 

be used to evaluate the potential odour nuisance based on the measured concentrations of odorants. 

However, this approach assumes that the contribution from the individual odorants is additive, but it 

could also be antagonistic or synergistic. Reported odour threshold values demonstrate large 

variation (Devos et al., 1990; van Gemert, 2003) and the threshold values have to be used with great 

care. 
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2.2 Common odorants found in pig production 

In Table 1 some of the most common odorants found in facilities with growing-finishing pigs are 

listed with their origin, concentration range, the geometric mean of the reported detection threshold 

values and the odour description. 

 

Table 1. Origin, concentration range, odour threshold values (OTV), and odour description of common odorants found 
in facilities with growing-finishing pigs. 

Compounds Main origin Concentration range
a
 

ppbv 

OTV
b
 

ppbv 

Odour
c
 

description 

Hydrogen sulphide Sulphate, methionine, cysteine 100 – 1500 1.9 Rotten eggs 

Methanethiol Methionine, cysteine 1 – 20 0.07 Rotten 
cabbage 

Dimethyl sulphide Methylation of methanethiol 1 – 15 4.1 Decayed 
vegetables 

Dimethyl disulphide Oxidation of methanethiol 0.1 – 0.5 3.0 Putrid, garlic 

Ammonia Urea, proteins 5000 – 20000 2500 Sharp, pungent 

Trimethylamine Choline 1 – 20 2.1 Fishy  

Acetic acid Carbohydrates and proteins 50 – 400 234 Pungent 

Propanoic acid Carbohydrates and proteins 20 – 150 25 Pungent, 
rancid 

2-methylpropanoic acid Proteins 1 – 10 10 Irritant 

Butanoic acid Carbohydrates and proteins 10 – 100 1.8 Sweaty, rancid 

Pentanoic acid Carbohydrates and proteins 1 – 10 2 Irritant 

3-methylbutanoic acid Proteins 1 – 5 0.6 Rancid, cheese 

Phenol Tyrosine 0.1 – 1 54 Irritant 

4-methylphenol Tyrosine 1 – 10 0.3 Phenolic 

4-ethylphenol Tyrosine 0.1 – 1 1.3 Irritant 

Indole Tryptophan 0.1 – 1 0.4 Intense fecal 

3-methylindole Tryptophan 0.1 – 0.5 0.09 Fecal odour 

a Feilberg et al. (2010b), Pedersen and Jensen (2010), and Paper IV; b geometric mean of detection threshold values 
reported by Devos et al. (1990) and van Gemert (2003); c Schiffman et al. (2001). 

 

The odorants presented in Table 1 can be divided into some overall groups which are sulphur 

compounds, volatile carboxylic acids, phenols and indoles, and ammonia and amines. Sulphur 
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compounds can either be formed by the reduction of sulphate excreted in urine or microbial 

metabolism of the sulphur containing amino acids cysteine and methionine excreted in faeces 

(Higgins et al., 2006; Mackie et al., 1998). The reduction of sulphate can either proceed through an 

assimilatory or a dissimilatory pathway. In the assimilatory pathway reduced sulphur is 

incorporated into cellular organic constituents as cysteine or methionine. In the dissimilatory 

pathway, sulphate is used as an electron acceptor in the fermentation of organic materials and 

hydrogen sulphide is produced. The anaerobic metabolism of cysteine also results in the production 

of hydrogen sulphide, whereas metabolism of methionine results in the production of methanethiol. 

Further, methylation or oxidation can take place in the slurry which results in the formation of 

dimethyl sulphide, dimethyl disulphide and dimethyl trisulfide (Eriksen et al., 2010). The low odour 

threshold values relative to the concentration levels and the rotten and decayed odour caused by the 

sulphur compounds indicate that these compounds are important odorants. 

Volatile carboxylic acids are produced from fermentation of carbohydrates and proteins excreted in 

faeces (Mackie et al., 1998). Carbohydrates are only fermented into straight chained carboxylic 

acids, whereas proteins are fermented into straight chained and branched chained carboxylic acids. 

The fermentation of carbohydrates mainly results in the formation of acetic acid, propanoic acid and 

butanoic acid and to a smaller extent pentanoic acid, hexanoic acid and heptanoic acid. Deamination 

of the amino acids is the main pathway for fermentation of proteins into carboxylic acids. 

Carboxylic acids are some of the most abundant odorants found in pig production, but they also 

have relatively high odour threshold values and may be less important odorants. 

Deamination of amino acids also results in the formation of ammonia, but urea excreted in urine is 

the main source of ammonia. Ammonia has a high odour threshold value relative to the 

concentration level and is insignificant in relation to odour from pig production. Although ammonia 

is not an important odorant it is still a serious nitrogen pollutant from pig production. 

Trimethylamine is the most abundant amine found in pig production and it origins from the 

microbial degradation of choline (Spoelstra, 1980). Trimethylamine has a low odour threshold value 

relative to the concentration level and is considered to be an important odorant from pig production.  

Phenols and indoles are products from the microbial fermentation of the aromatic amino acids 

tyrosine and tryptophan (Mackie et al., 1998). Phenolic compounds formed in the intestinal tract of 

the pigs are absorbed and detoxified in the intestinal mucosa and the liver and excreted in the urine. 

Phenolic compounds excreted in urine mainly consist of 4-methylphenol and to a smaller extent 

phenol and 4-ethylphenol. Phenols and indoles are normally found in low concentrations in pig 
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production, but in particular indole and 3-methylindole (skatole) have low odour threshold values 

and faecal odour, and these compounds are considered to be important odorants. 

 

3 Measuring odour from pig production 

The most common way to measure odour from agriculture is the dilution-to-threshold approach 

with the use of human panellists. Odour measurements based on dilution-to-threshold is also known 

as dynamic olfactometry. In Europe, odour measurements are based on the European standard for 

dynamic olfactometry as defined by the European Committee for Standardization (CEN, 2003). The 

measurement of odour by dynamic olfactometry is defined as the dilution factor acquired to reach 

the detection threshold. The unit is the European odour unit per cubic meter (OUE/m3). The 

European odour unit (OUE) is the amount of odorants that, when diluted in 1 m3 of clean air, give a 

physiological response from 50% of the human population or the panellists. The European standard 

defines how an odour measurement should be performed from the collection of samples until the 

analysis in the laboratory. Although dynamic olfactometry is defined in a standard, it has some 

drawbacks that have to be considered when the method is used. The method involves the collection 

of gaseous samples in sample bags and storage for up to 30 h before analysis in the olfactometer. 

Odorants are volatile and reactive compounds and this handling of the sample air can influence the 

odour measurements. Furthermore, human panellists are used and the natural variation associated 

with human noses can also influence the odour measurements. In the following section, some of the 

challenges related to sampling and storage of odorous samples and the variation associated with 

dynamic olfactometry will be presented and measurement of odour intensity and hedonic tone will 

shortly be described. 

 

3.1 The effect of sample introduction 

The recovery of odorants during storage is mostly considered from the time when the sampling bag 

has been filled with odorous air. However, it should be realized that the sample matrix can be 

affected by the valves (Kim et al., 2006) and tubes (Sulyok et al., 2002) used during the sample 

introduction. The European standard for dynamic olfactometry defines that the following material 

can be used for sample equipment in contact with the sample matrix: polytetrafluoroethylene 

(PTFE, Teflon), fluorinated ethylene propylene (FEP, Teflon), polyvinylfluoride (PVF, Tedlar), 

polyethyleneterephthalate (PET, Nalophan), stainless steel and glass. In the study by Kim et al. 
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(2006) it was demonstrated that a stainless steel valve results in a higher loss of sulphur compounds 

compared to a Teflon valve, but both types of valves result in a loss of hydrogen sulphide and 

methanethiol . It was also demonstrated that elongated sampling time (5-10 min) compared to fast 

sampling (< 1 min) resulted in a higher loss of sulphur compounds for the stainless steel valve. In 

the study by Sulyok et al. (2002) tubing materials of Teflon, polyvinylchloride (PVC) and silicone 

were examined for the loss of sulphur compounds. It was shown that PVC and silicone tubes result 

in a higher loss of sulphur compounds compared to Teflon tubes and only a few cm of silicone tube 

had a significant effect on the loss of sulphur compounds. Although these two studies only 

considered sulphur compounds, it is likely that other odorants found in pig production will be 

affected in a similar way. It seems that valves should be avoided for sample introduction and 

instead Teflon tubes should be used in the line between the odour source and the sampling bag.  

 

3.2 The effect of storage in sampling bags 

The European standard for dynamic olfactometry has defined three types of sampling bag materials 

that can be used: fluorinated ethylene propylene (FEP, Teflon), polyvinylfluoride (PVF, Tedlar) and 

polyethyleneterephthalate (PET, Nalophan). The recovery of odorants in sampling bags of Tedlar, 

Nalophan, and Teflon has been investigated in a number of studies (Guillot and Beghi, 2008; Paper 

I: Hansen et al., 2011; Koziel et al., 2005; Mochalski et al., 2009; Sulyok et al., 2001; Trabue et al., 

2006). These studies cover the most common odorants found in pig production including sulphur 

compounds, carboxylic acids, phenols, and indoles. The general trend is that most of the odorants 

are lost to some extent within 24 h of storage and the degree of recovery is sulphur compounds > 

carboxylic acids > phenols/indoles. There could be different reasons for the loss of odorants during 

storage in sampling bags such as adsorption to the bag surface, diffusion through the bag material 

and reactions. Sulphur compounds are the odorants least affected by the storage in sampling bags 

used for dynamic olfactometry, but Tedlar bags seem to have a higher recovery compared to 

Nalophan and Teflon bags (Mochalski et al., 2009). It has been demonstrated that the loss of 

methanethiol and dimethyl sulphide in Tedlar bags is below 5 to 10% over 24 h of storage (Paper I: 

Hansen et al., 2011; Mochalski et al., 2009; Sulyok et al., 2001). The results regarding storage 

stability of hydrogen sulphide in Tedlar bags are more conflicting. Some studies have indicated a 

loss of hydrogen sulphide below 5 % over 24 h of storage (Guillot and Beghi, 2008; Paper I: 

Hansen et al., 2011), while other showed a loss at 35% (Mochalski et al., 2009). In the study by 

Mochalski et al. (2009) 1-L Tedlar bags were used and the initial concentration was ca. 60 ppbv, 
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whereas in the other two studies 10-L Tedlar bags were used and the initial concentrations was ca. 7 

ppmv (Guillot and Beghi, 2008) and ca. 700 ppbv (Paper I: Hansen et al., 2011). A possible 

explanation for the discrepancy between the studies could be the difference in concentration or the 

ratio between bag volume and surface area. If the ratio between bag volume and surface area 

influence the adsorption or diffusion of odorants, this may have a larger effect in samples with low 

concentrations. The recovery of carboxylic acids (30-70%) and phenols and indoles (5-25%) after 

24 h of storage was in general poor for all three types of sampling bags (Paper I: Hansen et al., 

2011; Koziel et al., 2005; Trabue et al., 2006). Odorants are lost to a high extent even during the 

filling of the bags (Paper I: Hansen et al., 2011) or within the first 0.5 h (Koziel et al., 2005; Trabue 

et al., 2006). Even though the samples are analyzed within the first hours after sampling, the 

concentrations of odorants are still highly influenced by the storage in sampling bags.  

 

3.3 Variation associated with dynamic olfactometry 

Dynamic olfactometry involves the use of human panellists and the natural variation associated 

with human noses can affect the results. According to the European standard (CEN, 2003), the 

panellists are tested with a standard of n-butanol to ensure the repeatability of the individual 

panellist and the panel as a whole. The standard requires that the results of 10 individual threshold 

estimates for each panellist are within 0.5 to 2 times the reference value of n-butanol (123 µg/m3). 

However, as it has been presented earlier the sample matrix collected from pig production is much 

more complex and it is doubtful whether a standard of n-butanol is enough to ensure the 

repeatability. Although the panellists are within the limits of the n-butanol standard there are still a 

number of factors that can affect the variation of the odour measurements. Factors such as panellist, 

panellist experience, sample presentation order to the panel, previous sample strength, day of the 

week, time of day, panel leader, olfactometer characteristics, laboratory settings and other items 

may affect the variation (Clanton et al., 1999). In the study by Clanton et al. (1999), it was indicated 

that the improvement of odour measurements has to focus on the variation between panellists and 

the variation within the single panellist. Replacing the n-butanol standard with a more complex 

standard that reflects the sample matrix in pig production may be a way to reduce the variation 

associated with human panellists (Zahn et al., 2001b). The intention of the European standard is 

also to ensure that samples sent to different odour laboratories are reproducible. It has been 

demonstrated that identical samples from a biological air cleaner resulted in a large variation among 

odour laboratories in Denmark and Germany (Riis, 2011). The samples sent to one odour laboratory 
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resulted in a high cleaning efficiency, while the samples sent to two other odour laboratories 

resulted in an insignificant or a low cleaning efficiency. It is uncertain what caused this difference, 

but it is likely that some of the factors affecting the repeatability may also affect the reproducibility. 

Although dynamic olfactometry is defined by a standard there are still some degrees of freedom in 

relation to materials for construction of the olfactometer (glass, Teflon and stainless steel), pulse 

duration (below 15 s), air flow in nose cone (minimum 20 L min-1) and panel size (minimum 4) that 

may influence the results obtained by different odour laboratories. In the study by Hansen et al. 

(2010) (Paper II) it was investigated how the dilution systems of two olfactometers constructed of 

glass and stainless steel/Teflon influenced a gas mixture containing hydrogen sulphide, 

methanethiol and dimethyl (ca. 5 ppmv). It was shown that the measured concentrations after 

dilution were below the expected concentrations based on the dilution factor. Adsorption to the 

surfaces or reaction within the olfactometers was suggested as possible explanations for the loss. In 

another study with olfactometers for medical applications, it was demonstrated that hydrogen 

sulphide required a pulse duration above 1.6 s to achieve maximum intensity, whereas 2,3-

butandione required 5 s (Beauchamp et al., 2010). This underlines that the duration pulse should be 

adjusted to the compounds of interest in order to achieve maximum intensity of all compounds. The 

air flow to the nose cone can be critical in relation to the accuracy of the dilution-to-threshold 

assessment and it has been shown that a too high air flow in the nose cone can decrease the 

detection threshold (O'Brien et al., 1995). The panel size is important since most of the variation is 

associated with the panellists and the panel should be as large as possible. However, increased panel 

size will also increase the cost of the odour measurements, which may limit the number of 

repetitions. 

 

3.4 Odour intensity and hedonic tone 

Odour from pig production can also be characterized based on the odour intensity or the hedonic 

tone. The odour intensity is the odour strength perceived by the human nose and the odour intensity 

increases as the odour concentration increases. The odour intensity is measured on a scale from no 

odour to very strong odour in relation to a reference odour such as n-butanol or perhaps a more 

complex mixture of odorants. The relation between odour intensity on a six-point scale and odour 

concentration measured by dilution-to-threshold has been investigated for pig production (Chen et 

al., 1999). It was found that the odour intensity as a function of the odour concentration was best 
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described by a power function, see Figure 1. The same model could be used for different types of 

pig productions including farrowing, finishing, gestation, and nursery facilities. 

 

 

Figure 1. Relationship between odour intensity and odour concentration measured in facilities with finishing pigs 
(Chen et al., 1999). 

 

The hedonic tone is the pleasantness of an odour and is a subjective measurement on a scale from 

extremely unpleasant to extremely pleasant. In the study by Lim et al. (2001) a negative relationship 

was found between the odour concentration measured in pig production and hedonic tone and 

between odour intensity and hedonic tone. As expected, the odour from pig production becomes 

less pleasant when the odour concentration and the odour intensity increase. Measurements of odour 

intensity and hedonic tone require collection of gaseous samples in sampling bags and analysis in 

an olfactometer and have some of the same drawbacks as dynamic olfactometry. Odour intensity 

and hedonic tone have not been widely used, but the combination of odour concentration, odour 

intensity, and hedonic tone could be a way to increase the understanding of odour nuisance from pig 

production. 
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4 Methods for measuring odorants 

Methods for measuring odorants from pig production can be divided into (i) laboratory methods that 

require collection of discrete samples at the source and (ii) on-line methods that can be used to 

measure odorants on-site at the source. In the following section some of the most important 

methods that have been applied for measuring odorants from pig production will be presented. 

 

4.1 Laboratory methods 

Different methods can be used to collect discrete samples for laboratory methods such as gas 

chromatography with mass spectrometry (GC/MS) and sulphur specific detectors. In the following 

section sampling with adsorbent tubes, solid phase microextraction (SPME) and sampling bags and 

canisters will be described and the challenges in relation to pig production will be addressed. The 

principle of GC/MS and the most common sulphur specific detectors will shortly be described.  

 

4.1.1 Sampling with adsorbent tubes 

Sampling with adsorbent tubes has been used to measure odorants from pig production in a number 

of studies (Hobbs et al., 1998; Trabue et al., 2008b; Zahn et al., 1997). Adsorbent tubes (e.g. 

stainless steel, glass, and ceramic) are packed with different adsorbents depending on the 

compounds of interest. Weak adsorbents are placed before strong adsorbents to ensure that 

compounds with higher boiling points are trapped on the weak adsorbent and that compounds with 

lower boiling points are trapped on the strong adsorbent. A known volume of air is sampled on the 

adsorbent tube. The volume depends on the breakthrough volume of the compounds of interest. The 

most volatile compound of interest will have the lowest breakthrough volume and will decide the 

amount of materials that can be sampled on the adsorbent tube. Thermal desorption is used to 

release the compounds from the adsorbent tube and it normally takes place in two steps. In the first 

step, the adsorbent tube is dry-purged to remove oxygen and water and heated to release the trapped 

odorants. The released compounds are trapped on a cold trap containing an adsorbent. In the second 

step, the cold trap is heated very fast and a part of the air stream is transferred to the GC through a 

heated transfer line. 

The challenge in relation to the use of adsorbent tubes is to achieve a combination of adsorbents 

that can trap the compounds of interest and handle the conditions present in pig production. 

Ventilation air from pig production normally has a high relative humidity (50 - 80%) and this can 
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both affect the trapping of odorants and the performance of the analytical equipment. The recovery 

of carboxylic acids, phenols and indoles under conditions with a high relative humidity was found 

to be higher for graphitized adsorbents (e.g. Carbopack X) compared to carbon molecular sieve (e.g. 

Carboxen 569) and Tenax TA (2,6-diphenylene oxide polymer) (Trabue et al., 2008b). Carbon 

molecular sieve adsorbents have a higher water sorption compared to Tenax TA and graphitized 

adsorbents (Fastyn et al., 2005; Trabue et al., 2008b). The sorption of water takes up active sites in 

the adsorbent and decreases the trapping of the odorants and thereby the safe sampling volume. 

Heating of adsorbent tubes during sampling and dry-purging before analysis can reduce the effect of 

water sorption to some extent (Trabue et al., 2008b). Both graphitized and carbon molecular sieve 

adsorbents and to some extent Tenax TA result in surface-catalyzed oxidation of thiols into 

disulphides (Baltussen et al., 1999; Lestremau et al., 2004). In samples from pig production, 

methanethiol will be oxidized into dimethyl disulphide and give an overestimation of this 

compound. It has also been shown that a high desorption temperature (300 ˚C versus 150 ˚C) 

increases the oxidation of methanethiol (Lestremau et al., 2004), which indicates that it is a thermal 

oxidation. A low desorption temperature can be used for methanethiol, but higher boiling 

compounds will require a higher desorption temperature. Polydimethylsiloxane (PDMS) can be 

used to collect thiols without oxidation and with a high recovery, but the breakthrough volume is 

quite low and this limits the use (Baltussen et al., 1999). Silica gel can be used to achieve a high 

recovery of hydrogen sulphide (78.7%) (Devai and Delaune, 1997) and methanethiol (98.2%) 

(Devai and Delaune, 1996) compared to carbon molecular sieve and graphitized adsorbents and 

Tenax TA, but silica gel requires a drying of the sample air to avoid water sorption. Drying of 

sample air with a Nafion dryer (Haberhauer-Troyer et al., 1999; Persson and Leck, 1994), a CaCl2 

column (Nielsen and Jonsson, 2002; Tangerman, 1986) and freezing out of water in a Teflon tube 

(Paper I: Hansen et al., 2011) can be used to dry humid sample air with only a limited effect on the 

recovery of sulphur compounds. The drying of sample air will affect the recovery of the more water 

soluble odorants (e.g. volatile carboxylic acids) that will be trapped together with water during the 

drying process. It seems that most of the odorants found in pig production can be measured with 

adsorbent tubes, but sulphur compounds have to be collected and analyzed separately. 

 

4.1.2 Sampling with solid phase microextraction (SPME) 

Sampling with solid phase microextraction (SPME) has been widely used to measure odorants from 

pig production (Koziel et al., 2006; Lo et al., 2008; Wright et al., 2005). A fibre coated with a 10 to 
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100 µm thick adsorptive material is used to extract compounds from the air. The method can also be 

applied for liquids. The fibre is attached to a hollow needle from which it can be extended from 

during exposure and to which it can be retracted to after exposure. After sampling, the fibre is 

inserted into a heated injection port in a GC and the trapped odorants are thermally desorbed from 

the fibre and cold trapped at the head of the GC column (Harris, 2007). The adsorptive materials are 

similar to the materials used for adsorbent tubes and oxidation of thiols can also take place on some 

SPME fibres (Baltussen et al., 1999; Lestremau et al., 2004). The fibre is exposed to the air of 

interest for a fixed time and this time depends on how long time it takes to establish equilibrium 

between compounds in the gas phase and compounds extracted on the fibre. The extraction is 

influenced by temperature and relative humidity, with a high relative humidity and temperature 

leading to a decreased extraction efficiency (Lestremau et al., 2003; Namiesnik et al., 2003). 

Temperature, relative humidity and flow conditions present in a pig production facility can be 

difficult to resemble in calibration standards, and sampling with SPME can mainly be used to make 

a qualitative analysis of odorants in pig production. 

 

4.1.3 Sampling with bags or canisters 

Sampling of whole air samples in sampling bags or canisters can also be used to analyze odorants 

from pig production. This type of sampling has some drawbacks in relation to low recovery of some 

odorants and lower detection limits compared to methods with a pre-concentration step. The 

analysis of whole air samples with a GC-method requires an injection port or a sample loop. The 

recovery of odorants in sampling bags has already been addressed in section 3.2. Mainly two types 

of canisters have been used, i.e. the fused-silica-lined (FSL) and SUMMA polished (SUMMA) 

canisters. The FSL canister has a thin fused silica layer on the interior surface. The interior surface 

in the SUMMA canister has been treated to reduce the surface area and expose a smooth nickel-

chromium oxide surface. In the study by Ochiai et al. (2002), the storage stability of voltatile 

organic compounds including thiols (1.7 – 2.5 ppbv) under different humidity conditions (1.6 – 

>99%) was investigated for FSL and SUMMA canisters. It was revealed that the SUMMA canister 

is not suitable for storage of thiols, whereas the recoveries in the FSL canister were above 86% 

within 6-12 h. After three days the concentrations of thiols were also significantly decreased in the 

FSL canister. The storage of sulphur compounds in FSL canisters is affected by the high relative 

humidity (50-80%) normally found in sample air from pig production (Trabue et al., 2008a). In the 

study by Trabue et al. (2008a) less than 60% of hydrogen sulphide and methanethiol was recovered 
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after 4 h when the relative humidity was 96%. Drying of the sample air to a relative humidity at 

40% using a CaCl2 column resulted in a recovery of methanethiol and hydrogen sulphide above 

85% after 6 h and 65% after 24 h, whereas carbon disulphide, carbonyl sulphide, dimethyl sulphide 

and dimethyl disulphide had recoveries above 90% after 28 h. It was stated by Trabue et al. (2008a) 

that the storage stability of hydrogen sulphide and methanethiol is also influenced by oxygen, since 

humid samples in nitrogen had higher recoveries after three days (47%) compared to humid samples 

with zero grade air (~0%). Storage of sulphur compounds in dry nitrogen in FSL canisters resulted 

in recoveries above 90% after several days of storage (Trabue et al., 2008a). In the study by Devai 

and Delaune (1994), the recovery of sulphur compounds in glass sampling bulbs was investigated 

under dry and humid conditions (>99% relative humidity). They found that under humid conditions 

only 5% of hydrogen sulphide and 33% of methanethiol was recovered after 24 h storage, whereas 

in dry nitrogen the loss was below 5%. It seems that storage of sulphur compounds in canisters and 

glass sampling bulbs is mainly useful for sulphur compounds under dry conditions in nitrogen and 

this limits the use of these sampling methods for pig production. The SUMMA canister has also 

been investigated for a sample matrix containing carboxylic acids, phenols and indoles and it was 

demonstrated that nearly all odorants were completely lost over 24 h of storage (Koziel et al., 

2005). It has been shown that Tedlar bags are more suitable for the storage of sulphur compounds 

compared to Nalophan bags (Paper I: Hansen et al., 2011). However, the recovery of sulphur 

compounds in Tedlar and Nalophan bags were not affected by a high relative humidity (~0% versus 

75%), see Figure 2. Tedlar and Nalophan bags are permeable to water, and within a few hours after 

sampling the relative humidity in the bags will equilibrate with the relative humidity in the 

surroundings (Beghi and Guillot, 2006; Cariou and Guillot, 2006). Consequently, the high relative 

humidity found in pig production is decreased during the storage in sampling bags and this may 

limit the influence of humidity on the storage stability of sulphur compounds in sampling bags. 
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Figure 2. Measured concentration (nL L-1 + SD) of  hydrogen sulphide, methanethiol and dimethyl sulphide in humid 
and dried air samples from a pig production facility stored in sampling bags of Tedlar and Nalophan (Paper I: Hansen et 
al., 2011). 
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4.1.4 Gas Chromatography with Mass Spectrometry (GC/MS) 

Gas chromatography with mass spectrometry (GC/MS) is a very common method for measurement 

of odorants from pig production and is normally used in combination with trapping of odorants on 

adsorbent tubes or adsorptive fibres. Odorants trapped on adsorbent tubes or adsorptive fibres are 

thermally desorbed from the trapping method, separated in a gas chromatograph and detected in a 

mass spectrometer. In the mass spectrometer molecules are ionized, accelerated by an electric field 

and separated according to their mass-to-charge ratio (m/z). Molecules (M) are ionized in the mass 

spectrometer by interaction of electrons accelerated through 70 eV (1). 

 

M    +    e- (70 eV)    →    M+• (molecular ion)   +    e- (~ 55 eV)    +    e- (0.1 eV)  (1) 

 

After ionization, the molecular ion normally has enough internal energy to break into fragments and 

in some cases the molecular ion has so much energy that the molecular ion is smaller than the other 

fragments. The fragments from the ionization of the molecules result in a mass spectrum that can be 

used to identify unknown samples based on a library search of 70 eV mass spectra. Although an 

unknown sample can be identified based on a library search, this is only an indication since many 

isomers have nearly identical mass spectra. It is therefore necessary to obtain a matching mass 

spectrum and the same chromatographic retention time from a known standard sample before a 

compound can be identified (Harris, 2007). 

 

4.1.5 Sulphur specific detectors 

A number of different sulphur specific detectors that can be combined with a GC exist: electron 

capture detector (ECD), flame photometric detector (FPD), pulsed flame photometric detector 

(PFPD), sulphur chemiluminescence detector (SCD), atomic emission detection (AED), Hall 

electrical conductivity detector (HECD) and photo ionization detector (PID) (Pandey and Kim, 

2009). In relation to agricultural applications, mostly FPD (Beard and Guenzi, 1983; Hartung and 

Hilliger, 1977) and PFPD (Kim et al., 2007; Trabue et al., 2008a) have been used. In the FPD 

detector, sulphur compounds eluted from the GC are combusted in a hydrogen-rich flame and the 

chemiluminescent emission from excited S2
* is detected by a photomultiplier (Wardencki and 

Zygmunt, 1991). The FPD has a quadratic response to sulphur compounds. The PFPD is an 

improvement of the FPD in terms of separation of the signals from unwanted hydrocarbon emission 



 

 23 

and an equimolar response in relation to some sulphur compounds (Catalan et al., 2006). In the 

study by Catalan et al. (2006), it was found that the PFPD had an equimolar response to compounds 

such as methanethiol and dimethyl sulphide, whereas hydrogen sulphide resulted in a lower 

response probably due to a loss in the analytical system. The SCD is an alternative to the FPD and 

the PFPD that has a linear response and a nearly equimolar response to sulphur compounds (Choi et 

al., 2004). In the SCD sulphur compounds eluted from the GC are combusted into SO2 and reduced 

to SO in a hydrogen/air burner. In the next step SO reacts with ozone to form an excited state of 

SO2
* and the chemiluminescent emission from SO2

* is detected by a photomultiplier. The equimolar 

response of the SCD has the advantage that the same amount of sulphur gives the same response 

independently of the molecular structure, and if the retention time is known sulphur compounds can 

be quantified without having standard gases for all compounds in the sample matrix. 

 

4.2 On-line methods 

On-line methods for measuring odorants from pig production can eliminate some of the problems 

associated with pre-concentration methods and storage in sampling bags and canisters. In the 

following section Membrane Inlet Mass Spectrometry (MIMS), Proton-Transfer-Reaction Mass 

Spectrometry (PTR-MS) and a portable and low-cost method for measuring sulphur compounds 

will be described and the challenges in relation to pig production will be addressed. 

  

4.2.1 Membrane Inlet Mass Spectrometry (MIMS) 

Membrane Inlet Mass Spectrometry (MIMS) is a method that can be used for on-line measurements 

on both liquid and gaseous samples (Johnson et al., 2000). The MIMS is composed by two main 

parts which are (i) a membrane inlet where compounds in the liquid or gaseous samples permeates a 

membrane, and (ii) a mass spectrometer where the compounds are ionized and detected, see Figure 

3.  



 

 24 

 

Figure 3. Schematic drawing of Membrane Inlet Mass Spectrometry (MIMS) (Johnson et al., 2000). 

 

The permeation rates depend on the concentration and the solubility and diffusivity in the 

membrane. Important factors that determine the properties of the membrane are thickness and 

surface area. A thin membrane with a large surface area will decrease the response time and lower 

the detection limits. The membrane is normally made by silicone, which is particularly suitable for 

non-polar compounds. This means that more polar compounds have lower permeation rates and 

higher detection limits compared to non-polar compounds (Feilberg et al., 2010a). Other factors 

such as sample flow and membrane temperature can influence the signal abundance and the 

response time (Ketola et al., 1997a). The signal of toluene was increased when the sample flow was 

increased. The response time decreased when the membrane temperature was increased from 50 to 

80 ˚C, whereas from 80 to 180 ˚C the response time was only slightly decreased. A high membrane 

temperature is not desirable, since it will increase the background signal and shorten the lifetime of 

the membrane. 

The MIMS has been applied for on-line measurements of odorant removal in a biological air 

cleaner for pig production (Feilberg et al., 2010a). It was demonstrated that the MIMS was able to 

detect low levels of odorants found in pig production with a relatively low response time. The main 

challenge is the interpretation of the mass spectra and supplementary measurements with GC/MS 

and other methods are necessary to evaluate the mass spectra and to estimate the contributions from 

different compounds. Reduced organic sulphur compounds result in similar ion fragments and are 

also influenced by ion fragments from other types of compounds. Consequently, reduced organic 

sulphur compounds could only be measured as a group of compounds based on the m/z 47 

fragment. Carboxylic acids also result in some of the same ion fragments, but with supplementary 

GC/MS measurements it was possible to identify carboxylic acids based on m/z 60, 73, and 74. The 
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measurement of phenols and indoles was fairly specific for the individual compounds. The 

exception was phenol which could be influenced by dimethyl disulphide (m/z 94). Hydrogen 

sulphide in an air matrix cannot be measured by MIMS due to interference from isotopically (O18) 

enriched O2 at m/z 34 (molecular ion of hydrogen sulphide). 

The humidity in sample air can also influence the results obtained by MIMS. In the study by Ketola 

et al. (1997b), it was shown that the signal of toluene decreased when the relative humidity 

increased from 0 to 50%, whereas above 50% the signal did not decrease significantly. It was 

suggested that the decrease in signal was due to competition of active sites on the membrane surface 

between water and toluene. In the study by Feilberg et al. (2010a), there was a tendency to 

increased signals of sulphur compounds, carboxylic acids and phenols when the relative humidity 

increased from 0 to ~80%. An increase in the pressure in the mass spectrometer was suggested as an 

explanation for the increased signals. These results underline that the humidity in sample air can 

have a large influence on the results obtained by MIMS, and to achieve quantitative results 

calibration standards have to be measured under similar humidity conditions as the sample air. 

 

4.2.2 Proton-Transfer-Reaction Mass Spectrometry (PTR-MS) 

Proton-Transfer-Reaction Mass Spectrometry (PTR-MS) is another method that can be used for on-

line measurements of odorants. The PTR-MS has both been applied for pig production (Feilberg et 

al., 2010b) and cattle production (Ngwabie et al., 2008; Shaw et al., 2007). The instrumental set-up 

and the ion chemistry have been addressed in a number of studies (de Gouw and Warneke, 2007; 

Hewitt et al., 2003; Lindinger et al., 1998). The PTR-MS is based on chemical ionization of 

compounds (R) with protonated water (H3O
+) (2). 

  

R    +    H3O
+    →    RH+    +    H2O   (2) 

 

The PTR-MS is composed of three main parts: (i) the ion source, where the H3O
+ is produced, (ii) 

the drift tube, where the proton-transfer-reaction between H3O
+ and the compounds takes place, and 

(iii) a quadruple mass spectrometer, where the ions are detected, see Figure 4. Reaction (1) is 

exothermic when the proton affinity of the compound (R) is higher than the proton affinity of water 

(691 kJ mol-1). The chemical ionization results in low fragmentation, but supplementary 

measurements with GC/MS and other methods are necessary to assign compounds to the measured 

masses and to estimate the contributions from different compounds. For compounds where the 
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proton affinity is close to water, the exothermicity of reaction (2) is small and a humidity dependent 

backward reaction take place (3). Consequently, the concentration is underestimated and a 

correction is necessary to obtain the correct signal. 

 

RH+    +    H2O    →    R    +    H3O
+   (3) 

 

 

Figure 4. Schematic drawing of Proton-Transfer-Reaction Mass Spectrometry (PTR-MS) (Lindinger et al., 1998) 

 

Hydrogen sulphide (m/z 35), which is considered to be an important odorant in pig production has a 

proton affinity close to water (705 kJ mol-1). In the study by Feilberg et al. (2010b), the humidity 

dependency of hydrogen sulphide was investigated and a method for correction of the signal was 

presented, see Figure 5. The expected concentration of a gas standard (Cstd) relative to the observed 

concentration (Cobs) of hydrogen sulphide was related to the humidity of the sample air. The 

monohydrate cluster (H3O
+( H2O); m/z 37) relative to H3O

+ (measured as the O18 isotope at m/z 21) 

was used as an expression of humidity in sample air. The water cluster formation in the drift tube is 

dependent on the settings of the PTR-MS and the humidity dependency of hydrogen sulphide has to 

be estimated under the same conditions that are used for the measurements. 
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Figure 5. Relative response of Proton-Transfer-Reaction Mass Spectrometry (PTR-MS) to hydrogen sulphide as a 
function of humidity at two different concentrations (●: 830 ppbv; ○: 280 ppbv) expressed as the concentration of the 
diluted output from a permeation oven (Cstd) relative to the observed concentration using a protonation rate constant of 2 
× 10-9 cm-3 s-1 (Cobs). Relative humidity (▲) is included as a function of the water cluster signal intensity of m/z 37 
(H3O

+(H2O)) relative to m/z 21 (H3O
+)  (Feilberg et al., 2010b). 

 

The H3O
+ (4) and RH+ (5) ions can form cluster ions with water molecules in the sample air. 

 

H3O
+    +    nH2O    ↔    H3O

+(H2O)n   (4) 

 

RH+    +    nH2O    ↔    RH+(H2O)n   (5) 

 

These cluster ions are unwanted because they interfere with the interpretation of the results. The 

formation of (H3O
+(H2O)n) can interfere with the proton-transfer, since these ions act as a proton-

transfer reagents and the sensitivity becomes dependent on the proton-transfer with both H3O
+ and 

H3O
+(H2O)n. The formation of RH+(H2O)n can interfere with the interpretation of some higher mass 

compounds. As an example, water cluster formation of acetaldehyde (m/z 45) can interfere with the 

signal at m/z 63, which is normally assigned to dimethyl sulphide. Both of these compounds are 

found in the low ppbv-range (< 15 ppbv) in pig production. The sensitivity for dimethyl sulphide is 

~28 times higher than acetaldehyde at m/z 63 (de Gouw and Warneke, 2007) and the interference 

from acetaldehyde in pig production is insignificant.  

The cluster ion formation is reduced by applying an electric field over the length of the drift tube, 

which increases the kinetic energy of the reagent ions. The degree of cluster ion formation is related 

to the drift tube voltage and the parameter E/N, where E is the electric field over the length of the 

drift tube and N is the total number of molecules in the drift tube. The unit of E/N is Townsend 
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(Td), where 1 Td = 10-17 V cm2. In general H3O
+ ions dominate above a drift tube voltage of ~600 

V (~100 Td), H3O
+(H2O) ions dominate between ~350 and ~600 V (~60-100 Td) and H3O

+(H2O)2 

dominate below ~350 V (~60 Td) (de Gouw and Warneke, 2007). Although a drift tube voltage 

above 600 V can lower the water cluster ion formation, it will also increase the fragmentation of 

some compounds. In relation to sample air from pig production, it has been shown that the 

fragmentation of carboxylic acids at a E/N value at ~135 TD was dependent on the humidity of the 

sample air (Feilberg et al., 2010b). The sum of the molecular ion and the fragment as a function of 

the sample humidity was shown to be stable within 5% and can be used to estimate the 

concentrations of carboxylic acids. 

The sensitivity of the PTR-MS is mainly dependent on the rate constants for proton-transfer and the 

transmission efficiency. The transmission efficiency is determined by how efficiently the ions are 

extracted from the drift tube into the mass spectrometer and detected in the electron multiplier. The 

transmission efficiency can be estimated with a standard gas covering the masses of interest and the 

uncertainty related to the transmission can be minimized. The most significant uncertainty related to 

the sensitivity of the PTR-MS is the rate constants for proton-transfer. The rate constants can either 

be measured with a known gas standard or it can be calculated (Su and Chesnavich, 1982). 

Calibration standards could also be used to lower the uncertainty of measurements by PTR-MS. 

However, during field measurements it can be difficult to apply standards for all compounds due to 

the reactivity of the compounds and the practical problems associated with the use of gas cylinders 

and gas dilution systems in the field. More research is therefore needed to estimate rate constants 

for relevant odorants and to define a method for field calibration that can cover the most important 

odorants found in pig production. 

 

4.2.3 Simple on-site method for measurement of sulphur compounds 

Commercial sulphur chemiluminescence detectors are based on the conversion of sulphur 

compounds into SO and the reaction with ozone to form an excited state of SO2
*. However even 

without the conversion step, sulphur compounds such as hydrogen sulphide, methanethiol, dimethyl 

sulphide and dimethyl disulphide react with ozone, which results in a chemiluminescent emission 

(Yan, 1999). This has been used to develop a simple on-site instrument that can be used to measure 

methanethiol and dimethyl sulphide with a single column for trapping/separation and 

chemiluminescence detection (SCTS-CL) (Azad et al., 2006). This instrument is composed by a 

short trapping column where silica gel is used to pre-concentrate the sulphur compounds, see Figure 
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6. After pre-concentration, the column is heated and the sulphur compounds are separated based on 

their desorption temperature. After desorption, the sulphur compounds are mixed with ozone in a 

reaction cell and the chemiluminescent emission is detected by a photomultiplier. Due to the pre-

concentration step, detection limits in the low ppbv-range can be achieved. 

 

 

Figure 6. Schematic drawing of the single column trapping/separation and chemiluminescence detection method 
(SCTS-CL). ND. Nafion dryer; 3SV, three-way solenoid valve; FM, flow meter; DC1,2, dummy columns; MFC, mass 
flow controller; PC, air purification column packed with soda lime and activated carbon; P, air pump; CL cell, 
chemiluminescence cell; ORC, ozone removing column (Azad et al., 2006). 
 

The main challenge for the SCTS-CL in relation to sample air from pig production is the 

concentration of hydrogen sulphide, which is normally 20 to 30 times higher than the other sulphur 

compounds. Hydrogen sulphide is also trapped on the silica gel column and has a desorption 

temperature close to methanethiol. The chemiluminescent emission from hydrogen sulphide is 1/100 

of methanethiol and will only interfere if the concentration is much higher than methanethiol (more 

than 20 times) (Azad et al., 2006). In the study by Azad et al. (2006) it was found that hydrogen 

sulphide could be removed with a small column packed with glass wool treated with 5% 

Na2CO3/5% glycerine. The SCTS-CL has the advantage that it is portable and can be used for on-

site measurement and a higher time resolution can be achieved compared to the laboratory methods. 

Furthermore, the SCTS-CL has a fairly low cost and could be an alternative to the commercial 

methods. 
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4.3 Summary of methods for measuring odorants 

A number of different methods for measuring odorants have been presented in the previous 

sections, and it is clear that they all have advantages and limitations in relation to sample air from 

pig production, see Table 2. 

 

Table 2. Advantages and limitations of methods for measuring odorants from pig production. 

Method Advantages Limitations 

Adsorbent tubes 

with GC-methodsa 

• Quantitative measurements 

• Low detection limits 

• Simple collection method 

• High selectivity 

• Low time resolution 

• Sulphur compounds require separately 

collection 

 

SPMEb with GC-

methods 

• Simple collection method 

• High selectivity 

• Low time resolution 

• Qualitative measurements 

Sampling bags with 

GC-methods 

• Simple collection method 

• Quantitative measurements 

• High recovery of sulphur compounds 

in Tedlar bags 

• High selectivity 

• Low recovery of odorants 

• Low time resolution 

• Require detector with low detection 

limits 

Canisters with GC-

methods 

• Simple collection method 

• Quantitative measurements 

• High recovery of sulphur compounds 

in dry nitrogen 

• High selectivity 

• Low recovery of odorants 

• Require detector with low detection 

limits 

MIMSc • High time resolution 

• Measurement of most  odorants found 

in pig production 

 

• Field calibration is difficult 

• Calibration require same humidity 

conditions as sample air 

• Require additional methods for 

compound assignment 

PTR-MSd • Very high time resolution 

• Specific and sensitive measurements of 

most odorants found in pig production 

including sulphur compounds 

• Dependent on estimation of proton-

transfer rate constants 

• Field calibration is difficult 

• Require additional methods for 

compound assignment 

a GC, gas chromatography; b SPME, solid phase micro extraction; c MIMS, Membrane Inlet Mass Spectrometry; d PTR-
MS, Proton-Transfer-Reaction Mass Spectrometry. 
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The discrete sampling methods for GC-methods all have the limitation that only a limited number 

of samples can be collected and consequently the time resolution is low. However, these sampling 

methods are relatively simple and the collection of samples can be performed nearly anywhere and 

without long preparation time. Furthermore, the selectivity is high due to the separation of 

compounds in the GC method. Adsorbent tubes and SPME can be used for most of the odorants 

found in pig production, whereas sampling bags are mainly useful for sulphur compounds. 

Canisters can also be used for sulphur compounds, but only under dry conditions in nitrogen. 

Sulphur compounds are difficult to measure with adsorbent tubes and SPME due to the high 

volatility and oxidations of thiols into disulphides. Silica gel can be used to measure sulphur 

compounds, but it requires drying of the sample air and this will affect the recovery of the more 

water soluble odorants. Measurements based on adsorbent tubes, sampling bags and canisters can 

give quantitative results, whereas SPME is mainly a qualitative method. The pre-concentration of 

odorants on adsorbent tubes results in lower detection limits compared to the use of sampling bags 

and canisters. Measurements of sulphur compounds based on sampling bags and canisters require a 

detector with a detection limit in the low ppbv-range or a pre-concentration step prior to analysis. 

On-line methods such as MIMS and PTR-MS have the advantage that they can provide data with a 

high time resolution, and most of the odorants found in pig production including sulphur 

compounds can be measured. The PTR-MS can provide more specific measurements of sulphur 

compounds compared to the MIMS, but both methods require supplementary measurements with 

GC/MS or other methods for the compound assignment. The high time resolution of on-line 

methods has the advantage that these methods can provide more information about the diurnal 

variation in the odorant emission and the effect of an odour reduction technology. On-line methods 

in general require more time for preparation prior to analysis compared to the discrete sampling 

methods and in some cases also more technical skilled personnel. The calibration of on-line 

methods during field measurements can be difficult due to the reactivity of the odorants and the 

practical problems associated with the use of gas dilutions systems in the field. Future research 

should focus on new methods for field calibration of on-line methods in order to strengthen the 

usability of these methods. 
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5 Correlation between odour and odorants 

Several studies have tried to correlate the measurements of odour and odorants from pig production 

in order to define a more reliable method for measuring odour based on chemical measurements of 

odorants. In the following section, the main results from studies that have investigated the 

combination of GC/MS and olfactometry (GC/MS-O) and the correlation between odour and 

odorants are presented. 

 

5.1 GC/MS combined with olfactometry (GC/MS-O) 

The GC/MS-O is an integrated system that combines the GC/MS signal with a response from 

human panellists sniffing to compounds eluted from the GC (Wright et al., 2005). The panellist 

assesses the intensity, the duration and the odour character of the compounds. The odour characters 

assessed by the panellists are subjective descriptors of the odour compounds (e.g. faecal, sweet, 

acidic, rotten eggs). This assessment by the panellists is then converted into an aromagram, where 

the start and end of the peaks reflect the start and end of the odour response and the peak height 

reflects the relative intensity of the response, see Figure 7. The aromagram can then be combined 

with the results from the GC/MS and key odorants or unknown odorants can be identified. 

 

 

Figure 7. Aromagram based on solid phase microextraction (SPME) collection 20 m downwind from a commercial  
beef cattle feed yard (Wright et al., 2005). 
 

Collection of samples on SPME and analysis with GC/MS-O have been applied in a number of 

studies in relation to odour from pig production (Bulliner et al., 2006; Koziel et al., 2006; Wright et 

al., 2005). In these studies, samples were collected near pig production facilities and downwind 
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from the facilities. The general trend in these studies was that the odour intensity was reduced at 

sample location distant from the facilities compared to the sample location near the facilities. A 

significant odour response from 4-methylphenol was found both near the facilities and downwind 

from the facilities indicating that this compound could be an important odorant. In another study, 

the combination of SPME and GC/MS-O was used to identify odorants associated with particulate 

matter in ventilation air from pig production (Cai et al., 2006). It was demonstrated that odorants 

are present in particulate matter and the majority is associated with small particles (< 1 µm). 

However, the distribution between odorants in gas phase and particulate matter was not estimated in 

the study by Cai et al. (2006). Important odorants associated with particulate matter were 

methanethiol, 3-methylbutanoic acid, 4-methylphenol, indole and skatole. Although the GC/MS-O 

gives the opportunity to identify important or unknown odorants in pig production, it has the 

disadvantage that odorants are assessed individually and the additive, synergistic or antagonistic 

interaction between the odorants is not included in the assessment. 

 

5.2 Comparative studies of odour and odorants 

In the study by Zahn et al. (2001b), the correlation between volatile organic compounds (VOCs) 

and odour intensity was investigated for different manure storage systems. The VOCs included 

carboxylic acids, phenols, indoles and sulphur compounds such as hydrogen sulphide, dimethyl 

disulphide and dimethyl trisulphide. A high correlation (R2 = 0.88) was found between odour 

intensity and VOCs, but the study did not try to identify significant odorants. It was stated by Zahn 

et al. (2001b) that calibration of the human panellists with an artificial pig odour reference 

containing 19 odorants results in a lower variation in the odour intensity measurements. This 

artificial pig odour reference was also used in the study by Zahn et al. (2001a) to investigate the 

effect of individual odorants on the odour intensity. The reference odour was kept constant and the 

effect of nine odorants (carboxylic acids, phenols and indoles) on the odour intensity was 

investigated one at the time. A synergistic effect of acetic acid was observed, whereas the effect of 

4-ethylphenol was antagonistic. Unfortunately this study did not investigate the effect of sulphur 

compounds. Zahn et al. (2001a) also established a prediction model based on the nine odorants and 

found a high correlation (R2 = 0.80) between the measured and the predicted odour intensity for 

different manure storage systems. A synthetic pig odour composed by ammonia, hydrogen sulphide, 

acetic acid and 4-methylphenol has also been used to develop a prediction model for odour 

concentration (Hobbs et al., 2001). It was found that the odour concentration in the synthetic pig 
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odour measured by dilution-to-threshold increased with both hydrogen sulphide and acetic acid, 

whereas 4-methylphenol was negatively correlated to the odour concentration and ammonia was not 

related to the odour concentration. Prediction of the odour concentration with a prediction model 

based on these four odorants demonstrated a high correlation (R2 = 0.761) between the measured 

and the predicted odour concentration in the headspace above stored pig slurry. The correlation 

between odour and odorants in the headspace above the slurry has also been investigated in the 

study by Blanes-Vidal et al. (2009), and it was demonstrated that in particular sulphur compounds 

(hydrogen sulphide, dimethyl sulphide, dimethyl disulphide and dimethyl trisulphide) were 

correlated to the odour concentration. In this study the slurry was continuously bubbled with 

nitrogen to resemble slurry agitation, which resulted in high concentrations of odour and odorants. 

A more realistic study on the correlation between odour and odorants in the headspace above stored 

slurry was conducted by Hobbs et al. (1999). In this study, hydrogen sulphide along with carboxylic 

acids, phenols and indoles were investigated but no significant correlation was found between odour 

and odorants, although there was a high correlation between the individual odorants. In the study by 

Gralapp et al. (2001), a prediction model was established based on the concentration of 16 odorants 

(carboxylic acids, phenols and indoles) measured in a full-scale facility for finishing pigs. In this 

study, a low correlation (R2 < 0.3) was found between the measured and the predicted odour 

concentration. 

Although several studies have investigated the odour-odorant relationship, a chemical alternative to 

the dilution-to-threshold approach has not been developed so far. The previous studies mainly 

included carboxylic acids, phenols, indoles and in some cases hydrogen sulphide and a few other 

sulphur compounds. In all of the previous studies, methanethiol has not been included. 

Methanethiol has a quite low odour threshold value (van Gemert, 2003) and based on reported 

concentration levels in pig production (Feilberg et al., 2010b; Kim et al., 2007; Willig et al., 2004), 

it may have a substantial effect on odour. Furthermore, only in the study by Gralapp et al. (2001) 

the measurements were carried out in a full-scale pig production. Even though a promising 

prediction model can be estimated based on a synthetic odorant mixture, a useful prediction model 

should be based on actual measurements from a pig production facility, where the effect of feeding, 

production system, pig category (e.g. weaners, growing-finishing pig, and sows) and other relevant 

factors can be included. 
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6 General discussion of Paper I - V 

The experimental part of the present PhD-thesis is presented in five scientific papers, Paper I –V. 

The five papers can be seen in their full length in the appendix. In the following section, the main 

results from paper I-V will be summarised and discussed and conclusions and further research 

perspectives will be presented. 

 

6.1 Paper I: Stability of odorants from pig production in sampling bags for 

olfactometry 

In the beginning of the PhD-project, only a laboratory based sulphur specific detector was available 

and the intention was to develop a method for sampling and analysis of sulphur compounds from 

pig production. It had been shown that stainless steel canisters and glass sampling bulbs were not 

suitable for storage of sulphur compounds from humid conditions such as pig production (Devai 

and Delaune, 1994; Trabue et al., 2008a). There were some indications that Tedlar bags could be an 

alternative for storage of sulphur compounds (Guillot and Beghi, 2008; Mochalski et al., 2009; 

Sulyok et al., 2001). These studies only included dry air and there was a need to investigate the 

effect of humidity on the storage stability of sulphur compounds and other odorants. A study to 

investigate the influence of humidity on the storage stability of sulphur compounds, carboxylic 

acids, phenols and indoles in sampling bags was carried out (Paper I: Hansen et al., 2011). Tedlar 

and Nalophan bags were chosen since these bags are often used for dynamic olfactometry. It was 

demonstrated that a high relative humidity (~0% versus 75%) did not have a significant influence 

on the stability of sulphur compounds in sampling bags of Tedlar and Nalophan. It has been shown 

that water permeates through the film material of Tedlar and Nalophan bags and equilibrate with the 

surrounding air within a few hours (Beghi and Guillot, 2006; Cariou and Guillot, 2006). The 

permeation of water out of the sampling bags may limit the influence of humidity on the storage 

stability of sulphur compounds. Tedlar bags were suitable for storage of sulphur compounds and 

less than 5% of hydrogen sulphide, methanethiol and dimethyl sulphide was lost over 24 h of 

storage. Although Tedlar bags can be used to sample sulphur compounds from pig production, this 

method requires an analytical method with a detection limit in the low ppbv-range. Nalophan bags 

were less suitable for storage of sulphur compounds and ca. 30% of hydrogen sulphide was lost 

over 24 h of storage. The difference between Tedlar and Nalophan bags could possibly be explained 

by the thicker film material of the Tedlar bags (50 µm versus 20 µm), which may have limited the 



 

 36 

diffusion out of the Tedlar bags. In accordance with other studies (Koziel et al., 2005; Trabue et al., 

2006), Tedlar and Nalophan bags were not suitable for the storage of carboxylic acids, phenols and 

indoles. Paper I also revealed that a high loss of odorants took place during the filling of the bags 

and even though the samples are analyzed within the first hours after sampling, the storage in 

sampling bags will still have a significant influence on the concentration of odorants. The low 

recovery of odorants in sampling bags for olfactometry has the consequence that the relative 

odorant composition is changed towards a higher presence of sulphur compounds and the odour 

emission from pig production and the effect of odour reduction technologies may be 

underestimated. 

 

6.2 Paper II: Stability of volatile reduced sulphur compounds in the dilution 

system of an olfactometer 

Based on the previous experiences with low recovery of odorants in sampling bags for olfactometry 

(Paper I: Hansen et al., 2011; Koziel et al., 2005; Mochalski et al., 2009; Sulyok et al., 2001; Trabue 

et al., 2006), it was presumed that the dilution system of an olfactometer could also have an 

influence on the odorants. The stability of hydrogen sulphide, methanethiol and dimethyl sulphide 

(ca. 5 ppmv standard gas mixture) was investigated for two types of olfactometers in which the 

materials in contact with the gas mixture were made of glass and stainless steel/Teflon (Paper II: 

Hansen et al., 2010). It was demonstrated that the dilution systems of the olfactometers were 

working properly, but the concentrations of sulphur compounds measured in the nose cone were 

lower than expected based on the dilution factor. The average loss in the two olfactometes was 50-

60% for hydrogen sulphide, 25-35% for methanethiol and 10-20% for dimethyl sulphide. It seems 

that the loss of sulphur compounds reflects the volatility, where hydrogen sulphide is the most 

volatile and dimethyl sulphide the least volatile compound. Possible explanations for the losses of 

sulphur compounds could be reactions within the dilution system or adsorption to the surfaces. An 

increase in the concentration of dimethyl disulphide was observed, which indicate that methanethiol 

was oxidized in the dilution system. The present study (Paper II) only included sulphur compounds, 

but there is also a need to investigate the effect on other odorants. Furthermore, only a dry standard 

gas mixture was used and future studies should investigate real samples from pig production, where 

the effect of humidity, particles and other odorants is included. 
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6.3 Paper III: Prediction of odor from pig production based on chemical 

odorants 

It has often been suggested that chemical measurements of odorants could be an alternative to avoid 

the drawbacks of dynamic olfactometry. However, this requires a reliable method for measuring 

odorants and a reliable method that can be used to evaluate the response from human noses. Most of 

the odorants found in pig production can be measured by GC/MS and sulphur specific detectors, but 

these methods will only provide discrete measurements with low time resolution. In the study by 

Feilberg et al. (2010b), it was shown that PTR-MS is an on-line method that can provide sensitive 

and specific measurements of odorants from pig production including sulphur compounds. In a 

study with composting facilities, the odour concentration measured in the sample matrix of 

Nalophan bags after 24 h of storage was predicted based on measurements by PTR-MS (Biasioli et 

al., 2004). A high correlation between the measured and predicted odour concentrations was 

demonstrated. In the present work, a similar semi-field approach was applied to pig production in 

order to analyze the odorant composition in different facilities for growing-finishing pigs and to 

investigate whether the odour concentration in pig production could be predicted based on odorants 

measured by PTR-MS (Paper III). It was revealed that the combination of pit ventilation (10-20% of 

maximum ventilation) and room ventilation can concentrate odour and odorants in the pit 

ventilation. The concentrations of carboxylic acids were in general found to be higher in the room 

ventilation in facilities with both room and pit ventilation and in facilities with a small slurry 

surface. The sources with the highest concentrations of carboxylic acids also had the lowest odour 

concentrations and this implies that carboxylic acids are less associated with odour. The high 

concentrations of odorants in the pit ventilation with a low air flow have a large potential in relation 

to air cleaning. Air cleaning can be very costly when the full amount of ventilation air has to be 

cleaned and a system with air cleaning only on the pit ventilation could lower the cost significantly. 

The recovery of carboxylic acids, phenols and indoles in the Nalophan bags was measured and 

confirmed the results from Paper I (Hansen et al., 2011). Indole and skatole were below the 

detection limit in the majority of the samples and could not be included in the prediction of the 

odour concentration. Both indole and skatole are odorants with low odour threshold values and are 

expected to be important odorants. A reasonable correlation was found between the measured odour 

concentrations and the odour concentrations predicted based on measurements by PTR-MS (R2 = 

0.53). Based on regression coefficients and odour threshold values (Devos et al., 1990; van Gemert, 

2003) hydrogen sulphide, methanethiol, trimethylamine and 4-methylphenol were identified as 
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important odorants for the prediction of odour concentration, whereas carboxylic acids were shown 

to be less important. Despite the drawbacks of the semi-field method, Paper III shows that 

prediction of odour concentration based on odorants measured by PTR-MS is a feasible method. 

However, the prediction of odour concentration has to be further developed with on-site 

measurements of both odour and odorants where the low recovery of odorants in sampling bags can 

be avoided and where the applicability of the method can be investigated under the actual 

conditions present in pig production. Prediction of odour based on measurements by PTR-MS is a 

method that will improve the opportunities for development of odour reduction technologies for pig 

production, since the process can be more efficient and directed towards significant odorants. 

 

6.4 Paper IV: Application of Proton-Transfer-Reaction Mass Spectrometry for 

assessment of odorant removal in a biological air cleaner for pig production 

The development of odour reduction technologies for pig production based on measurements of 

chemical odorants requires a method that can handle the hazardous conditions with high levels of 

dust and humidity and still provide reliable results. A study was conducted to investigate the 

applicability of the PTR-MS for assessment of odorant removal in a biological air cleaner installed 

at a pig production facility (Paper IV). A three step biofilter from SKOV A/S with vertical filter 

steps of cellulose pads was used in the study. It was demonstrated that odorants such as carboxylic 

acids, phenols and indoles were removed to a high extent (80->99%), whereas sulphur compounds 

were removed to a lower extent. Compared to a previous study with MIMS (Feilberg et al., 2010a) 

the PTR-MS provided more specific measurements of sulphur compounds and confirmed that 

methanethiol which has a low odour threshold value is an important odorant that was only slightly 

removed (~0-15%). The PTR-MS was able to handle the hazardous conditions present in pig 

production, but dust filtration (5 µm) was necessary to protect the instrument. The dust filtration 

was affecting the recovery of carboxylic acids (ca. 80-90%) and phenols (85-99%) and indoles (ca. 

35-50%), whereas sulphur compounds aldehydes, ketones and trimethylamine were almost 

unaffected by the dust filtration. On-line measurements of odorants require long sampling tubes (3-

5 m) and it was shown that depending on the compound of interest, the equilibration time has to be 

adjusted in order to achieve maximum intensity of all compounds. It was found that compounds 

such as carboxylic acids, trimethylamine and 4-methylphenol required longer equilibration time (5-

10 min) compared to the other odorants (< 1 min) in the study. Discrete measurements by GC/MS 

(adsorbent tubes) and GC-SCD (Tedlar bags) were used to confirm the compound assignment and 
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to evaluate the results obtained by PTR-MS. In general, the PTR-MS resulted in higher 

concentrations compared to the discrete methods, but the general trend in the cleaning efficiency 

was the same. There could be several reasons for the difference between the methods including 

uncertainty in calibration, temporal variation and losses during storage of discrete samples. The 

sensitivity of the PTR-MS is mainly dependent on the rate constants for proton-transfer and the 

transmission efficiency between the drift tube and the mass spectrometer. The transmission 

efficiency was checked regularly with a single gas standard allowing for the uncertainty related to 

the transmission efficiency to be minimized. The uncertainty of the PTR-MS is highly dependent on 

the rate constants and there is a need to estimate rate constants for odorants found in pig production 

more precisely. There is also a need to develop a method for field calibration of the PTR-MS to 

ensure a continuous quality assurance of the obtained results. Despite the challenges related to 

estimation of rate constants, field calibration, dust filtration and equilibration time, it is clear that 

the PTR-MS is a robust method that can be used to develop odour reduction technologies such as 

biological air cleaning towards the removal of significant odorants and to optimize the design and 

function of the technologies. 

 

6.5 Paper V: Evaluation of single column trapping/separation and 

chemiluminescence detection for measurement of sulfur compounds from pig 

production. 

The PTR-MS seems to be a suitable method for measuring odorants from pig production, but the 

instrument cost is high and it is logistically challenging due to the weight. It is therefore relevant to 

look for alternatives. A portable and low-cost method for measuring methanethiol and dimethyl 

sulphide with a single column for trapping and separation and chemiluminescence detection (SCTS-

CL) was developed in cooperation with Japanese researchers from Kumamoto University based on 

previous experiences (Azad et al., 2006). The SCTS-CL was investigated in relation to sample air 

from a pig production with growing-finishing pigs (Paper V). The high concentration of hydrogen 

sulphide in pig production is a challenge for the SCTS-CL because it interferes with the 

measurement of methanethiol. The PTR-MS was used to investigate the interference of 

methanethiol by hydrogen sulphide. The measurement of methanethiol was clearly interfered by 

hydrogen sulphide, which resulted in overlaying peaks. In order to use the SCTS-CL to measure on 

sample air from pig production, it was necessary to remove hydrogen sulphide. Glass wool treated 

with 5% Na2CO3/5% glycerine was successfully used to remove more than 99% of hydrogen 
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sulphide with a recovery of methanethiol and dimethyl sulphide was above 95%. An inter-

comparison between the SCTS-CL and PTR-MS and GC-SCD demonstrated a difference below 

10%. The relative standard deviation for the SCTS-CL (2-5%) was comparable to the PTR-MS (4-

6%) and the GC-SCD (7-1%). The main difference between the methods was the estimated 

detection limits, where the PTR-MS and the SCTS-CL had significant lower detection limits 

compared to the GC-SCD. The GC-SCD was based on the injection of whole air samples through a 

sample loop without pre-concentration, and this was the main reason for the higher detection limits 

for this instrument. The results presented in Paper V shows that a portable and low-cost method 

such as the SCTS-CL is an alternative to the commercial methods that can be used to measure the 

emission of methanethiol and dimethyl sulfide from pig production. The SCTS-CL cannot provide 

high time resolution data such as the PTR-MS, but it can be used on-site, and the transportation and 

storage of sampling bags and adsorbent tubes can be avoided. The choice of method for 

measurement of sulphur compounds in future pig production studies is dependent on the need for 

detection limit, time resolution and the possibility to include other odorants in the measurements. 

 

6.6 Conclusions 

The present PhD-thesis is a step towards a better understanding of odour from pig production. The 

presented results confirm the hypothesis that reduced sulphur compounds are important odorants 

that have to be included in the measurements of odorants from pig production and the development 

of odour reduction technologies. Based on the present PhD-thesis, the following can be concluded: 

 

1. Gaseous sulphur compounds found in pig production (hydrogen sulphide, methanethiol and 

dimethyl sulphide) can be collected in sampling bags of Tedlar and stored for up to 24 h 

with a loss below 5%. Nalophan bags were less suitable for collection of sulphur compounds 

and in particular hydrogen sulphide was decreased with ca. 30% over 24 h of storage. Tedlar 

bags combined with an analytical method in the low ppbv-range can be used to measure 

sulphur compounds from pig production.  

2. Odorants from pig production are significantly decreased during the storage in Tedlar and 

Nalophan bags and the relative odorant composition is changed towards a higher presence of 

sulphur compounds. Consequently, odour measurement based on sampling bags may 

underestimate the odour emission and the effect of odour reduction technologies.  
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3. Sulphur compounds are negatively influenced by the dilution systems of olfactometers  

when the materials in contact with the sample air are made of glass and stainless 

steel/Teflon. 

4. Prediction of odour concentration based on odorants measured by Proton-Transfer-Reaction 

Mass Spectrometry (PTR-MS) is a feasible method. Hydrogen sulphide, methanethiol, 

trimethylamine and 4-methylphenol were identified as important odorants for the prediction 

of odour concentration in facilities with growing-finishing pigs. 

5. The PTR-MS is a method that can provide specific and sensitive measurements of odorants 

including sulphur compounds. The PTR-MS can handle the hazardous conditions present in 

pig production and odour reduction technologies with high levels of dust and humidity. The 

data obtained from the PTR-MS has a high time resolution, which gives the opportunity to 

estimate the daily variation in odorant emission and the effect of changes in the function and 

management of an odour reduction technology.  

6. A portable and low-cost method with a single column for trapping and separation and 

chemiluminescence detection (SCTS-CL) was developed and demonstrated to be an 

alternative to the commercial methods for measurement of methanethiol and dimethyl 

sulphide from pig production facilities. 

 

6.7 Further research perspectives 

The present PhD-thesis has demonstrated that the PTR-MS is a promising method that can be used 

to estimate the emission of odorants from pig productions and the effect of odour reduction 

technologies. However, there are still some challenges that have to be addressed. The present PhD-

project only considered a semi-field method in relation to the prediction of odour concentration and 

there is a need to further develop the method with on-site measurements of both odour and 

odorants. Based on this PhD-thesis, the following research perspectives can be identified: 

 

1. A new method to measure odour concentration on-site in pig productions with human 

panellists has to be developed. This includes the development of a dilution system and 

laboratory facilities that can be used to measure odour under the conditions present in pig 

productions and during the development of odour reduction technologies. Furthermore, the 

principle of dynamic olfactometry has to be optimized with respect to the recoveries of 

odorants in the olfactometer and the variation associated with human panellists. 
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2. The application of PTR-MS for measurements of odorants from pig productions has to be 

further optimized with improved estimation of rate constants and a method for field 

calibration of the most important odorants found in pig production. 

3. A study with on-site measurements of odour and odorants measured by PTR-MS has to be 

performed in order to define a new method for odour measurements based on the 

measurements of chemical odorants. The method also has to be investigated in relation to 

different production facilities (e.g. weaners, growing-finishing pigs and sows) and other 

types of animal production. 

4. Significant odorants in pig production has to be identified and the odour threshold values 

have to be estimated more precisely. The interaction between odorants has to be investigated 

in order to clarify whether they act additively, synergisticly or antagonisticly. 

5. On-site measurements should also be performed at the boundary line of pig productions to 

investigate the dispersion of odorants and to identify significant odorants downwind from 

pig productions. 
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Odor from pig production facilities is typically measured 
with olfactometry, whereby odor samples are collected in 
sampling bags and assessed by human panelists within 30 h. 
In the present study, the storage stability of odorants in two 
types of sampling bags that are often used for olfactometry was 
investigated. Th e bags were made of Tedlar or Nalophan. In a 
fi eld experiment, humid and dried air samples were collected 
from a pig production facility with growing-fi nishing pigs and 
analyzed with a gas chromatograph with an amperometric 
sulfur detector at 4, 8, 12, 28, 52, and 76 h after sampling. 
In a laboratory experiment, the bags were fi lled with a humid 
gas mixture containing carboxylic acids, phenols, indoles, and 
sulfur compounds and analyzed with proton-transfer-reaction 
mass spectrometry after 0, 4, 8, 12, and 24 h. Th e results 
demonstrated that the concentrations of carboxylic acids, 
phenols, and indoles decreased by 50 to >99% during the 24 
h of storage in Tedlar and Nalophan bags. Th e concentration 
of hydrogen sulfi de decreased by approximately 30% during 
the 24 h of storage in Nalophan bags, whereas in Tedlar bags 
the concentration of sulfur compounds decreased by <5%. In 
conclusion, the concentrations of odorants in air samples from 
pig production facilities signifi cantly decrease during storage in 
Tedlar and Nalophan bags, and the composition changes toward 
a higher relative presence of sulfur compounds. Th is can result 
in underestimation of odor emissions from pig production 
facilities and of the eff ect of odor reduction technologies.

Stability of Odorants from Pig Production in Sampling Bags for Olfactometry

Michael J. Hansen,* Anders P.S. Adamsen, Anders Feilberg, and Kristoff er E.N. Jonassen

Odor from larger pig production facilities can be a 

nuisance to neighbors in rural areas. Ventilation air from 

pig production facilities contains a number of diff erent chemi-

cal compounds, including carboxylic acids, phenols, indoles, and 

sulfur compounds (Wright et al., 2005; Cai et al., 2006; Bulliner 

et al., 2006; Koziel et al., 2006). Some of these compounds are 

more off ensive than others. Sulfur compounds are believed to 

contribute signifi cantly to odor nuisance from pig production 

facilities due to their volatility and very low odor threshold values 

(van Gemert, 2003).

Several methods exist for quantifying the chemical content of 

ventilation air from animal production facilities, which diff er in 

the sampling procedure. Sampling may be based on gas sampling 

bags or canisters (Koziel et al., 2005; Trabue et al., 2006; Trabue 

et al., 2008a), adsorbent material for thermal desorbtion (Zahn 

et al., 1997; Hobbs et al., 1998; Schiff man et al., 2001; Trabue 

et al., 2008b), or adsorptive fi bers for solid phase microextrac-

tion (Wright et al., 2005; Cai et al., 2006; Bulliner et al., 2006; 

Koziel et al., 2006; Lo et al., 2008). On-line techniques, such 

as proton-transfer-reaction mass spectrometry (PTR-MS) and 

membrane inlet mass spectrometry (MIMS), have been used for 

directly analyzing the chemical composition of ventilation air 

(Feilberg et al., 2010a, 2010b). However, no standard for quanti-

fying odor based on chemical analysis has been defi ned, and the 

only standardized and accepted method for odor measurement in 

Europe is the European standard for olfactometry (CEN, 2003). 

According to the CEN standard, sampling bags made of Tedlar 

(polyvinyl fl uoride), Nalophan (polyethylene terephthalate), and 

Tefl on (fl uorinated ethylene propylene) are allowed. Air samples 

should be analyzed within 30 h, although in practice the odor 

samples are normally analyzed within 18 to 24 h after collection.

Th e storage of odorous samples in sampling bags can have a 

large eff ect on the odor concentration (van Harreveld, 2003), and 

there is evidence that carboxylic acids, phenols, indoles (Koziel et 

al., 2005; Trabue et al., 2006), and sulfur compounds (Mochalski 

et al., 2009) are lost to varying degrees. However, in the study 

by Koziel et al. (2005), measurements were only made on dry 

samples, and Trabue et al. (2006) only considered Tedlar bags. In 

the study by Mochalski et al. (2009), only sulfur compounds in 

dry samples were investigated, but samples from pig production 

facilities are normally high in humidity, and it has previously been 

Abbreviations: GC-ASD, gas chromatograph with an amperometric sulfur detector; 

PTR-MS, proton-transfer-reaction mass spectrometry.
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shown that high humidity decreases the stability of sulfur com-

pounds during storage in canisters (Trabue et al., 2008a) and 

glass sampling bulbs (Devai and Delaune, 1994). Water vapor 

can permeate through sampling bags of Tedlar and Nalophan 

and equilibrates with the humidity of the surroundings within 

a few hours (Cariou and Guillot, 2006; Beghi and Guillot, 

2008), but the eff ect of a high initial humidity on the storage 

stability of sulfur compounds has not been investigated. Based 

on these studies, the eff ects of bag type and humidity for recov-

ery of the diff erent odorants could not be determined.

Th e objectives of the present study were (i) to investigate 

the infl uence of humidity on the storage stability of sulfur 

compounds in two contrasting sampling bag types (Tedlar and 

Nalophan) and (ii) to compare the bags with respect to stabil-

ity in humid air of a wider range of odorants than has been 

covered in previous studies.

Materials and Methods
Th e study consisted of two parts. In the fi rst part, the stabil-

ity of sulfur compounds in air from a pig production facility 

stored in humid or dried condition was investigated. In the 

second part, the stability of sulfur compounds, as well as car-

boxylic acids, phenols, and indoles, in humid air was deter-

mined using a gas mixture prepared in the laboratory. In both 

experiments, 10-L Tedlar (TTR20SG4; DuPont, Buff alo, 

NY) and 10-L Nalophan (Nalophan NA; OLFAtec GmbH, 

Kiel, Germany) bags were used.

Storage Stability of Sulfur Compounds in Field Samples
In the fi eld experiment, Tedlar and Nalophan bags were fi lled 

with humid and dried air from an experimental pig produc-

tion facility (Pig Research Centre, Danish Agriculture & Food 

Council, Grønhøj, Denmark). Th e pig production facility was 

designed with one-third drained fl oor and two-thirds slatted 

fl oor and had two pens with 16 pigs in each. Th e air inlet was 

through a diff use ceiling, and the outlet was through a ceiling-

mounted ventilation outlet. During sampling, the tempera-

ture in the ventilation outlet was 16 ± 0.1°C, and the relative 

humidity was 74 ± 0.7%. Th e pigs were fed a standard dry feed 

for growing-fi nishing pigs, and the average weight of the pigs 

was approximately 65 kg. Th e sampling equipment was placed 

in a heated inspection corridor next to the facility, and the pigs 

were not disturbed during the sampling. Two Tefl on tubes were 

inserted into the ventilation outlet for humid and dried air, 

respectively. A 2-m Tefl on tube placed inside a thermo box 

with dry ice (solid carbon dioxide) was used for freezing out 

the water in the air stream for the dried samples and thereby 

drying the air to a level close to 0% relative humidity. Th e 

Tefl on tube in the thermo box was changed between each 

fi lling of the bags. A T-piece was used to split the fl ow from 

the humid and dry air streams before entering the Tedlar and 

Nalophan bags. Th e setup had been tested before the collec-

tion of the samples and did not aff ect the recovery of the sulfur 

compounds. Samples were sucked into the bags by applying 

negative pressure around the bags in a vacuum container. For 

each bag type, three bags were fi lled with humid or dried air. 

Each fi lling of bags took approximately 10 min. Th e sampling 

took place in three consecutive periods with 1 h between sam-

plings. In each period, one humid and one dry sample were 

collected simultaneously for each of the bag types. Th e samples 

were transported to the laboratory and analyzed approximately 

4, 8, 12, 28, 52, and 76 h after sampling. During transport and 

storage, the samples were covered with black plastic to avoid 

photodegradation of odorants.

Storage Stability of Odorants in Laboratory Samples
Th ree replicates of 10-L Tedlar and Nalophan bags were fi lled 

with a humid gas mixture (?80% relative humidity) contain-

ing hydrogen sulfi de, methanethiol, dimethyl sulfi de, acetic 

acid, butanoic acid, 3-methylphenol as a surrogate for p-cresol 

(4-methylphenol), indole, and skatole (3-methylindole) (Table 

1). Th e chosen compounds were based on a previous study 

on a pig production facility (Feilberg et al., 2010b). Acetic 

acid, butanoic acid, and 3-methylphenol were generated using 

permeation tubes (VICI Metronics, Inc., Houston, TX) and 

a permeation oven set at 60°C (Dynacalibrator model 150; 

VICI Metronics Inc.). Indole and skatole were generated using 

homemade permeation tubes consisting of glass vials with a 

Tefl on-lined silicone septum and the compounds in solid 

form. Th e glass vials with indole and skatole were placed in 

the permeation oven together with the other permeation tubes. 

A gas cylinder containing hydrogen sulfi de (5.43 ± 0.16 μL 

L−1), methanethiol (5.17 ± 0.26 μL L−1), and dimethyl sul-

fi de (5.33 ± 0.27 μL L−1) in nitrogen (Air Liquid, Horsens, 

Denmark) was used to add the sulfur compounds to the gas 

mixture. Th e dilution system consisting of mass fl ow control-

lers, Tefl on tubes, and polypropylene connections was allowed 

to equilibrate for 1 h before sampling. For further information 

about chemicals, equipment, and gas dilution system, see the 

Supplemental Information.

During sampling, the concentrations of the odorants 

in the outlet from the gas dilution system were measured. 

Th e bags were fi lled using a fl ow of approximately 1.6 L 

min−1 to approximately 90% of their nominal volume. 

Preconditioning of the bag inner surface was performed 

by fi lling and emptying the bags once. Analyses were per-

formed within 30 s after the last fi lling (time 0 h) and at 4, 

Table 1. Gas mixture used for investigating storage stability in sam-
pling bags of Tedlar and Nalophan (n = 6). The concentration was 
measured at the outlet of the gas dilution system with proton-trans-
fer-reaction mass spectrometry.

Compound Concentration Detection limit†

————— nL L−1 —————

Carboxylic acids

 Acetic acid 1150 (23)‡ 1.35

 Butanoic acid 95.8 (2.5) 0.34

Phenols and indoles

 3-methylphenol 36.6 (1.1) 0.32

 Indole 15.3 (0.4) 0.10

 Skatole (3-methylindole) 4.6 (0.1) 0.04

Sulfur compounds

 Hydrogen sulfi de 679 (5) 3.72

 Methanethiol 662 (4) 0.14

 Dimethyl sulfi de 745 (6) 0.22

† Calculated as three times the SD on blank samples.

‡ Numbers in parentheses are SD.
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8, 12, and 24 h after the fi rst sampling. All bags were stored 

at room temperature and were covered with black plastic to 

avoid photodegradation of odorants.

Analytical Instruments
A gas chromatograph (Clarus 500; PerkinElmer, Waltham, 

MA) with an amperometric sulfur detector (GC-ASD) 

(PerkinElmer-Arnel, Waltham, MA) was used to measure the 

storage stability of sulfur compounds in the fi eld samples. 

Th e gas chromatograph was equipped with a 30 m × 0.32 

mm polydimethylsiloxane column with a 4-μm stationary 

phase (P/N 210008 M; PerkinElmer). Th e helium carrier gas 

fl ow rate was 8.2 mL min−1. Th e column temperature was 

programmed to go from 40 to 140°C at 20°C min−1. Th e 

GC-ASD was equipped with a sample loop at 0.2 mL. At each 

analysis, the sample loop was fl ushed with approximately 45 

mL of sample air. 

According to the supplier, the GC-ASD has an equimolar 

response to sulfur atoms. A permeation tube with dimethyl sul-

fi de was used as calibration standard for the GC-ASD. Th e per-

meation tube was inserted in a permeation oven with helium 

fl ow and a constant temperature of 50°C. Under these condi-

tions, the permeation tube releases 73 ng min−1. Th e response 

from the permeation tube with dimethyl sulfi de was used as a 

one-point calibration to calculate the concentrations of sulfur 

gasses detected. Th e detection limit for the GC-ASD was esti-

mated as three times the baseline noise and was approximately 

5 nL L−1. Th e relative standard deviation for repeated measure-

ments (>3) on the same standard sample was below 5%.

A PTR-MS (Ionicon Analytik, Innsbruck, Austria) was 

applied for measuring the compounds of interest in the lab-

oratory samples. Th e ions in this instrument are generated 

from protonation of the sample gasses by protonated water 

(H
3
O+) in a reaction tube. Storage stabilities of hydrogen 

sulfi de (m/z 35), methanethiol (m/z 49), acetic acid (m/z 

61), dimethyl sulfi de (m/z 63), butanoic acid (m/z 89), 

3-methylphenol (m/z 109), indole (m/z 118), and skatole 

(3-methylindole, m/z 132) were measured in the laboratory 

experiment. Fragments of acetic acid (m/z 43) and butanoic 

acid (m/z 71) were measured along with the other masses. 

Th e combination of phenol and dimethyl disulfi de (m/z 

95) was measured because phenol is found as a background 

contaminant in Tedlar bags (Koziel et al., 2005; Trabue et 

al., 2006). For Tedlar bags, m/z 71 was used to calculate the 

concentration of butanoic acid because the signal of m/z 89 

increased over the storage period, probably due to off -gassing 

of N,N-dimethylacetamide from the bag material (Koziel et 

al., 2005; Trabue et al., 2006). Protonation of the 13C isotope 

of this compound gives m/z 89.

Th e PTR-MS was operated under standard ion drift tube 

conditions applying a total voltage of 600 V and maintaining 

the pressure in the range of 2.1 to 2.2 mbar. Th e temperature 

of the drift tube was controlled at 60°C. Th e sampling fl ow was 

adjusted to approximately 70 mL min−1. Th e measurements 

were performed as single ion monitoring with each ion being 

detected for 500 ms during each cycle. A total of 20 cycles were 

performed during each measurement on the bags.

Permeation tubes were used to calibrate the instrument 

for acetic acid, butanoic acid, and 3-methylphenol. A gas cyl-

inder was used to calibrate hydrogen sulfi de, methanethiol, 

and dimethyl sulfi de. Because calibration standards were not 

available for indole and skatole, the concentrations were calcu-

lated using the rate constant for proton transfer, the estimated 

drift tube residence time, and the mass-specifi c transmission 

factor as described by de Gouw and Warneke (2007). Th e 

mass-specifi c transmission factors were checked with a mix-

ture of 14 aromatic compounds between m/z 79 and m/z 181 

(P/N 34423-PI; Restek, Bellefonte, PA). Th e measurement of 

hydrogen sulfi de with PTR-MS is humidity dependent, and 

the concentration of hydrogen sulfi de was calculated accord-

ing to the method described by Feilberg et al. (2010b). Th e 

detection limit for the PTR-MS was calculated as three times 

the standard deviation on blank samples (Table 1). Th e rela-

tive standard deviation for repeated measurements (>3) on the 

same standard sample was below 3%.

Statistical Analysis
Th e statistical analysis of variance was performed using the 

PROC MIXED procedure of the SAS software (Littell et al., 

2002). A REPEATED statement was included to account for 

repeated measurements of air in each sampling bag. Th e vari-

ables in the statistical models were bag type, time, and humid-

ity (dry and humid) in the fi eld experiment and bag type and 

time in the laboratory experiment. In the fi eld experiment, a 

RANDOM statement was included for sampling period. Th e 

covariance matrix was estimated using the restricted maximum 

likelihood method. When a signifi cant diff erence was found 

at the 0.05 level, pairwise comparisons were made using the 

DIFF statement. Th e data presented in the graphs are mean 

values with 1 SD.

Results

Storage Stability of Sulfur Compounds in Field Samples
Th e storage stabilities of hydrogen sulfi de, methanethiol, and 

dimethyl sulfi de in humid and dried samples in Tedlar and 

Nalophan bags are shown in Fig. 1. Th ere was a signifi cant 

(P < 0.05) diff erence between the two bag types for hydrogen 

sulfi de and methanethiol, but there was no signifi cant diff er-

ence between the humid and dried samples. Th e concentra-

tion of hydrogen sulfi de measured after 4 h was signifi cantly 

(P = 0.004) lower in the Nalophan bags than in the Tedlar 

bags, indicating a rapid loss of this compound in Nalophan 

bags. Th e concentration of hydrogen sulfi de in Nalophan 

bags decreased by 33% (P < 0.05) between 4 and 28 h and 

by 68% between 4 and 76 h. Th e concentration of hydrogen 

sulfi de in Tedlar bags decreased slightly (3%) until 12 h after 

sampling and thereafter signifi cantly (P < 0.05) increased to 

a level above the concentration measured after 4 h (11%). 

Th e measured concentrations of hydrogen sulfi de were well 

above the detection limit, whereas concentrations for meth-

anethiol and dimethyl sulfi de were close to the detection 

limit, and therefore the results showed larger relative varia-

tions. Th e concentration of methanethiol in Nalophan bags 

decreased by 20% (P < 0.05) between 4 and 76 h, whereas 

the concentration in Tedlar bags was unchanged. Th ere was 

no signifi cant eff ect of bag type, time, or humidity on the 

concentration of dimethyl sulfi de.
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Storage Stability of Odorants in Laboratory Samples
Th e storage stabilities for acetic acid and butanoic acid are 

shown in Fig. 2. Th e concentrations of both compounds 

decreased over time (P < 0.05) in Tedlar and Nalophan bags, 

and even during fi lling of the bags a loss took place (compar-

ing input concentration measured during fi lling with con-

centration immediately after fi lling). Th ere was a signifi cant 

(P < 0.05) diff erence between bag types at all times during 

the storage period. Th e concentration of acetic acid in Tedlar 

bags decreased by 8% at 0 h and by 48% after 24 h, and in 

Nalophan bags the acetic acid concentration decreased by 15 

and 72% after 0 and 24 h, respectively. Th e concentration of 

butanoic acid in Tedlar bags decreased by 5 and 54% after 0 

and 24 h, respectively, and in Nalophan bags the concentration 

of butanoic acid decreased by 14 and 66% after 0 and 24 h.

Concentration changes of 3-methylphenol, indole, and 

skatole during storage were even more dramatic in the Tedlar 

and Nalophan bags (Fig. 3), and high amounts were actually 

lost during the fi lling of the bags. Th e diff erence between bag 

types was only signifi cant (P < 0.05) for 3-methylphenol; the 

concentration of 3-methylphenol in Tedlar and Nalophan bags 

decreased by 30 and 46%, respectively, after 0 h and by 91 

and 97% after 24 h. Th e concentration of indole in Tedlar and 

Nalophan bags decreased by 57 and 68% after 0 h and by 97 

and 99% after 24 h. Th e concentration of skatole in Tedlar and 

Nalophan bags had decreased by 63 and 74% after 0 h and by 

95 and 98% after 24 h.

Th e concentration of phenol/dimethyl disulfi de (m/z 

95) was measured along with the other compounds because 

phenol is normally found as a background contaminant 

in Tedlar bags. At the outlet of the gas dilution system, the 

concentration of phenol/dimethyl disulfi de was 3.3 ± 0.5 nL 

L−1. In the Tedlar bags, the concentration of phenol/dimethyl 

disulfi de was 103 ± 8 nL L−1 by 0 h, increasing to 383 ± 14 nL 

L−1 after 24 h of storage. In contrast, with Nalophan bags, the 

concentration of phenol/dimethyl disulfi de did not change 

during storage (i.e., it was 3.8 ± 0.4 nL L−1 by 0 h and 3.4 ± 

0.2 nL L−1 after 24 h).

Th e storage stabilities of hydrogen sulfi de, methanethiol, 

and dimethyl sulfi de are shown in Fig. 4. Th e concentrations 

of methanethiol and dimethyl sulfi de were approximately 30 

times higher compared with the fi eld experiment, but concen-

tration level was not expected to infl uence the stability. For 

all three sulfur compounds, there was a signifi cant (P < 0.05) 

diff erence between the two bag types at all times during the 

storage period, except for hydrogen sulfi de at 0 h. Th e con-

centration of sulfur compounds in Tedlar bags decreased by 

<5% during 24 h of storage. Th e concentration of hydrogen 

Fig. 1. Measured concentration (nL L−1 + SD) of hydrogen sulfi de, 
methanethiol, and dimethyl sulfi de in humid and dried air samples 
from a pig production facility stored in sampling bags of Tedlar and 
Nalophan (n = 3). The samples were analyzed with a gas chromato-
graph with an amperometric sulfur detector.

Fig. 2. Measured concentration (nL L−1 + SD) of acetic acid and 
butanoic acid in a humid laboratory prepared gas mixture stored 
in sampling bags of Tedlar and Nalophan (n = 3). The samples were 
analyzed with proton-transfer-reaction mass spectrometry.



1100 Journal of Environmental Quality • Volume 40 • July–August 2011

sulfi de in Nalophan bags decreased by 4% after 0 h and by 

34% after 24 h of storage. Th e concentrations of methanethiol 

and dimethyl sulfi de in Nalophan bags decreased by 4 to 8% 

and 6 to 11% during the 24 h of storage, respectively.

Discussion
In the present study, the storage stability of odorants from 

pig production facilities in air sampling bags of Tedlar and 

Nalophan was investigated. Th e study consisted of a fi eld 

experiment that focused on the eff ect of humidity on the 

stability of sulfur compounds and a laboratory experiment 

that investigated a wider range of odorants in humid air. A 

GC-ASD was used in the fi rst experiment, and a PTR-MS for 

the wider range of odorants was used in the second experi-

ment. An intercalibration based on methanethiol and dimethyl 

sulfi de showed that the GC-ASD resulted in slightly lower con-

centrations compared with PTR-MS (?15%).

Storage Stability of Sulfur Compounds in Field Samples
Hydrogen sulfi de was the most abundant sulfur compound 

emitted from the pig production facility in the present study, 

in accordance with other studies on pig production (Clanton 

and Schmidt, 2000; Kim et al., 2007; Trabue et al., 2008a; 

Feilberg et al., 2010b). Analyses of air above stored pig slurry 

have also identifi ed other sulfur compounds, such as carbonyl 

sulfi de, carbon disulfi de, dimethyl disulfi de, and dimethyl 

trisulfi de (Clanton and Schmidt, 2000; Eriksen et al., 2010). 

Th ese compounds were not detected here, and the general 

signifi cance of these compounds needs to be clarifi ed. Even 

though the concentration of methanethiol was approximately 

25 times lower compared with hydrogen sulfi de, the infl uence 

of this compound on the odor perception may still be consider-

able because the odor threshold value for methanethiol is much 

lower than for hydrogen sulfi de (van Gemert, 2003).

Concentrations of sulfur compounds were only slightly 

aff ected during storage in Tedlar bags for 76 h, whereas 

the concentration of hydrogen sulfi de and methanethiol 

decreased signifi cantly in Nalophan bags. Th e levels of meth-

anethiol and dimethyl sulfi de were close to the detection limit 

for the GC-ASD, and accordingly the uncertainty was rela-

tively high. A small (11%) but signifi cant increase in the con-

centration of hydrogen sulfi de was seen in Tedlar bags during 

storage (Fig. 1). Dimethyl sulfi de was used as a calibration 

standard for all the sulfur compounds due to the equimo-

lar response of the GC-ASD. It seems most likely that the 

Fig. 3. Measured concentration (nL L−1 + SD) of 3-methylphenol, 
indole and skatole (3-methylindole) in a humid laboratory pre-
pared gas mixture stored in sampling bags of Tedlar and Nalophan 
(n = 3). The samples were analyzed with proton-transfer-reaction 
mass spectrometry.

Fig. 4. Measured concentration (nL L−1 + SD) of hydrogen sulfide, 
methanethiol and dimethyl sulfide in a humid laboratory prepared 
gas mixture stored in sampling bags of Tedlar and Nalophan (n = 
3). The samples were analyzed with proton-transfer-reaction
mass spectrometry.
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GC-ASD instrument sensitivity of hydrogen sulfi de relative 

to dimethyl sulfi de drifted slightly over the storage period.

In this study, storage stability of sulfur compounds was not 

aff ected by the humidity of the samples in either bag type. It has 

been shown that water vapor permeates Tedlar and Nalophan 

fi lm and equilibrates with the humidity of the surroundings 

within a few hours after sampling (Cariou and Guillot, 2006; 

Beghi and Guillot, 2008). Th is implies that the relative humid-

ity of humid and dry samples of this experiment became similar 

after some hours and might explain why no diff erence was seen 

between the humid and dried samples even though the diff er-

ence in the initial humidity was large. Experiments with other 

sampling techniques, such as stainless steel canisters (Trabue et 

al., 2008a) and glass sample bulbs (Devai and Delaune, 1994), 

have demonstrated that the concentrations of hydrogen sulfi de, 

methanethiol, and dimethyl sulfi de decreased considerably 

even during the fi rst hours in samples with a high humidity. 

Canisters and glass sample bulbs maintain the humidity of the 

sample during storage, and this might be the reason for the 

diff erent results obtained with sample bags and canisters and 

glass sample bulbs. Th e results from the fi eld samples suggest 

that Tedlar bags, but not Nalophan bags, are suitable for the 

collection of sulfur compounds for later analysis. When sulfur 

compounds are collected in sampling bags or canisters, it is not 

possible to concentrate the odorants, and it therefore requires 

an analytical method with a detection limit in the lower nL L−1 

range or better.

Storage Stability of Odorants in Laboratory Samples
Th e laboratory experiment demonstrated a diff erent storage 

stability of odorants in Tedlar bags compared with Nalophan 

bags, particularly for sulfur compounds. Th e Tedlar bags could 

store hydrogen sulfi de, methanethiol, and dimethyl sulfi de in 

air samples that were initially humid for up to 24 h with a loss 

of <5%, whereas especially the hydrogen sulfi de concentration 

decreased in Nalophan bags. Th e concentration of hydrogen 

sulfi de in the laboratory experiment was comparable to the 

fi eld experiment, but in the laboratory experiment no increase 

during storage was observed. Th is supports the interpretation 

that the increase in hydrogen sulfi de concentration in the fi eld 

samples was due to drift in GC-ASD instrument sensitivity 

and not to a change in the concentration of sulfur compounds 

in the Tedlar bags.

A decrease in the concentrations of hydrogen sulfi de, meth-

anethiol, and dimethyl sulfi de in Nalophan bags was also dem-

onstrated in the study by Mochalski et al. (2009). Th e relatively 

constant concentrations of methanethiol and dimethyl sulfi de 

observed in Tedlar bags was in accordance with other studies, 

for example, storage of a dry sulfur gas mixture for 7 d with a 

loss below 10% (Sulyok et al., 2001) or for 72 h with a loss 

below 20% (Mochalski et al., 2009). Th e decrease in concen-

tration of 61.8 nL L−1 hydrogen sulfi de in 1-L Tedlar bags was 

reported to be 35% after 24 h and 53% after 72 h (Mochalski 

et al., 2009), and a concentration of approximately 7 μL L−1 

in 10-L Tedlar bags had decreased by 10% after 70 h (Guillot 

and Beghi, 2008). An explanation for the discrepancy between 

these two studies could be the diff erence in concentration or 

in the ratio between bag volume and surface area. If the ratio 

between bag volume and surface area infl uences adsorption or 

diff usion of odorants, this might have a larger eff ect in samples 

with low concentrations which was the case in the study by 

Mochalski et al. (2009).

Th e storage stabilities of acetic acid, butanoic acid, 

3-methylphenol, indole, and skatole were poor in Tedlar and 

Nalophan bags, in accordance with other studies (Koziel et al., 

2005; Trabue et al., 2006). Th e trend in data of these other 

studies was also the same, with phenols and indoles being lost 

to a greater extent than carboxylic acids. Th e large decrease in 

odorants during 24 h of storage aff ects the odor perception by 

the panelists of an olfactometer because the total concentration 

of odorants decreases and the relative composition changes 

between sampling and analysis. Th e fi lm wall thicknesses of 

the two bag types that are used for olfactometry are 50 (Tedlar 

fi lm) and 20 μm (Nalophan fi lm). Th e wall thickness could 

have an eff ect on the diff usion rate and thereby on the loss of 

odorants during storage, and the diff erence in fi lm thickness 

might explain the slightly better storage stability in the Tedlar 

bags. However, more work is needed to clarify if increased fi lm 

wall thickness could improve the storage stability of odorants 

in gas sampling bags.

Th e slightly elevated level of m/z 95 at the outlet of the 

gas dilution system was probably due a small impurity of 

dimethyl disulfi de in the sulfur gas mixture. However, the 

elevated level of m/z 95 in Tedlar bags was likely due to off -

gassing of phenol from the bag material. Off -gassing of phenol, 

N,N-dimethylacetamid, and acetic acid from Tedlar bags has 

been shown in other studies (Koziel et al., 2005; Trabue et 

al., 2006). Th e concentration of phenol/dimethyl disulfi de in 

Nalophan bags was more or less the same as at the outlet from 

the gas dilution system, which indicates a low background 

contamination. Low background contamination of odorants 

in bags of polyethylene terephthalate was also demonstrated by 

Koziel et al. (2005).

Th us, in relation to olfactometry involving storage and 

transport of gas samples, neither the Tedlar nor the Nalophan 

bag seemed to be the ideal choice, and one has to consider 

the polluted air of interest before choosing the bag type. If 

Nalophan bags are chosen, most of the odorants will be lost 

during storage, but background contamination may be low. If 

Tedlar bags are chosen, <5% of the sulfur compounds will be 

lost during storage. However, other compounds, such as car-

boxylic acids, phenols, and indoles, will be lost, and the back-

ground contamination may be high.

Th e objective of the present study was to examine the stor-

age stability of typical odorants from pig production facilities 

in humid samples in two types of air sampling bags normally 

used for olfactometry (Tedlar and Nalophan) and to exam-

ine the eff ect of air humidity. Th e results showed that typical 

pig odorants, such as carboxylic acids, phenols, and indoles, 

decreased by 50 to >99% during 24 h of storage in Tedlar and 

Nalophan bags. Sulfur compounds could be stored for up to 

24 h in Tedlar bags with a loss <5%, whereas the concentra-

tion of hydrogen sulfi de was decreased by approximately 30% 

in Nalophan bags. Humidity did not aff ect the storage stabil-

ity of sulfur compounds in Tedlar or Nalophan bags, which 

could be due to permeation of water vapor through Tedlar 

and Nalophan fi lm. Th e implication for odor measurements 

is that panelists of an olfactometer will assess samples where 
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the concentration of odorants is underestimated and where the 

relative composition of odorants has changed toward a higher 

relative presence of sulfur compounds. Consequently, the total 

emission of odor from pig production facilities may be under-

estimated, and the eff ect of odor reduction technologies may 

be misinterpreted.
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Chemicals, Equipment, and Gas Dilution System 

A humid gas mixture containing hydrogen sulfide, methanethiol, dimethyl sulfide, acetic acid, butanoic 

acid, 3-methylphenol, indole, and skatole (3-methylindole) was generated. Acetic acid, butanoic acid 

and 3-methylphenol were generated using permeation tubes (VICI Metronics, Inc., Houston, Texas, 

USA) and a permeation oven set at 60 °C (Dynacalibrator model 150, VICI Metronics Inc., Houston, 

Texas, USA). Indole and skatole was generated using homemade permeation tubes consisting of glass 

vials with a Teflon-lined silicone septum and the compounds in solid form. The glass vials with indole 

and skatole were placed in the permeation oven together with the other permeation tubes. A gas 

cylinder containing hydrogen sulfide (5.43 ± 0.16 µL L-1), methanethiol (5.17 ± 0.26 µL L-1), and 

dimethyl sulfide (5.33 ± 0.27 µL L-1) in nitrogen (Air Liquid, Horsens, Denmark) was used to add the 

sulfur compounds to the gas mixture. Dry atmospheric air with a dew point below -30 °C was used for 

the permeation oven and for the humidified dilution air. The dry atmospheric air was purified for 

hydrocarbon contaminants via a Supelpure™ HC filter (Supelco, St. Louis, Missouri, USA). The 

humidified dilution air was prepared by running the dry atmospheric air through a gas washing bottle 

with demineralized water. Tedlar and Nalophan bags of ca. 10-L were used as sample bags. Tedlar 

bags were manufactured by FORCE Technology (Brøndby, Denmark) and Nalophan bags by the 

Danish Meat Research Institute (Roskilde, Denmark), using Tedlar and Nalophan films respectively. 

The Tedlar film (DuPont, Buffalo, New York, USA) was type TTR20SG4 with a film thickness at 50 

µm. The Nalophan film (OLFAtec GmbH, Kiel, Germany) was type Nalophan NA and had a thickness 

at 20 µm. The tubes used in the experiment were made of Teflon (polytetrafluoroethylen, PTFE) 

(DuPont, Buffalo, New York, USA) and the connections were made of polypropylene. Mass flow 

controllers (Sierra Instruments, Inc., Monterey, CA) were used for controlling air flow in the gas 

dilution system. Humidity was measured using a probe (TSI Velocicalc 8386, TSI Incorporated, 

Shoreview, Minnesota, USA) inserted in the outlet of the gas dilution system. 
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________________________________________________________________________________ 

Abstract 

The present work was carried out to investigate the use of odorant measurements for prediction of 

odor concentration in exhaust air from facilities with growing-finishing pigs and to analyze the 

odorant composition in facilities with different floor and ventilation systems. Air was sampled in 

Nalophan bags and the odor concentrations were measured by dilution-to-threshold olfactometry, 

whereas the concentrations of odorants were measured by Proton-Transfer-Reaction Mass 

Spectrometry (PTR-MS). Olfactometry and chemical analysis were synchronized to take place at 

identical time intervals after sampling. A principal component analysis revealed that different 

facilities for growing-finishing pigs can be distinguished based on the odorants. A combination of 

room and pit ventilation could concentrate odorants and odor in the pit ventilation comprising a 

small amount of the total ventilation air (10-20%), while the room ventilation contains lower 

concentrations of most odorants. A partial least squares regression model demonstrated that 

prediction of the odor concentration based on odorants measured by PTR-MS is a feasible method. 

Based on regression coefficients and odor threshold values hydrogen sulfide, methanethiol, 

trimethylamine and 4-methylphenol were identified as the compounds having the largest influence 

on the prediction of odor, whereas carboxylic acids had no significant influence. In conclusion, 

chemical measurements of odorants by PTR-MS seem to be an alternative for expressing the odor 

concentration in facilities with growing-finishing pigs that can be used to increase the 

understanding of odor and improve the development of odor reduction technologies towards 

significant odorants. 

________________________________________________________________________________ 
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Introduction 

Emission of odor from intensive pig production can be of great nuisance to people living in the 

vicinity of the production facilities, and there is an urgent need to develop odor reduction 

technologies that can minimize the emission. For any kind of odor reduction technology, it is 

important to have a reliable method for estimating its effect on odor. Odor is typically measured by 

olfactometry by which the odor concentration is measured as dilution-to-threshold in an 

olfactometer with human panelists (CEN, 2003). An odor measurement involves different steps, 

including air sampling from the source in sample bags, transportation and storage for up to 30 h, 

and finally analysis in the olfactometer. It has been demonstrated that both storage of odorous 

samples in sample bags (Hansen et al., 2011; Koziel et al., 2005; Mochalski et al., 2009) and the 

analysis in the olfactometer (Hansen et al., 2010) can decrease the concentration of odorants and 

consequently also the odor concentration. Furthermore, the variation associated with the use of 

human panelists can also affect the results (Clanton et al., 1999). It is therefore of great interest to 

define a method with a higher certainty that can be used for estimating the odor concentration. A 

chemical measurement of odorants is an alternative to the dilutions-to-threshold approach, but this 

method also needs to be evaluated by comparison with the response from human noses. Several 

studies have investigated the relationship between the human response and odorants found in pig 

production. Hobbs et al. (1999) investigated the correlation between odor and the concentration of 

hydrogen sulfide, carboxylic acids, phenols, and indoles in the headspace above stored slurry. They 

did not find any correlation between odor and odorants, although there was a correlation between 

the individual odorants. Blanes-Vidal et al. (2009) also studied the headspace above stored slurry 

and found a high correlation between the odor and gaseous sulfur compounds. However, in this 

study slurry was bubbled with nitrogen to resemble slurry agitation, which resulted in very high 

concentrations of odor and odorants. In the study by Zahn et al. (2001) nine odorants (carboxylic 

acids, phenols, and indoles) in a synthetic odorant mixture were used to develop a prediction model 

for odor intensity. Zahn et al. (2001) found a high correlation (R2 = 0.80) between the measured and 

the predicted odor intensity at manure storage systems. Hobbs et al. (2001) developed a prediction 

model based on a synthetic odorant mixture containing ammonia, hydrogen sulphide, acetic acid, 

and 4-methylphenol and also found a high correlation (R2 = 0.761) between the measured and the 

predicted odor concentrations in the headspace above stored slurry. The high predictability in these 

studies indicates that measurements of odorants can be used to estimate the odor concentration or 

the odor intensity. However, a reliable prediction model should be based on samples from real pig 
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production facilities in order to reflect the odorant composition, interaction between odorants, and 

the effect of feeding and production conditions. In the study by Gralapp et al. (2001) the odor 

concentration in facilities with finishing pigs was predicted based on the concentration of 

carboxylic acids, phenols and indoles. In this study only a low correlation (R2 < 0.3) was found 

between the measured and the predicted odor concentrations. In all of the previous mentioned 

studies regarding the odor-odorant relationship, a highly odorous compound such as methanethiol 

has not been included. Methanethiol has a low odor threshold value (<0.1 nL L-1) (van Gemert, 

2003) relative to the reported concentration level (1-20 nL L-1) in pig production  (Feilberg et al., 

2010b; Kim et al., 2007; Willig et al., 2004) and it may have a substantial effect on the odor 

perceived by human noses. Proton-Transfer-Reaction Mass Spectrometry (PTR-MS) is a measuring 

technique that has been demonstrated to provide specific and sensitive measurements of odorants 

found in pig production including the highly odorous sulfur compounds (Feilberg et al., 2010b). In 

a study with composting facilities a high correlation was found between the measured odor 

concentration and the odor concentration predicted based on odorants measured by PTR-MS 

(Biasioli et al., 2004). In the study by Biasioli et al. (2004) a semi-field method was used where 

both odor and odorants were measured in the sample matrix of Nalophan bags. The same method 

was used for pig production facilities in the present study. The objective was to (i) analyze the 

odorant composition in facilities for growing-finishing pigs with different floor and ventilation 

systems, and (ii) to investigate whether the odor concentration in pig production facilities can be 

predicted based on odorants measured by PTR-MS. 

 

Materials and methods 

Pig production facilities 

Four experimental pig production facilities (Pig Research Centre, Danish Agriculture & Food 

Council, Grønhøj, Denmark) were used in the experiment. Each facility consisted of two pens with 

16 growing-finishing pigs (32 – 107 kg) in each. The facilities were equipped with dry feeding and 

negative pressure ventilation with a diffuse inlet through the ceiling. The ventilation outlet and the 

floor type differed between the four facilities. Facility A had partly slatted floor with 1/3 slatted 

floor and 2/3 concrete floor and an outlet mounted in the room. Facility B had 2/3 slatted floor and 

1/3 drained floor (slatted floor with less than 10% opening) and an outlet mounted in the room. 

Facility C and D both had 2/3 slatted floor and 1/3 drained floor and one outlet mounted in the room 

and one ventilation outlet mounted in the pit. In facility C and D, the pit ventilation was placed in 
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the fouling and resting area of the pens, respectively. In facility C and D, 10 or 20% of the 

maximum ventilation rate (3200 m3 h-1) was ventilated through the pit ventilation and the rest was 

ventilated through the outlet mounted in the room. The setting of the pit ventilation in facility C and 

D was changed each week such that during half of the experimental period the pit ventilation rate 

was set at 10% and at 20% of the maximum ventilation rate during the other half of the 

experimental period. The effect of the settings and the design of the pit ventilation on odor and 

ammonia has been treated in details in another study (Pedersen and Jensen, 2010). 

 

Air sampling 

Seventy two pairs of air samples were collected in 30-L Nalophan bags (Nalophan NA 0.20 µm, 

OLFAtec GmbH, Kiel, Germany) over a period of six weeks in the middle of the production cycle. 

Once a week samples were collected from each of the outlets in the four facilities between 11:00 

and 14:00. In each outlet, two Teflon tubes (polytetraflouroethylene, PTFE, DuPont, Buffalo, New 

York, USA) of ca. 2.5 m were used as sample lines. At each sampling event, two bags were filled 

with air from each of the ventilation outlets in the four pig production facilities. Samples were 

sucked into the Nalophan bags by applying negative pressure around the bags in a vacuum 

container. Pre-conditioning of the bag inner surface was done by filling the bags with sample air 

and emptying the bags once. The final filling of the Nalophan bags were carried out in ca. 30 min. 

One half of the samples were analyzed for odor concentration by dynamic olfactometry ca. 24 h 

after sampling at the Danish Meat Research Institute, Roskilde, Denmark. The other half of the 

samples were analyzed for odorants by PTR-MS ca. 4 and 24 h after sampling at Aarhus University, 

Foulum, Denmark. The measurements by olfactometry and PTR-MS 24 h after sampling were 

synchronized. 

 

Analytical methods 

The air samples for dynamic olfactometry were analyzed according to the European standard for 

olfactometry (CEN, 2003) at the Danish Meat Research Institute, Roskilde, Denmark. The 

olfactometer (Olfactometer TO8, Ecoma GmbH, Kiel, Germany) was designed for four panelists 

and based on the yes/no method. 

A PTR-MS (Ionicon Analytik, Innsbruck, Austria) was applied for analyzing the concentration of 

odorants in the Nalophan bags. The PTR-MS is based on chemical ionization of compounds by 

protonated water (H3O
+) in a drift tube and subsequent detection of ionized compounds in a 
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quadropole mass spectrometer. Since H3O
+ is used for protonization, only compounds with a proton 

affinity higher than water (691 kJ mol-1) can be measured. In the present study the PTR-MS was 

operated under standard ion drift tube conditions applying a total voltage of 600 V and maintaining 

the pressure in the range of 2.1-2.2 mbar (E/N value ~135 Td). The temperature of the drift tube 

was controlled at 60 °C and the inlet sampling flow was adjusted to ca. 70 mL min-1. The 

measurements were performed as single ion monitoring of 21 ions between m/z 35 to m/z 132 with 

each ion being detected for 500 ms during each cycle. A total of 30 cycles were measured during 

each measurement on the bags. Between the measurements of the bags, instrumental background 

was measured on room air purified for hydrocarbon contaminants with a Supelpure™ HC filter 

(Supelco, Bellefonte, Pennsylvania, USA). Permeation tubes were used to calibrate the instrument 

for acetic acid, 3-methylphenol (as a surrogate for 4-methylphenol), methanethiol and dimethyl 

sulfide (VICI Metronics, Inc., Houston, Texas, USA). For those compounds where a calibration 

standard was not available, the concentration was calculated using the rate constant for proton 

transfer, the estimated drift tube residence time and the mass-specific transmission factor as 

described by de Gouw and Warneke (2007). The rate constants were either based on measurements 

on gas standards or calculated with the method described by Su and Chesnavich (1982). The mass-

specific transmission factors were adjusted with a mixture of 14 aromatic compounds between m/z 

79 and m/z 181 (P/N 34423-PI, Restek, Bellefonte, Pennsylvania, USA). The measurement of 

hydrogen sulfide (m/z 35) by PTR-MS is humidity dependent, and the concentration of hydrogen 

sulfide was corrected according to the method described by Feilberg et al. (2010b). The detection 

limit for the PTR-MS was calculated as three times the standard deviation on blank samples, see 

Table 1. 

 

Data Analysis 

The Latentix 2.0 software (Latent5, Copenhagen Denmark) was used for the data analysis. In order 

to achieve normal distributed data, the odor concentration was logarithmic transformed. The data 

was auto-scaled before the data analysis to reduce the effect of concentration differences. The 

odorant composition in different types of facilities for growing-finishing pigs was analyzed using a 

principal component analysis (PCA). A partial least squares (PLS) regression model was used to 

predict the odor concentration based on the concentration of odorants measured by PTR-MS. A 

partial leave-one-out cross validation was used to validate the calibrated PLS model. In the partial 

leave-one-out cross validation all samples are used once as a test sample to validate the model. 
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Results 

Table 1. Concentration range and recovery of odorants measured by Proton-Transfer-Reaction Mass Spectrometry 
(PTR-MS) in Nalophan bags sampled from pig production facilities for growing-finishing pigs (n=72). 

Odorants m/za 

 

DLb 

nL L-1 

OTVc 

nL L-1 

Concentration range 

nL L-1 

Recoveryd 

% 

Hydrogen sulfide 35 4.9 1.9 6.0 – 1662 90 ± 13 

Methanethiol 49 0.06 0.07 0.2 – 18 94 ± 9 

Acetone 59 0.13 13000 2.0 – 40 102 ± 6 

Trimethylamine 60 0.21 2.1 0.6 – 18 81 ± 25 

Acetic acid 61+43 0.9 234 21 – 561 83 ± 17 

Dimethyl sulfide 63 0.20 4.1 0.9 – 11 109 ± 20 

C4-carbonyls (e.g. 2-butanone) 73 0.07 4500 0.6 – 7.8 97 ± 7 

Propanoic acid 75+57 0.29 25 3.4 – 111 74 ± 11 

2,3-butanedione 87 0.20 0.1 0.8 – 4.6 104 ± 15 

Butanoic acid 89+71 0.22 1.8 3.2 – 97 85 ± 14 

Phenol + Dimethyl disulfide 95 0.09 54e 0.2 – 1.5 84 ± 28 

C5 carboxylic acids 103+85 0.23 1.4 1.1 – 33 81 ± 10 

4-methylphenol 109 0.20 0.3 0.3 – 3.2 60 ± 15 

Indole 118 0.05 0.4 < DL – 0.1 62 ± 15  

4-ethylphenol 123 0.07 1.3 < DL – 0.3 67 ± 21 

Dimethyl trisulfide 127 0.06 1.7 < DL – 0.2 95 ± 27 

Skatole (3-methylindole) 132 0.03 0.09 < DL – 0.1 48 ± 14 

a m/z: mass-to-charge ratio; b DL: Detection Limit. The detection limit was determined as three times the standard 
deviation on blank samples; c OTV: Odor threshold values estimated as geometric means of reported values (Devos et 
al., 1990;van Gemert, 2003); d Average recovery based on measurements 4 and 24 h after sampling; e OTV for phenol. 

 

Recovery of odorants in Nalophan bags 

The recovery of carboxylic acids, phenols and indoles was clearly affected by the storage in 

Nalophan bags, see Table 1. The measured concentrations of indole and skatole (3-methylindole) 

were below the detection limit in 19 and 26 out of the 72 samples after 4 h and 50 and 58 out of the 

72 samples after 24 h, respectively. Accordingly, indole and skatole were not included in the PCA 

or the PLS model. The compounds least affected by the storage in Nalophan bags were sulfur 

compounds and ketones. The odor concentration was measured after 24 h and the measured odor 

concentrations were in the range between 17 - 5800 OUE/m3. Based on the odor threshold values 
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presented in Table 1 and the measured concentrations of odorants, the odor activity value was 

estimated 4 and 24 h after sampling. There was a high correlation (R2=0.99) between the odor 

activity values after 4 and 24 h (see Supplemental Figure 1), although the odor activity values 

decreased with 12 ± 7% during the 20 h of storage. 

 

Odorants from pig production facilities 

A PCA was performed to analyze the odorant composition in different types of facilities for 

growing-finishing pigs. The score plot and loadings plot for the two first principal components are 

shown in figure 1 and 2, respectively. It was estimated that two principal components could explain 

74% of the variation in data. Principal component three and four increased the explanation to 82% 

and 87%, but any information was not gained, and therefore only the two first principal components 

are presented. The score plot in Figure 1 shows that samples from sources with pit ventilation in the 

facilities with both room and pit ventilation (C and D) are placed on the right side of the score plot, 

while samples from the room ventilation are placed to the left. The samples from the facility with 

partly slatted floor (A) are also placed to the left in the score plot. The samples from the facility 

with 2/3 slatted floor and 1/3 drained floor (B) are placed approximately in the middle of the score 

plot. The loadings plot in Figure 2 shows that the carboxylic acids (m/z 61, m/z 75, m/z 89 and m/z 

103) are placed apart from the other odorants and odor. This means that the carboxylic acids were 

negatively correlated to the other odorants and odor. A comparison of the score plot and loadings 

plot also shows that the carboxylic acids were more associated with the room ventilation in facilities 

with both room and pit ventilation and the facility with partly slatted floor. In general, the highest 

concentration of carboxylic acids was found in the room ventilation in facilities with both room and 

pit ventilation (see Supplemental Table 1 and 2). Although the slurry surface was smaller in the 

facility with partly slatted floor, the concentration of carboxylic acids was higher or at the same 

level as in the facility with 2/3 slatted floor and 1/3 drained floor. For the other odorants and odor, 

the trend was opposite with higher concentrations in the pit ventilation and in the facility with 2/3 

slatted floor and 1/3 drained floor compared to the facility with partly slatted floor. 
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Figure 1. Score plot for principal component 1 and 2 (PC 1 and PC 2) in a principal component analysis on the 
concentration of odorants and odor from four pig production facilities: A) Partly slatted floor, B) 2/3 slatted floor and 
1/3 drained floor, C) 2/3 slatted floor and 1/3 drained floor with pit ventilation in the fouling area and room ventilation, 
and D) 2/3 slatted floor and 1/3 drained floor with pit ventilation in the resting area and room ventilation. 
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Figure 2. Loadings plot for principal component 1 and 2 (PC 1 and PC 2) in a principal component analysis (PCA) on 
the concentration of odorants (numbers refer to mass-to-charge ratio) and odor concentration (OU: OUE/m3) from pig 
production facilities.  
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Predicting odor concentration based on odorants 

A PLS model was used to predict the odor concentration based on the concentration of odorants 

measured by PTR-MS. To begin with the PLS model was build with all samples in the data set and 

a standardized residual plot was used to identify outliers. Five samples characterized by low odor 

concentrations were identified as residual outliers and were not included in the final PLS model. 

The measured odor concentration as a function of the predicted odor concentration for the final PLS 

model is presented in Figure 3. Based on the root mean square error for the cross validated model 

(RMSECV = 0.28), it was estimated that the best PLS model was obtained with three PLS 

components. The PLS model with three PLS components accounted for 55% of the variation in the 

odor concentration and 82% of the variation in the concentration of odorants. The correlation 

coefficient (R2) between measured and predicted odor concentration was 0.53. The regression 

coefficient for the individual odorants shows that carboxylic acids have regression coefficients very 

close to 0, which indicate that these compounds have limited influence on the prediction of odor 

concentration, see Table 2. Hydrogen sulfide, methanethiol, acetone, trimethylamine and 4-

methylphenol are the odorants with the highest positive regression coefficients. Compounds such as 

2,3-butandione and dimethyl trisulfide seem to be negatively correlated to the prediction of odor 

concentration. 
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Figure 3. Measured odor concentration (OUE/m3) from pig production facilities as a function of predicted odor 
concentration based on odorants measured by Proton-Transfer-Reaction Mass Spectrometry (PTR-MS), Slope =  0.9, 
intercept = 0.3 and R2 = 0.53. The odor concentration was logarithmic transformed and a full cross validated partial 
least squares (PLS) regression model with three PLS components was used. 
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Table 2. Regression coefficients for a partial least squares (PLS) regression model for predicting odor concentration in 
pig production facilities based on odorants measured by Proton-Transfer-Reaction Mass Spectrometry (PTR-MS). 

Odorants Mass-to-charge ratio Regression coefficient 

Hydrogen sulfide 35 0.13 

Methanethiol 49 0.12 

Acetone 59 0.23 

Trimethylamine 60 0.16 

Acetic acid 61+43 -0.03 

Dimethyl sulfide 63 0.02 

C4-carbonyls (e.g. 2-butanone) 73 0.07 

Propanoic acid 75+57 -0.04 

2,3-butanedione 87 -0.08 

Butanoic acid 89+71 -0.04 

Phenol + Dimethyl disulfide 95 0.02 

C5 carboxylic acids 103+85 0.02 

4-methylphenol 109 0.20 

4-ethylphenol 123 -0.03 

Dimethyl trisulfide 127 -0.35 

 

Discussion 

The objective of the present study was to analyze the odorant composition in facilities for growing-

finishing pigs and to demonstrate whether the odor concentration in pig production facilities could 

be predicted based on odorants measured by PTR-MS. 

 

Recovery of odorants in Nalophan bags 

The odorants measured in the present study were a mixture of sulfur compounds, carboxylic acids, 

ketones, phenols, indoles and trimethylamine. The selection of compounds included in the study 

was based on the knowledge about typical odorants from pig production facilities (Feilberg et al., 

2010b; Schiffman et al., 2001). The compound assignment for the measured mass-to-charge ratio 

(m/z) will not be treated in details as it has been described in another study based on the same type 

of experimental pig production facilities (Feilberg et al., 2010b). Single-ion monitoring was chosen 

to keep the temporal variation between the bags low. The alternative to single-ion monitoring was a 
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full-scan between m/z 30 and m/z 140. This approach would have required a significantly longer 

measurement time (ca. 10-20 min) for each bag to acquire an adequate number of cycles (ca. 10-20 

cycles), which would have increased the temporal variation between the bags. It is obvious that the 

full-scan will provide more information about the sample matrix, and if possible this should be 

included in future studies. The concentration of odorants measured 4 and 24 h after sampling was 

compared to evaluate the recovery of compounds in the Nalophan bags and thereby also the applied 

semi-field method. The decrease in the concentration of odorants between 4 and 24 h was in 

accordance with other studies on storage stability of odorants in sampling bags for olfactometry 

(Hansen et al., 2011; Koziel et al., 2005; Mochalski et al., 2009). Consequently, the sample matrix 

analyzed after 24 h by PTR-MS and olfactometry does not reflect the actual concentration of 

odorants in the pig production facilities. Based on reported odor threshold values (Devos et al., 

1990; van Gemert, 2003), the odor activity values were estimated. The reported odor threshold 

values show large variations and the interpretation of odor activity values has to be done with great 

care. However, the odor activity values provide an estimate that can be used to evaluate the 

development in the Nalophan bags between 4 and 24 h. The odor activity values were only 

decreased to a small extent (12 ± 7%), but it has previously been shown that the concentration of 

particular phenols and indoles are rapidly decreased during the first hours of storage (Hansen et al., 

2011). In the present study, phenols and indoles were close to or below the detection limit or the 

concentrations were decreased to a large extent (30-50%). Phenols and indoles are considered to be 

important odorants due to their relatively low odor threshold values, and the estimated odor activity 

values may underestimate the contribution from these compounds. Although the composition in the 

sampling bags must have been different from the composition in the outlets of the pig production 

facilities due to the losses during storage, the results should be comparable since the concentration 

of odorants and the odor concentration were measured under the same conditions in the Nalophan 

bags. This approach has not been used before for samples from livestock production. 

 

Odorants from pig production facilities 

The PCA clearly demonstrates that different types of pig production facilities can be differentiated 

based on the odorants. In general, carboxylic acids were more associated with samples from the 

room ventilation in facilities with both room and pit ventilation and facilities with a small slurry 

surface. Samples from these types of outlets or facilities also had the lowest odor concentrations. 

These results imply that sources other than slurry exist for carboxylic acids, but it also indicates that 
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carboxylic acids are less associated with odor. Other sources for carboxylic acids could be feces 

(Ziemer et al., 2009) excreted on the slats and the concrete floor and perhaps also flatus from the 

pigs. The results also demonstrate that odorants from pig production facilities can be concentrated 

in the pit ventilation when a small amount of the maximum ventilation rate was ventilated through 

the pit ventilation (10-20%). The high amount of odorants concentrated in a small amount of 

ventilation air has a large potential in relation to air cleaning from pig production facilities. Air 

cleaning is very costly when the full amount of ventilation air from facilities for growing-finishing 

pigs needs to be treated (ca. 100 m3 h-1 pig-1). A system with air cleaning only on the pit ventilation 

would decrease the cost for air cleaning significantly. Although pit ventilation has a potential in 

relation to air cleaning, it still requires an air cleaner with a high cleaning efficiency. Biological air 

cleaning has been shown to have a large potential for decreasing odor emission from pig production 

facilities (Melse and Ogink, 2005), but the limiting factor seems to be the removal of the 

compounds with low water solubility such as sulfur compounds (Feilberg et al., 2010a; Nielsen et 

al., 2009). The challenges related to odor reduction technologies such as biological air cleaning 

underlines that it is necessary to develop a method for estimating odor based on odorants. Such a 

method will provide much more information than olfactometry and can enhance the development of 

odor reduction technologies towards the important odorants and make the process more efficient. 

 

Predicting odor concentration based on odorants 

The developed PLS model shows that it is possible to explain the variation in the odor 

concentration in pig production facilities with growing-finishing pigs based on the concentration of 

odorants measured by PTR-MS. Despite the variability in odor measurements, the prediction of 

odor concentration based on the concentration of odorants demonstrated a reasonable correlation 

between measured and predicted values (R2 = 0.53). This indicates that this is a feasible method that 

should be further developed with on-site measurements of both odor and odorants in order to lower 

the variability in data and improve the prediction model. The regression coefficients for the PLS 

model show that carboxylic acids only have limited influence on the prediction of odor from pig 

production facilities, which confirms the results from the PCA. Compounds such as hydrogen 

sulfide, methanethiol, acetone, trimethylamine and 4-methylphenol are found to have large 

influence on the prediction of odor. Except for acetone, these compounds have low odor threshold 

values and are therefore considered to be important odorants. Acetone has a high odor threshold 

value relative to the concentration level found in facilities for growing-finishing pigs and will be 
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insignificant in relation to odor. This shows that the interpretation of the prediction of odor should 

include an evaluation of the odor threshold values. It seems that particularly sulfur compounds are 

important odorants that should be included in the prediction of odor from pig production facilities. 

It is noteworthy that methanethiol, which is assessed to be an important odorant both by the odor 

activity value and by its impact on the statistical model, has not been considered in previous studies 

of odor-odorant relationships (Blanes-Vidal et al., 2009; Gralapp et al., 2001; Hobbs et al., 1999; 

Hobbs et al., 2001; Zahn et al., 2001). Indole and skatole were not included in the prediction of odor 

in the present study due to the low recovery in the Nalophan bags, and it was therefore not possible 

to reveal the significance of these compounds. Although both indole and skatole are normally found 

in low concentrations in pig production facilities (Feilberg et al., 2010b), they also have low odor 

threshold values and are expected to be significant odorants. Some studies have even indicated that 

compounds found at sub-threshold values can become perceptible through an additive effect (Laska 

and Hudson, 1991; Patterson et al., 1993). This underlines that it is necessary with a measurement 

technique with a detection limit at the sub-threshold level when odor is predicted based on odorants. 

In conclusion, chemical measurements of odorants by PTR-MS appear to be an alternative for 

expressing the odor concentration in facilities for growing-finishing pigs. More research is needed 

to study direct on-site measurements of odor and chemical measurements by PTR-MS in pig 

production facilities. On-site measurements will provide a method where the low recovery of some 

compounds in sampling bags can be avoided and the applicability of the PTR-MS for predicting 

odor can be investigated based on the actual conditions present in pig production facilities. A 

reliable prediction model for odor concentration will have large implications for the understanding 

of odor from pig production and is a method that can improve the development of odor reduction 

technologies towards significant odorants. 

 

Abbreviations used 

PTR-MS, Proton-Transfer-Reaction Mass Spectrometry; PCA, Principal Component analysis; PLS, 

Partial Least Squares regression model. 
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Supplemental Figure 1. Correlation between estimated odor activity values after 4 h and 24 h in samples collected in 
Nalophan bags from pig production facilities. The odor activity values were estimated based on the concentration of 
chemical odorants measured with Proton-Transfer-Reaction Mass Spectrometry (PTR-MS) and the odor threshold values. 
Slope = 0.89, intercept = -3.87 and R2 = 0.99. 
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Supplemental Table 1. Average concentrations of odorants (nL L-1 ± standard deviation) measured by PTR-MS and odor 
concentration (OUE/m3) in Nalophan bags sampled in four experimental pig production facilities with 32 growing-finishing 
pigs in each. (n=6). The pit ventilation rate in facility C and D was fixed to 10% of the maximum ventilation rate. 

 Facilityb A B C D 

m/za Ventilation outlet Room Room Room Pit Room Pit 

35 Hydrogen sulfide 74 ± 53 498 ± 274 84 ± 42 881 ± 317 47 ± 28 895 ± 487 

49 Methanethiol 2.6 ± 1.5 6.1 ± 2.5 2.3 ± 0.7 13 ± 3.3 1.9 ± 0.9 12 ± 4.9 

59 Acetone 9.6 ± 2.8 12 ± 4.3 7.4 ± 2.5 23 ± 10 6.7 ± 1.7 19 ± 6.8 

60 Trimethylamine 2.0 ± 0.6 4.7 ± 1.9 1.8 ± 0.6 9.0 ± 5.0 2.5 ± 1.3 8.5 ± 5.0 

61+43 Acetic acid 195 ± 191 138 ± 72 204 ± 78 52 ± 31 208 ± 51 40 ± 11 

63 Dimethyl sulfide 2.9 ± 0.9 4.8 ± 1.8 2.6 ± 0.6 8.1 ± 1.7 2.7 ± 0.6 7.2 ± 2.5 

73 C4-carbonyls    
(e.g. 2-butanone) 

2.0 ± 0.6 2.8 ± 0.5 2.2 ± 0.7 5.2± 1.9 2.3 ± 0.9 4.5 ± 1.8 

75+57 Propanoic acid 44 ± 35 37 ± 18 57 ± 24 11.5 ± 9.9 60 ± 24 6.7 ± 4.2 

87 2,3-butanedione 2.3 ± 0.8 2.4 ± 0.6 2.5 ± 0.4 3.3 ± 1.0 2.6 ± 0.6 3.1 ± 1.0 

89+71 Butanoic acid 37 ± 28 39 ± 16 53 ± 23 15 ± 8.5 57 ± 20 11 ± 5.2 

95 Phenol +   

Dimethyl disulfide 

0.7 ± 0.3 0.6 ± 0.1 0.5 ± 0.2 1.0 ± 0.2 0.5 ± 0.1 0.8 ± 0.2 

103+85 C5 carboxylic acids 11 ± 11 12 ± 6.9 16 ± 7.9 3.8 ± 3.6 17 ± 6.7 2.1 ± 1.0 

109 4-methylphenol 1.1 ± 0.4 1.7 ± 0.6 1.3 ± 0.4 2.1 ± 0.5 1.3 ± 0.5 1.9 ± 0.8 

118 Indole < DLc 0.06 ± 0.02 0.07 ± 0.01 < DL 0.1 ± 0.01 < DL 

123 4-ethylphenol 0.1 ± 0.04 0.2 ± 0.01 0.1 ± 0.02 0.2 ± 0.07 0.1 ± 0.03 0.2 ± 0.05 

127 Dimethyl trisulfide 0.1 ± 0.04 0.1 ± 0.04 0.1 ± 0.04 0.1 ± 0.03 0.1 ± 0.03 0.1 ± 0.03 

132 Skatole 

(3-methylindole) 

< DL < DL < DL 0.05 ± 0.01 < DL 0.06 ± 0.03 

OUE/m3 Odor 737 ± 470 1211 ± 710 471 ± 253 1522 ± 655 418 ± 254 2562 ± 1913 

a m/z: mass-to-charge ratio; b A: Partly slatted floor, B) 2/3 slatted floor and 1/3 drained floor (slatted floor with less than 
10% openings), C) 2/3 slatted floor and 1/3 drained floor and pit ventilation in the fouling area and D) 2/3 slatted floor and 
1/3 drained floor and pit ventilation in the resting area; c DL: Detection limit (see main text Table 1). 
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Supplemental Table 2. Average concentrations of odorants (nL L-1 ± standard deviation) measured by PTR-MS and odor 
concentration (OUE/m3) in Nalophan bags sampled in four experimental pig production facilities with 32 growing-finishing 
pigs in each. (n=6). The pit ventilation rate in facility C and D was fixed to 20% of the maximum ventilation rate. 

 Facilityb A B C D 

m/za Ventilation outlet Room Room Room Pit Room Pit 

35 Hydrogen sulfide 101 ± 95 198 ± 130 25 ± 24 529 ± 271 14 ± 4.7 810 ± 580 

49 Methanethiol 4.8 ± 2.6 4.7 ± 2.0 1.0 ± 0.6 9.4 ± 2.8 1.1 ± 0.6 9.2 ± 4.0 

59 Acetone 8.5 ± 2.7 12 ± 1.4 4.4 ± 1.9 17 ± 4.9 5.0  ± 1.2 16 ± 5.2 

60 Trimethylamine 2.6 ± 1.1 4.6 ± 2.1 1.3 ± 0.5 5.8 ± 2.4 1.8 ± 0.7 6.4 ± 4.0 

61+43 Acetic acid 227 ± 104 185 ± 41 121 ± 67 111 ± 105 160 ± 51 95 ± 62 

63 Dimethyl sulfide 3.9 ± 2.0 4.1 ± 1.3 1.8 ± 0.7 6.0 ± 2.7 2.3 ± 0.7 5.7 ± 1.7 

73 C4-carbonyls    
(e.g. 2-butanone) 

2.4 ± 0.7 2.9 ± 0.7 1.4 ± 0.7 4.5 ± 1.3 1.8 ± 0.4 4.6 ± 1.6 

75+57 Propanoic acid 57 ± 25 51 ± 15.9 34 ± 22 36 ± 41 47 ± 18 31 ± 23 

87 2,3-butanedione 2.9 ± 0.9 2.6 ± 0.6 1.8 ± 0.7 3.7 ± 0.8 2.2 ± 0.4 3.5 ± 1.1 

89+71 Butanoic acid 40 ± 19 43 ± 14 27 ± 19 36 ± 32 39 ± 13 33 ± 19 

95 Phenol + Dimethyl 

disulfide 

1.0 ± 0.3 0.6 ± 0.1 0.5 ± 0.2 0.8 ± 0.1 0.4 ± 0.1 0.7 ± 0.1 

103+85 C5 carboxylic acids 13 ± 5.9 13 ± 4.5 7.8 ± 5.3 9.8 ± 11 11 ± 4.4 8.9 ± 6.3 

109 4-methylphenol 1.1 ± 0.3 1.2 ± 0.2 0.6 ± 0.2 2.0 ± 0.3 0.8 ± 0.1 1.8 ± 0.6 

118 Indole 0.07 ± 0.03 0.06 ± 0.01 < DL < DL < DL < DL 

123 4-ethylphenol 0.1 ± 0.01 0.1 ± 0.02 0.1 ± 0.01 0.2 ± 0.04 0.1 ± 0.02 0.2 ± 0.04 

127 Dimethyl trisulfide 0.09 ± 0.02 0.1 ± 0.03 0.1 ± 0.03 0.1 ± 0.03 0.09 ± 0.02 0.1 ± 0.03 

132 Skatole                   

(3-methylindole) 

< DLc < DL < DL < DL < DL 0.04 ± 0.01 

OUE/m3 Odor 473 ± 451 720 ± 438 321 ± 271 1397 ± 929 266 ± 156 1387 ± 1271 

a m/z: mass-to-charge ratio; b A: Partly slatted floor, B) 2/3 slatted floor and 1/3 drained floor (slatted floor with less than 
10% openings), C) 2/3 slatted floor and 1/3 drained floor and pit ventilation in the fouling area and D) 2/3 slatted floor and 
1/3 drained floor and pit ventilation in the resting area; c DL: Detection limit (see main text Table 1). 
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Application of Proton-Transfer-Reaction Mass Spectrometry for assessment of odorant 

removal in a biological air cleaner for pig production 
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________________________________________________________________________________ 

Abstract 

There is an urgent need to develop odor reduction technologies for animal production facilities, and 

this requires a reliable measurement technique for estimating the removal of odorants. The purpose 

of the present experiment was to investigate the application of Proton-Transfer-Reaction Mass 

Spectrometry (PTR-MS) for continuously measurements at a biofilter from SKOV A/S installed at a 

pig production facility. The PTR-MS was able to handle the harsh conditions with high humidity 

and dust load in a biofilter and provide reliable data for the removal of odorants, including the 

highly odorous sulfur compounds. The biofilter removed 80->99% of carboxylic acids, aldehydes, 

ketones, phenols and indoles and ca. 75% of hydrogen sulfide. However, only ~0-15% of 

methanethiol and dimethyl sulfide was removed. In conclusion, PTR-MS is a promising tool that 

can be used to improve the development of biological air cleaning and other odor reduction 

technologies towards significant odorants. 

________________________________________________________________________________ 
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Introduction 

Odor from pig production can be a serious nuisance for people living close to the production 

facilities, and it is therefore vital to further develop odor reduction technologies that can ensure low 

emission of odorants and other gasses to the surroundings. Biological air cleaning is a potential 

method for reducing odor nuisance from modern intensive pig productions (Melse and Ogink, 

2005). The development of biological air cleaning for pig production is a compromise between cost 

optimization and environmental effects in relation to odorants and ammonia. Both during the 

process of development and documentation of biological air cleaning, it is important to have a 

reliable measurement technique that can estimate the removal of odor. At the moment, odor is 

normally measured with olfactometry (OUE/m3) which is based on a dilution-to-threshold 

assessment of air samples with trained human panelists (CEN, 2003). This method has some 

drawbacks in relation to low recovery of odorants in sample bags (Hansen et al., 2011; Koziel et al., 

2005; Mochalski et al., 2009) and during analysis in the olfactometer (Hansen et al., 2010). For 

some of the odorants that have been demonstrated to be removed by biological air cleaning 

(carboxylic acids, phenols and indoles), a particularly low recovery in sampling bags for 

olfactometry has been observed (Hansen et al., 2011; Koziel et al., 2005). Different chemical 

methods have been used for collection of odorants and analysis with gas chromatography and mass 

spectrometry (GC/MS) including solid-phase microextraction (SPME) (Koziel et al., 2006; Wright 

et al., 2005) and adsorbent tubes (Schiffman et al., 2001; Trabue et al., 2008). These chemical 

methods and olfactometry only provide a limited number of discrete measurements and do not 

reveal diurnal variations and how the odor removal is affected by changes in the function and 

management of the biological air cleaner. A study with the on-line technique Membrane Inlet Mass 

Spectrometry (MIMS) at a biological air cleaner has demonstrated that measuring on-line is a useful 

tool to give an estimate of the removal of odorants both in relation to the specific compounds and 

the diurnal variations (Feilberg et al., 2010a). The MIMS has some drawbacks in relation to 

sensitivity and specificity particularly in relation to reduced sulfur compounds which are considered 

to be important odorants from pig production facilities due to their low odor threshold values 

(Devos et al., 1990; van Gemert, 2003). Proton-Transfer-Reaction Mass Spectrometry (PTR-MS) is 

another on-line technique which is based on soft chemical ionization with protonated water (H3O
+) 

and is an instrument with a high sensitivity and specificity (de Gouw and Warneke, 2007; Hewitt et 

al., 2003; Lindinger et al., 1998). In addition, the relative ease of obtaining quantitative results, even 

for compounds for which calibration standards are not available (de Gouw and Warneke, 2007; 
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Hewitt et al., 2003; Lindinger et al., 1998), is a unique advantage. PTR-MS has previously been 

applied for estimating emission of odorants from cattle production (Ngwabie et al., 2008; Shaw et 

al., 2007) and pig production (Feilberg et al., 2010b) and for measuring the removal of volatile 

organic compounds in a biological air cleaner for a composting facility (Biasioli et al., 2009). 

However, the conditions present in a biological air cleaner as well as other odor reduction 

technologies used for intensive pig production facilities can be very harsh in relation to humidity 

and dust particles. It is therefore of great interest to investigate whether PTR-MS could be a suitable 

alternative method for measuring the removal of odorants in a biological air cleaner and to give a 

more precise evaluation of the effect on reduced sulfur compounds. The aim of the present study 

was (i) to evaluate the application of the PTR-MS for measuring the removal of odorants under the 

harsh conditions in a biological air cleaner, and (ii) to estimate the removal of odorants in a 

biological air cleaner installed at a full-scale pig production facility.  

 

Materials and methods 

Description of the biofilter 

A three step biofilter manufactured by SKOV A/S (SKOV A/S, Roslev, Denmark) was installed at a 

pig production facility with 350 growing-finishing pigs. The biofilter was placed in a separate 

building next to the pig production facility. Four ventilation fans were placed after the biofilter, and 

the ventilation air was drawn through the biofilter from six outlets (Ø 60 cm) in the side of the pig 

production facility. The maximum ventilation rate for the biofilter was ca. 35,000 m3 h-1. The 

biofilter was designed with three vertical filter walls of cellulose pads (step 1, 2 and 3). Step 1 and 2 

were 15 cm wide and step 3 was 60 cm wide. A two cm wide air distribution plate was placed in 

front of step 1 to ensure equal distribution of air in the biofilter and to lower the load of dust 

particles. The filter walls in step 1 and 2 were irrigated with re-circulated water from a pond 

beneath the filter walls. Step 1 was washed regularly with an automatic washing machine to 

minimize clogging by dust particles. The washing machine flushed the filter wall with re-circulated 

water in the direction opposite to the air flow. Replacement of water was based on measurements of 

conductivity in step 1. Water was removed from step 1 and fresh water was added to step 2. An 

overflow between step 1 and 2 allowed fresh water to flow back to step 1. The humidification of the 

filter wall in step 3 was achieved by the humidified air from step 1 and 2. 
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PTR-MS  

A high sensitivity PTR-MS (Ionicon Analytik, Innsbruck, Austria) was applied for measuring the 

removal of odorants in the biofilter. The PTR-MS is based on chemical ionization of compounds by 

protonated water (H3O
+) in a drift tube and subsequent detection of ionized compounds in a 

quadrupole mass spectrometer. Since H3O
+ is used for protonation, only compounds with a proton 

affinity higher than water (691 kJ/mol) can be measured. In the present study, the PTR-MS was 

operated under standard ion drift tube conditions applying a total voltage of 600 V and maintaining 

the pressure in the range of 2.1-2.2 mbar (E/N value ~135 Td). The temperature of the drift tube 

was controlled at 75 °C and the sampling flow was adjusted to ca. 100 mL min-1. An external pump 

was used to increase the flow in the sampling tubes to ca. 500 mL min-1. The measurements were 

performed as single ion monitoring with each ion being detected for 200 - 1000 ms during each 

cycle. A total of 40 cycles (20 min) were measured on each step in the biofilter in a continuous 

mode. In between the measurements on the biofilter, instrumental background was measured (40 

cycles) on contaminant-free air, prepared onsite by purification of room air via a Supelpure™ HC 

filter (Supelco, Bellefonte, Pennsylvania, USA). Four times during the measurement period, a full-

scan between m/z 30-140 was performed. The sensitivity of the compound of interest was estimated 

using the rate constant for proton transfer, the estimated drift tube residence time and the mass-

specific transmission factor as described by de Gouw and Warneke (2007). The rate constants were 

either based on measurements on gas standards (Feilberg et al., 2010b) or calculated by using the 

method described by Su and Chesnavich (1982). The mass-specific transmission factors were 

checked regularly during the measurement period with a mixture of 14 aromatic compounds 

between m/z 79 and m/z 181 (P/N 34423-PI, Restek, Bellefonte, Pennsylvania, USA). The 

measurement of hydrogen sulfide by PTR-MS is humidity dependent, and the concentration of 

hydrogen sulfide was determined according to the method described by Feilberg et al. (2010b). The 

detection limits for the PTR-MS were calculated as three times the standard deviation on blank 

samples, see Table 1. 

 

GC-SCD and TD-GC/MS 

A gas chromatograph with a sulfur chemiluminescence detector (GC-SCD, GC 7890 A and SCD 

355, Agilent Technologies A/S, Horsholm, Denmark) was used to measure the concentration of 

sulfur compounds in air samples collected in 10-L Tedlar bags (CEL Scientific Corporation, Santa 

Fee Springs, Californian, USA). The GC was equipped with a capillary column with a stationary 
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phase of dimethylpolysiloxane (DB-1, Agilent Technologies A/S, Horsholm, Denmark). The 

column had a length at 60 m, an inner diameter at 0.53 mm and a stationary phase at 5 µm. The 

helium carrier gas flow rate was set to 10 mL min-1. The GC oven temperature was held for 1 min at 

60 ˚C, ramped up to 200 ˚C at 20 ˚C min-1 and held for 1 min at 200 ˚C. The GC-SCD was 

equipped with a sample loop at 1.0-mL. At each analysis, the sample loop was flushed with ca. 45 

mL of sample air. A gas standard (Air liquid, Horsens, Denmark) containing hydrogen sulfide (5.33  

± 0.16 µL L-1), methanethiol (5.37  ± 0.27 µL L-1) and dimethyl sulfide (5.84  ± 0.29 µL L-1) was 

used as a one-point calibration. The detection limit for the GC-SCD was estimated as three times 

the baseline noise (Supplemental Table 1). 

A thermal desorber (Turbomatrix ATD, Perkin Elmer, Waltham, Massachusetts, USA) coupled 

with a gas chromatograph and a mass spectrometer (GC/MS, GC 6890 N and MSD 5973, Agilent 

Technologies A/S, Horsholm, Denmark) was used to analyze the air samples collected on adsorbent 

tubes. The adsorbent tubes were made of stainless steel and packed with Tenax TA (Markes 

International Ltd., Llantrisant, United Kingdom) and Carbograph 5TD (Markes International Ltd., 

Llantrisant, United Kingdom). The adsorbent tubes were desorbed in a two step mode. In the first 

step, the tubes were purged with helium for 2 min and desorbed for 10 min at 290 ˚C, and the 

desorbed compounds were trapped on a cold trap (-20 ˚C) packed with Tenax TA. In the second 

step, the cold trap was heated to 300 ˚C at 40 ˚C s-1, and the desorbed compounds were transferred 

to the GC in a transfer line heated to 250 ˚C. The GC was equipped with a capillary column with a 

stationary phase of polyethylene glycol (HP-INNOWax, Agilent Technologies A/S, Horsholm, 

Denmark). The column had a length at 30 m, an inner diameter at 0.25 mm and a stationary phase at 

0.25 µm. The helium carrier gas flow rate was pressure controlled at 7.5 psi. The GC oven 

temperature was hold for 5 min at 50 ˚C, ramped up to 250 ˚C at 10 ˚C min-1 and hold for 5 min at 

250 ˚C. Two liquid calibration standards containing a total of 18 odorants were used as a one-point 

calibration. Clean adsorbent tubes loaded with 1 µL of the calibration standards and field blank 

adsorbent tubes were analyzed along with the sample tubes. The detection limit for the TD-GC/MS 

was estimated as three times the baseline noise (Supplemental Table 1). 

 

Experimental setup 

The removal of odorants was measured continuously for 13 days with the PTR-MS. In order to 

achieve maximum load of odorants, the measurements were performed in the summer period with 

high ventilation rates. All equipments were placed in an insulated room next to the biofilter. A 
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heated Teflon tube (DuPont, Buffalo, New York, USA) with a 5 µm Teflon filter (Millipore, 

Billerica, Massachusetts, USA) was placed before the biofilter and after each step in the biofilter. 

The recovery of odorants in the Teflon filter was estimated on sample air before the biofilter. The 

variation in the concentration of odorants in the six outlets from the pig production facility was 

measured to validate the setup with one sampling point in the center of each step. The Teflon tubes 

from the different steps in the biofilter were connected to a heated switchbox (ca. 60 ˚C) with a 

five-way PEEK valve (Bio-Chem Valve Incorporated, Boonton, New Jersey, USA). The switchbox 

was controlled by the software of the PTR-MS. Five days during the measurement period, air 

samples were collected in Tedlar bags and on adsorbent tubes before the biofilter and after each step 

in the biofilter. The Tedlar bags were filled over a period of 10 min until 90% of their nominal 

volume, and the adsorbent tubes were exposed for 20 min with a flow at ca. 100 mL min-1. On each 

of the five days, three sets of samples were collected between 11:00 and 14:00. Each set of samples 

were collected simultaneously. The content of the Tedlar bags was analyzed within 6 h on the GC-

SCD and the adsorbent tubes were kept in refrigerator and analyzed on the TD-GC/MS within 72 h. 

The results from the GC-SCD and TD-GC/MS were paired with results from the PTR-MS that were 

within 30 min of the collection time. Consequently, not all measurements by GC-SCD and TD-

GC/MS were used for the inter-comparison with the PTR-MS. 

 

Data analysis 

The last 20 cycles of each measurement by PTR-MS were used to calculate the concentration of the 

detected compounds. A total of 237 measurements were recorded for each step in the biofilter and 

the instrumental background. The instrumental background was subtracted from the measurements 

and the results are presented as average ± standard deviation. An average value was only calculated 

if more than 20% of data was above the detection limit. Linear regression was used for the inter-

comparison between PTR-MS and the other methods. 

 

Results and discussion 

Compounds assignment 

The mass-to-charge ratios (m/z) monitored during the continuous measurement period on the 

biofilter is presented in Table 1, along with the corresponding compounds, average concentrations 

(± standard deviation), detection limits and odor threshold values.  
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Table 1. Average concentrations (nL L-1 ± standard deviation) of odorants measured by PTR-MS in a three step 
biofilter from SKOV A/S installed at a facility with growing-finishing pigs (n=237). 

Compounds m/za 

 

DLb 

 

OTVc 

 

Before  

step 1 

After 

step 1 

After 

step 2 

After 

step 3 

Hydrogen sulfide 35 3.51 1.9 353 ± 104 322 ± 92 272 ± 83 86 ± 37 

Acetaldehyde 45 0.22 70 6.8 ± 1.9 4.4 ± 1.2 9.4 ± 4.4 0.5 ± 0.1 

Methanethiol 49 0.09 0.07 12 ± 3.4 12 ± 3.4 10 ± 3.1 10 ± 3.0 

Acetone 59 0.08 13000 7.1 ± 2.0 4.8 ± 1.3 5.4 ± 1.3 0.8 ± 0.3 

Trimethylamine 60 0.30 2.1 12 ± 4.9 4.3 ± 1.4 3.2 ± 1.4 0.8 ± 0.3 

Acetic acid 61+43 0.96 234 314 ± 72 49 ± 20 54 ± 31 1.2 ± 0.2 

Dimethyl sulfided 63 0.15 4.1 3.0 ± 0.9 2.9 ± 0.8 2.7 ± 0.8 2.7 ± 0.8 

2-butanone 73 0.06 4500 3.3 ± 1.0 2.0 ± 0.5 2.4 ± 0.7 0.6 ± 0.2 

Propanoic acid 75+57 0.34 25 67 ± 19 16 ± 5.6 19 ± 9.1 0.5 ± 0.1 

2,3-butanedione 87 0.12 0.1 1.2 ± 0.3 0.7 ± 0.2 1.1 ± 0.4 0.2 ± 0.06 

Butanoic acide 89+71 0.21 1.8 42 ± 12 11 ± 3.9 9.4 ± 4.0 0.3 ± 0.1 

Phenol + Dimethyl disulfide 95 0.08 54g 2.0 ± 0.4 0.7 ± 0.2 1.9 ± 1.0 0.2 ± 0.07 

C5 carboxylic acidsf 103+85 0.12 1.4 11 ± 3.1 3.2 ± 1.0 2.7 ± 1.0 0.1 ± 0.03 

4-methylphenol 109 0.15 0.3 9.5 ± 2.8 2.5 ± 0.8 2.6 ± 0.7 0.2 ± 0.04 

Indole 118 0.03 0.4 0.7 ± 0.2 0.2 ± 0.05  0.1 ± 0.02 < DL 

4-ethylphenol 123 0.07 1.3 1.2 ± 0.3 0.4 ± 0.1 0.5 ± 0.1 < DL 

Dimethyl trisulfide 127 0.05 1.7 0.1 ± 0.02 0.06 ± 0.01 0.1 ± 0.03 < DL 

3-methylindole 132 0.03 0.09 0.4 ± 0.1 0.1 ± 0.05 0.07 ± 0.02 < DL 

a m/z: mass-to-charge ratio. b DL (nL L-1): Detection limit estimated as three times the standard deviation on blank 
values. c OTV (nL L-1): Odor threshold values were estimated as a geometric mean of reported detection threshold 
values (Devos et al., 1990; van Gemert, 2003). d Corrected for O18 isotopic contribution from acetic acid. e Ca. 10% 
contribution from 2-methylpropanoic acid. f Ca. 60% pentanoic acid and 40% 3-methylbutanoic acid. g OTV for phenol. 

 

The chosen m/z values were based on a full-scan spectrum for the ventilation air before the filter 

between m/z 30 and m/z 140, as it is shown in Figure 1. The compound assignment was based on 

measurements with GC-SCD and TD-GC/MS and previous experiences with odorants from pig 

production facilities (Feilberg et al., 2010b; Schiffman et al., 2001). For most of the compounds, an 

unambiguous compound assignment can be obtained. However, some compound assigments are 

more difficult due to humidity dependency or overlapping of signals from other compounds or 

isotopes.  
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Figure 1. An example of a full-scan mass spectrum measured by PTR-MS in the ventilation air from a facility with 
growing-finishing pigs. The results are presented as nL L-1 and each value represents an average of four consecutive 
scans. Only peaks with a concentration above 0.1 nL L-1 were included. The signal at m/z 35 (hydrogen sulfide) was 
corrected for the humidity dependency. 
 

A signal at m/z 35 was assigned to hydrogen sulfide. The proton affinity of hydrogen sulfide (705 

kJ mol-1) is close to the proton affinity for water (691 kJ mol-1), which results in a humidity 

dependent backward reaction of protonated hydrogen sulfide. In the study by Feilberg et al. 

(2010b), a correction of the measurement of hydrogen sulfide by PTR-MS was described and that 

method was applied in the present study. In this method, the concentration of a known gas standard 

relative to the response from the PTR-MS is expressed as a function of the humidity in the sample 

air. Measurement of water cluster (H3O
+(H2O), m/z 37) relative to the primary ion (H3O

+, m/z 21) is 

used an expression of humidity in the sample air. The correction of hydrogen sulfide was 

established prior to the measurements with the settings used during the whole period, see Figure 2.  
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Figure 2. Correction of hydrogen sulfide (m/z 35) measured by PTR-MS expressed as the diluted hydrogen sulfide 
concentration from a known standard (Cstd) relative to the measured signal by PTR-MS (Cobs) as a function of the 
water cluster signal (H3O

+(H2O),  m/z 37) relative to the primary ion (H3O
+, m/z 21). The fitted line represent the 

empirical logarithmic function y= 12.2·ln(x) + 1.2, R2 = 0.99. 
 

The high relative humidity in sample air from the biofilter can also affect the measurement of 

carboxylic acids since the fragmentation of these compounds will increase as the relative humidity 

increases (Feilberg et al., 2010b). The signal at m/z 61, m/z 75, m/z 89 and m/z 103 can be assigned 

to acetic acid, propanonic acid, C4 carboxylic acids (butanoic acid and 2-methylpropanoic acid) and 

C5 carboxylic acids (pentanoic acid and 3-methylbutanoic acid). These compounds will also have 

fragments at m/z 43, m/z 57, m/z 71 and m/z 85, respectively. In the study by Feilberg et al. 

(2010b), it was shown that the sum of the molecular ion and the fragment under varying humidity 

conditions is stable within 5%. The results for carboxylic acids in the present study are therefore 

presented as the sum of the molecular ions and their respective fragments. According to the TD-

GC/MS measurements, the contribution from 2-methylpropanoic acid was ca. 10% of C4 carboxylic 

acids, and m/z 89 + m/z 71 was mainly ascribed to butanoic acid. The distribution between C5 

carboxylic acids was ca. 60% pentanoic acid and ca. 40% 3-methylbutanoic acid. Fragmentation of 

alcohols can influence the signal for some of the carboxylic acid fragments (Warneke et al., 1996). 

According to the TD-GC/MS measurements, the abundance of alcohols was very low compared to 

carboxylic acids (~0-5 %) and will only have a limited influence on the measurements of carboxylic 

acids. The signal at m/z 41 can be ascribed to alcohol fragments (Feilberg et al., 2010b). The signal 

at m/z 63 was assigned to dimethyl sulfide, and due to the high concentration of acetic acid the 
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signal at m/z 63 was corrected for the O18 isotope of acetic acid (m/z 61). Approximately 20% of 

m/z 63 was due to acetic acid. A signal at m/z 73 was detected during the entire measurement 

period in all three steps in the biofilter. The signal at m/z 73 can be assigned to C4 carbonyls; 

however according to the TD-GC/MS measurements, it is likely to be 2-butanone. In the same way, 

the signal at m/z 87 can be assigned to 2,3-butandione. A signal was detected at m/z 95, and this 

signal can both be assigned to phenol and dimethyl disulfide. These two compounds have 

previously been detected in ventilation air from pig production facilities, although they are often 

found in the low nL L-1 range (Lo et al., 2008; Schiffman et al., 2001). Dimethyl disulfide also 

gives fragments at m/z 79 and m/z 97, but the signals are low (< 1 nL L-1) and can be influenced by 

benzene (m/z 79) and fufural (m/z 97), which are likely to be found as background contaminants. In 

the TD-GC/MS measurements, phenol and dimethyl disulfide were detected in a ~1:1 ratio. The 

adsorbent tubes used in the present study were packed with both Tenax TA and a graphitized 

sorbent (Carbograph 5TD). Graphitized sorbents will cause oxidation of thiols into disulfides 

(Baltussen et al., 1999; Lestremau et al., 2004). It has previously been demonstrated with adsorbent 

tubes less affected by oxidation of methanethiol (Tenax TA as single sorbent) that phenol was 

detected at a level ~6 times higher than dimethyl disulfide in a facility with growing-finishing pigs 

(Feilberg et al., 2010b). It is therefore likely that dimethyl disulfide was overestimated in the TD-

GC/MS measurements and most of the signal at m/z 95 could probably be ascribed to phenol. The 

full-scan also demonstrated a number of low level masses other than those presented in Table 1. It 

was not possible to assign all of these masses, but many of the compounds were likely to origin 

from compound fragments (m/z 58: trimethylamine fragment), aromatic compounds (m/z 107: 

benzaldehyde and C8-aromatics) and C13 isotopes (m/z 90: butanoic acid C13 isotope). 

 

Removal of odorants in the biofilter  

The results in Table 1 clearly show that many of the measured odorants were removed to a level 

close to or below the odor threshold values when the concentrations measured before the biofilter 

are compared to the concentrations after step 3. The odor threshold values are based on 

compilations of reported values (Devos et al., 1990; van Gemert, 2003). It has to be stated that the 

reported odor threshold values demonstrate large variations and the interpretation has to be done 

with great care. Particular carboxylic acids, phenols and indoles were removed to a level below the 

odor threshold values. The removal of these compounds took place in step 1 (60-80%), whereas in 

step 2 the removal was less pronounced and for some compounds there was even a small increase.  
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A high removal of carboxylic acids, phenols and indoles has also been demonstrated for an earlier 

version of the biofilter from SKOV A/S without step 3 (Feilberg et al., 2010a). Aldehydes and 

ketones were also removed in step 1, but only with 30-40%, and an increase of these compounds 

was also seen in step 2. Particularly the concentration of acetaldehyde was increased to a higher 

level than before the biofilter. This implies that the biofilm in step 2 may produce this compound. 

The increase in some compounds in step 2 did not have an effect on the overall removal since these 

compounds were removed to a high extent in step 3. In general, these results indicate that step 2 in 

the biofilter only had a small and varying effect on the removal of odorants. Hydrogen sulfide was 

the sulfur compound being removed to the largest extent (ca. 75%) when comparing the 

concentration before the biofilter with the concentration after step 3. It seems that step 3 was 

particular effective in removing hydrogen sulfide and ca. 70% of the removal took place in this step. 

Figure 3 shows a clear diurnal variation in the hydrogen sulfide concentration before the biofilter 

and after step 1 and 2 with the highest concentrations during nighttime and the lowest during 

daytime. The measured concentration of hydrogen sulfide after step 3 showed much less diurnal 

variation which indicates a threshold for the removal of hydrogen sulfide in step 3. Further research 

is needed to investigate this possible threshold for hydrogen sulfide and the microbial and chemical 

conditions responsible for the positive effect of step 3 on the removal of odorants. The removal of 

methanethiol and dimethyl sulfide was low (~0-15%) and for these compounds step 3 did not have 

an effect. The low removal of methanethiol and dimethyl sulfide may be due to insufficiently mass 

transfer of these compounds from the gas phase to the liquid phase in the biofilm, which limits the 

oxidation of these compounds (Nielsen et al., 2009). Figure 4 shows that the removal of 

methanethiol was low for all three steps in the biofilter both during daytime and nighttime. The 

diurnal variation in methanethiol was similar to hydrogen sulfide with low concentrations during 

daytime and high concentrations during nighttime. The same pattern was also seen for dimethyl 

sulfide (not shown). Despite the high removal of a number of important odorants, hydrogen sulfide 

and methanethiol were still present at concentrations above the odor threshold value after the 

biofilter. This underlines that further improvement of the odor removal of the biofilter has to focus 

on these highly odorous sulfur compounds. 
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Figure 3. Measured concentrations of hydrogen sulfide (m/z 35) by PTR-MS in a three step biofilter from SKOV A/S 

installed at a facility with growing-finishing pigs. A selected period of four days is shown. 
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Figure 4. Measured concentrations of methanethiol (m/z 49) by PTR-MS in a three step biofilter from SKOV A/S 
installed at a facility with growing-finishing pigs. A selected period of four days is shown. 
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Method evaluation  

The application of PTR-MS for estimating the removal of odorants in biological air cleaning for pig 

production requires that the instrument can handle the hazardous conditions with high relative 

humidity (80->99%) and dust particles and still provide reliable results. One of the major obstacles 

is the content of dust particles in the ventilation air. It has previously been estimated in another 

study that the total inhalable dust concentration in facilities for growing-finishing pigs may be more 

than 2 mg/m3 (Takai et al., 1998). In order to protect the instrument from this high load of dust 

particles, a Teflon filter with a pore size at 5 µm was inserted in the end of the Teflon tubing inside 

the biofilter. In this way, both the tubing and the instrument were protected against dust particles 

above 5 µm and to some extent against suction of liquid water. A measurement with the Teflon 

filter was compared to a measurement without the Teflon filter to see if there was any effect of the 

Teflon filter on the odorants, see Figure 5.  
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Figure 5. Effect of a 5 µm Teflon filter used for dust filtration on the recovery of odorants measured by PTR-MS in a 
facility with growing-finishing pigs. 

 

The Teflon filter mainly had an effect on the recovery of indoles (35-50%), whereas carboxylic 

acids (80-90%) and phenols (85-99%) were only slightly affected and sulfur compounds, aldehydes, 

ketones and trimethylamine were more or less unaffected. The measurements with and without the 
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Teflon filter were made within 20 min and the temporal variation should only have a small 

influence. Some studies have shown that odorants can be associated with dust particles (Bulliner et 

al., 2006; Cai et al., 2006) and it is likely that some odorants can be trapped along with the dust on 

the Teflon filter. Although the Teflon filter was used, the instrument was still affected by the dust 

particles below 5 µm, and after the measurement period a cleaning of the inlet system was needed. 

This shows that the Teflon filter is necessary to protect the instrument from dust particles, and 

depending on the compounds of interest it will also influence the results to some extent. 

The variation in the concentration of odorants in the six outlets from the pig production facility was 

measured to evaluate the setup with one sampling point in the center of each step (Supplemental 

Table 2). The concentrations in the six outlets varied with 10-15%, which indicate that the 

horizontal input concentrations in the biofilter were comparable and one sampling point in the 

center seems reasonable. More sampling points in each step would increase the certainty of the 

measurements, but it would also increase the temporal variation between the different steps in the 

biofilter. 

An inter-comparison between results obtained by the PTR-MS and GC-SCD and TD-GC/MS 

demonstrated a reasonable correlation; see selected compounds in Figure 6. In general, the 

concentrations measured by the PTR-MS were higher than the concentrations measured by the GC-

SCD and TD-GC/MS, but the general trend in the odorant removal was the same (Supplemental 

Table 1). There could be several reasons for the difference between the methods including 

uncertainty in calibration, temporal variations and the sampling method. The relative standard 

deviation for measurement of the calibration standard was ca. 10-15% for the TD-GC/MS and 5-

10% for the GC-SCD. For logistical reasons it was not possible to calibrate the PTR-MS with 

known standards during the field measurements. The mass-specific transmission factor was adjusted 

regularly during the measurement period with a gas standard and only showed little variation. The 

rate constants were based on own calculations and measurements on gas standards. It has previously 

been reported that the calculated rate constants are within ±10-15% of measured rate constants 

(Hewitt et al., 2003). However, field calibration would increase the certainty of the measurements 

by PTR-MS and more research is needed to define a functional and reliable field calibration 

method. An explanation for the lower concentrations measured by TD-GC/MS could be 

contaminants on the field blanks. In general, the field blanks had low concentrations of odorants, 

but the concentration of carboxylic acids was slightly elevated. The samples for analysis of sulfur 

compounds by GC-SCD were collected in Tedlar bags which could induce losses due to adsorption 
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to the bag surface or diffusion through the bag material. The samples in the present study were 

analyzed within 6 h after sampling, and according to other studies the loss of sulfur compounds 

within this time period should be limited (Hansen et al., 2011; Mochalski et al., 2009). The 

measurements with PTR-MS require long sampling tubes (3-5 m) which could also influence the 

results. The potential loss of compounds in the sampling tubes to the PTR-MS was minimized by 

using Teflon tubing, heated sampling line and long equilibration time (10 min – 20 cycles). For 

most of the compounds of interest in the present study, only a few cycles were needed to achieve a 

stable signal. However, for compounds such as carboxylic acids, trimethylamine and 4-

methylphenol it was necessary with 10-15 cycles to achieve a stable signal. This shows that 

depending on the compound of interest, the equilibration time could be lowered and even higher 

time resolution in data can be achieved. 
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Figure 6. Inter-comparison between measurements of odorants by PTR-MS and GC-SCD (n=36) and TD-GC/MS 
(n=27). The measurements by PTR-MS were performed on-site at a three step biofilter from SKOV A/S installed at a 
facility with growing-finishing pigs. Samples for GC-SCD and TD-GC/MS were collected in 10-L Tedlar bags and on 
adsorbent tubes, respectively. The solid line show the best linear fit to data and the dashed line is a 1:1 line. 

 

Overall, PTR-MS is assessed to be a robust method for estimating the removal of odorants in a 

biological air cleaner since the drawbacks of adsorbent tubes and samplings bags is avoided and 

dust and humidity can be handled. The PTR-MS can also provide high time resolution which gives 
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valuable information about the diurnal variation in the removal of odorants and how the removal is 

affected by changes in the function and management of the biological air cleaner. Finally, the PTR-

MS can provide reliable measurements on the highly odorous reduced sulfur compounds and this 

gives an opportunity to improve the future research within development of odor reduction 

technologies for agricultural applications. 

 

Abbreviations used 

PTR-MS, Proton-Transfer-Reaction Mass Spectrometry; GC-SCD, Gas Chromatograph with Sulfur 

Chemiluminescence Detector; TD-GC/MS, Thermal Desorbtion coupled with Gas Chromotography 

and Mass Spectrometry. 
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Supplemental Table 1. Average concentrations (nL L-1 ± standard deviation) of odorants measured by GC-SCD and TD-
GC/MS in a three step biofilter from SKOV A/S installed at a pig production facility with 350 growing-finishing pigs. 

Compounds Instrument DLa 

 

Before  

step 1 

After 

step 1 

After 

step 2 

After 

step 3 

Hydrogen sulfide GC-SCD 1.7 170 ± 29.1 164 ± 30.9 152 ± 21.0 65.3 ± 19.2 

Methanethiol GC-SCD 1.5 5.8 ± 1.3 5.7 ± 1.3 5.9 ± 1.2 5.7 ± 1.2 

Dimethyl sulfide GC-SCD 1.5 < DL < DL < DL < DL 

2,3-butanedione TD-GC/MS 0.04 2.2 ± 1.0 0.7 ± 0.1 < DL < DL 

Dimethyl disulfide TD-GC/MS 0.02 0.8 ± 0.4 0.7 ± 0.2 0.9 ± 0.5 1.1 ± 0.54 

3-hydroxy-2-butanone TD-GC/MS 0.2 6.5 ± 3.5 1.2 ± 1.2 < DL < DL 

Dimethyl trisulfide TD-GC/MS 0.003 0.14 ± 0.07 0.10 ± 0.04 0.07 ± 0.05 0.09 ± 0.07 

Acetic acid TD-GC/MS 0.05 172 ± 66.2 23.4 ± 13.0 9.3 ± 7.0 < DL 

Propanoic acid TD-GC/MS 0.06 60.5 ± 22.8 9.7 ± 4.7 3.3 ± 2.4 1.1 ± 0.7 

2-methylpropanoic acid TD-GC/MS 0.03 5.4 ± 1.7 0.9 ± 0.4 0.3 ± 0.3 0.2 ± 0.1 

Butanoic acid TD-GC/MS 0.04 41.0 ± 14.5 7.8 ± 3.6 2.8 ± 2.1 0.8 ± 0.7 

3-methylbutanoic acid TD-GC/MS 0.01 3.5 ± 1.0 0.7 ± 0.3 0.3 ± 0.2 < DL 

Pentanoic acid TD-GC/MS 0.03 5.8 ± 2.3 1.5 ± 1.7 0.9 ± 1.1 0.5 ± 0.8 

4-methylpentanoic acid TD-GC/MS 0.02 0.4 ± 0.2 < DL < DL < DL 

Hexanoic acid TD-GC/MS 0.01 0.9 ± 0.5 0.4 ± 0.4 0.4 ± 0.3 0.2 ± 0.1 

Heptanoic acid TD-GC/MS 0.01 0.4 ± 0.3 0.6 ± 0.9 0.4 ± 0.4 < DL 

Phenol TD-GC/MS 0.01 0.8 ± 0.5 0.1 ± 0.1 < DL < DL 

4-methylphenol TD-GC/MS 0.01 5.1 ± 1.9 1.2 ± 0.5 0.4 ± 0.3 0.05 ± 0.05 

4-ethylphenol TD-GC/MS 0.002 0.5 ± 0.2 0.1 ± 0.04 0.05 ± 0.03 < DL 

Indole TD-GC/MS 0.004 0.3 ± 0.2 0.1 ± 0.03 0.05 ± 0.02 < DL 

3-methylindole TD-GC/MS 0.01 0.2 ± 0.1 0.08 ± 0.03 0.02 ± 0.01 < DL 

a DL: Detection limit (nL L-1) estimated as three times the baseline noise. The detection limit for TD-GC/MS was estimated 
on a sample volume of 2 L. 
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Supplemental Table 2. Concentration (nL L-1) of selected odorants in six outlets placed at the side of a pig production 
facility and connected to a three step biofilter from SKOV A/S. 

Compound Hydrogen sulfide Methanethiol Dimethyl sulfide Butanoic acid 4-methylphenol 

m/z 35 49 63 89 109 

Outlet 1 
260 11.4 3.4 39.3 11.6 

Outlet 2 
256 10.8 3.2 35.3 10.7 

Outlet 3 
263 10.5 3.0 34.0 10.2 

Outlet 4 
266 10.9 3.2 35.2 10.5 

Outlet 5 
198 7.4 2.3 29.7 8.7 

Outlet 6 
225 8.9 2.9 35.5 9.3 

Mean 
244 10.0 3.0 34.8 10.2 

SDa 
27 1.5 0.4 3.1 1.1 

RSD, %b 
11 15 13 9 10 

a SD: Standard deviation. b RSD: Relative standard deviation. 

 

 

 

 

 



 3 

Acetic acid

y = 1.2x + 62

R
2
 = 0.83

0

50

100

150

200

250

300

350

400

450

0 50 100 150 200 250 300 350

TD-GC/MS, nL L
-1

P
T

R
-M

S
, 
n

L
 L

-1

 

Supplemental Figure 1. Inter-comparison between acetic acid measured by PTR-MS and TD-GC/MS (n=23). The solid 
line show the best linear fit to data and the slope, intercept and correlation coefficient is given. The dashed line is a 1:1 line. 
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Supplemental Figure 2. Inter-comparison between C4 carboxylic acids (butanoic acid + 2-methylpropanoic acid) measured 
by PTR-MS and TD-GC/MS (n=29). The solid line show the best linear fit to data and the slope, intercept and correlation 
coefficient is given. The dashed line is a 1:1 line. 
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C5 carboxylic acids
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Supplemental Figure 3. Inter-comparison between C5 carboxylic acids (pentanoic acid + 3-methylbutanoic acid) measured 
by PTR-MS and TD-GC/MS (n=28). The solid line show the best linear fit to data and the slope, intercept and correlation 
coefficient is given. The dashed line is a 1:1 line. 
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4-ethylphenol
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Supplemental Figure 4. Inter-comparison between 4-ethylphenol measured by PTR-MS and TD-GC/MS (n=26). The solid 
line show the best linear fit to data and the slope, intercept and correlation coefficient is given. The dashed line is a 1:1 line. 
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Indole
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Supplemental Figure 5. Inter-comparison between indole measured by PTR-MS and TD-GC/MS (n=21). The solid line 
show the best linear fit to data and the slope, intercept and correlation coefficient is given. The dashed line is a 1:1 line. 
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Supplemental Figure 6. Inter-comparison between 3-methylindole measured by PTR-MS and TD-GC/MS (n=18). The 
solid line show the best linear fit to data and the slope, intercept and correlation coefficient is given. The dashed line is a 1:1 
line. 
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__________________________________________________________________________ 

Abstract 

Reduced sulfur compounds (e.g. methanethiol and dimethyl sulfide) are considered to be important 

odorants from pig production due to their low odor threshold values and low solubility in slurry. 

The objective of the present study was to investigate the use of a portable method with a single 

column for trapping/separation coupled with chemiluminescence detection (SCTS-CL) for 

measurement of methanethiol and dimethyl sulfide in sample air from pig production. A silica gel 

column was used for both gas collection and separation. Proton-Transfer-Reaction Mass 

Spectrometry (PTR-MS) was used to evaluate the trapping/separation. The silica gel column used 

for the SCTS-CL efficiently collected hydrogen sulfide, methanethiol and dimethyl sulfide. The 

measurement of methanethiol by SCTS-CL was clearly interfered by the high concentration of 

hydrogen sulfide found in pig production and a removal of this compound was necessary to obtain 

reliable results for methanethiol. Air samples taken from a facility with growing-finishing pigs were 

analyzed by SCTS-CL, PTR-MS and a gas chromatograph with sulfur chemiluminescence detection 

(GC-SCD) to evaluate the SCTS-CL. The difference between the concentrations of methanethiol 

and dimethyl sulfide measured with SCTS-CL, PTR-MS, and GC-SCD was below 10%. In 

conclusion, the SCTS-CL is a portable and low-cost alternative to the commercial methods that can 

be used to measure methanethiol and dimethyl sulfide in sample air from pig production. 

________________________________________________________________________________ 
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Introduction 

Odor from modern intensive pig production can cause serious nuisance to people living in the 

vicinity of the facilities. Volatile reduced sulfur compounds are considered to have a significant 

influence on odor from pig production due to their low odor threshold values (van Gemert, 2003) 

and low solubility in slurry. The most abundant sulfur compounds found in pig production are 

hydrogen sulfide, methanethiol, dimethyl sulfide and dimethyl disulfide (Feilberg et al., 2010; Kim 

et al., 2007). The concentration of hydrogen sulfide in pig production is normally several hundred 

ppbv, whereas the concentration of methanethiol, dimethyl sulfide and dimethyl disulfide is in the 

low ppbv-range (1-20 ppbv). Based on the reported odor threshold values (van Gemert, 2003), 

particularly hydrogen sulfide and methanethiol are expected to have a large influence on odor from 

pig production. 

Different methods have been applied for analyzing sulfur compounds in sample air from animal 

production. On-line measurements by Proton-Transfer-Reaction Mass Spectrometry (PTR-MS) has 

been used to measure sulfur compounds and other odorants from pig production (Feilberg et al., 

2010) and cattle production (Ngwabie et al., 2008; Shaw et al., 2007). Gas chromatography 

combined with a sulfur specific detector such as flame photometric detection (GC-FPD), pulsed 

flame photometric detection (GC-PFPD) and sulfur chemiluminescence detection (GC-SCD) is 

often used to measure sulfur compounds in air (Pandey and Kim, 2009). Measurement of sulfur 

compounds from pig production with sulfur specific detectors requires the use of sampling bags or 

pre-concentration of sample air on adsorbent tubes or adsorptive fibers. Sulfur compounds can be 

stored in Tedlar bags for several hours with a recovery above 90-95% (Guillot and Beghi, 2008; 

Hansen et al., 2011; Mochalski et al., 2009; Sulyok et al., 2001), but this sampling method requires 

a detector with a detection limit in the low ppbv-range or a pre-concentration step prior to analysis. 

Pre-concentration of sample air on adsorbent tubes or adsorptive fibers at the source can avoid the 

potential loss of sulfur compounds in sample bags, however graphitized and carbon molecular sieve 

sorbents and to some extent Tenax TA result in oxidation of thiols into disulfides (Baltussen et al., 

1999; Lestremau et al., 2004). Compared to graphitized and carbon molecular sieve sorbents and 

Tenax TA, the use of silica gel for pre-concentration of sulfur compounds has been shown to have a 

higher recovery of hydrogen sulfide (78.7%) (Devai and Delaune, 1997) and methanethiol (98.2%) 

(Devai and Delaune, 1996), but it requires drying of the sample air to avoid water sorption. The 

advantage of silica gel for pre-concentration of sulfur compounds was used to develop a method 

with a single column for trapping/separation and chemiluminescence detection (SCTS-CL) (Azad et 
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al., 2006). Sulfur chemiluminescence detection normally includes a conversion of sulfur compounds 

into SO in a hydrogen/air burner, reaction with ozone and detection of the chemiluminescent 

emission from excited SO2
*. However, even without the conversion step reduced sulfur compounds 

react with ozone, thus resulting in a chemiluminescent emission that can be detected (Toda and 

Dasgupta, 2007; Yan, 1999). This type of chemiluminescence detection was applied in the SCTS-

CL, where separated sulfur compounds from the silica gel column and ozone were mixed and the 

chemiluminescent emission was detected by a photomultiplier. Although other measurement 

techniques are available for measurement of sulfur compounds, the SCTS-CL is a portable and low-

cost (ca. 5,000 $) method that could be an alternative to the commercial methods. The SCTS-CL 

has previously been applied to atmospheric analysis of sulfur gases (Toda et al., 2010) and isoprene 

(Toda et al., 2011) and analysis of isoprene contained in breath (Ohira et al., 2007), but the method 

has not been applied to ventilation air from pig production or other types of animal production. 

The objective of the present study was (i) to optimize the SCTS-CL for measuring methanethiol and 

dimethyl sulfide under the conditions present in sample air from pig production and (ii) to perform 

an inter-comparison between SCTS-CL, PTR-MS, and GC-SCD with sample air from a pig 

production facility with growing-finishing pigs. 

 

Materials and methods 

Chemicals and materials 

Silica gel used for gas collection and separation was Davison grade 12, 60/80 mesh (Supelco, 

Bellefonte, Pennsylvania, USA). The silica gel was packed in a ceramic tube (4 mm i.d. × 6 mm o.d. 

× 100 mm). The effective adsorbent bed was 6 cm long and the ends were plugged with silanized 

quartz wool. A nickel-chrome wire (0.2 mm × 35 cm, Nilaco, Tokyo, Japan) was coiled around the 

ceramic tube and used to heat the column. The nickel-chrome wire was covered by glass wool and 

aluminum tape. 

The linearity of the SCTS-CL was estimated based on dilutions of 100 ppmv gas standards of 

methanethiol (Taiyo Nippon Sanso, Tokyo, Japan) and dimethyl sulfide (Sumitomo Seika 

Chemicals, Osaka, Japan). The detection limits of the SCTS-CL were estimated as three times the 

baseline noise. The trapping efficiency and the interferences between sulfur compounds were 

investigated with the PTR-MS. Four 5 ppmv gas standards (Air liquid, Horsens, Denmark) 

containing 1) hydrogen sulfide, 2) methanethiol, 3) dimethyl sulfide and 4) hydrogen sulfide, 

methanethiol and dimethyl sulfide were used for the investigations with the PTR-MS. 
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SCTS-CL 

The SCTS-CL was developed at Kumamoto University, Japan (Azad et al., 2006) and was slightly 

improved by Toda et al. (2010). The SCTS-CL was constructed at Kumamoto University by the 

Danish author and was brought back to Denmark. The instrument was composed by two parts 

which were (i) a silica gel column used for trapping and separation of sulfur compounds and (ii) a 

chemiluminescence detector. The chemiluminescence cell was made of a stainless steel tube (32 

mm i.d. x 40 mm) where one end was capped with a stainless steel plate with an inlet/outlet tube 

and the other side was covered with an o-ring sealed glass plate for optical window. Sample air 

from the column and ozone were introduced to the reaction cell through stainless steel tubes. An 

ozone generator (1000BT-12 (300 mg h-1), Shanghai ENALY M&E Ltd., Shanghai, China) with a 

flow of 150 mL min-1 charcoal filtered atmospheric air was used to generate ozone. A 

photomultiplier (R3550A, Hamamatsu Photonics, Hamamatsu, Japan) was used to detect the 

chemiluminescent emission from the reaction cell.  

The silica gel column and the chemiluminescence detector were integrated in a system with four 

three-way solenoid valves (VT307Y-6G-01, SMC, Tokyo, Japan) that were used to change between 

the trapping and the separation mode, see Figure 1. Each measurement cycle took 15 min and was 

divided into three steps, see Figure 2. In step 1, sample air was collected on the column for 3 min 

with a sample flow at 200 mL min-1. The sample air was passed through a 5 µm Teflon particle 

filter (Millipore, Billerica, Massachusetts, USA) and a Nafion dryer (MD-110-48P-4, Perma Pure, 

Toms River, New Jersey, USA) prior to the collection on the column. The countercurrent flow of 

dry air in the Nafion dryer was set at 2 L min-1. During sample collection, the nitrogen carrier gas 

was passed through dummy column 2. In step 2, nitrogen carrier gas was passed through the column 

with a flow at 50 mL min-1 and the column was heated to release the trapped sulfur compounds. The 

column temperature was held for 1 min at ambient temperature for purging, ramped up to 130 ˚C 

and held for 2 min to release methanethiol, ramped up to 240 ˚C and held for 2 min to release 

dimethyl sulfide and ramped up to 270 ˚C and held for 1 min for cleaning of the column. In step 3, 

nitrogen carrier gas was passed through the column with a flow at 50 mL min-1 and the column was 

cooled down to ambient temperature with a fan (Shicoh Engineering Co. Ltd., Yamato, Japan) over 

a period of 6 min. During step 2 and 3, sample air was passed through dummy column 1. 
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Figure 1. Schematic drawing of the single column trapping/separation and chemiluminescence detection (SCTS-CL). 
DF, dust filter; ND, Nafion dryer; 3SV, 3-way solenoid valve; DC1,2, dummy columns; Atm air, atmospheric air; PC, 
purification column packed with charcoal; CL cell, chemiluminescence cell; PMT, Photomultiplier; P, air pump. 
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Figure 2. Measurement cycle for single column trapping/separation and chemiluminescence detection (SCTS-CL). 
Step 1, 0 – 3 min: sample collection; step 2, 3 – 4 min: purging (ambient temperature), 4 – 6 min: measurement of 
methanethiol (130˚C), 6 – 8 min: measurement of dimethyl sulfide (240˚C), 8 – 9 min: cleaning of the column (270˚C); 
step 3, 9 – 15 min: cooling of the column. Signals were obtained for ca. 11 ppbv methanethiol and dimethyl sulfide. 
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Instruments used for comparison 

A PTR-MS (Ionicon Analytik, Innsbruck, Austria) and a GC-SCD (GC 7890 A and SCD 355, 

Agilent Technologies A/S, Horsholm, Denmark) were used to evaluate the results obtained by the 

SCTS-CL. The PTR-MS was operated under standard ion drift tube conditions applying a total 

voltage of 600 V and maintaining the pressure in the range of 2.1-2.2 mbar (E/N value ~135 Td). 

The temperature of the drift tube was controlled at 75 °C, and the inlet sampling flow was adjusted 

to ca. 70 mL min-1. Instrumental background was measured on room air purificated for hydrocarbon 

contaminants with a Supelpure™ HC filter (Supelco, Bellefonte, Pennsylvania, USA). The 

sensitivity of the sulfur compounds was estimated using the rate constant for proton transfer, the 

estimated drift tube residence time and the mass-specific transmission factor as described by de 

Gouw and Warneke (2007). The detection limits of the PTR-MS were calculated as three times the 

standard deviation on blank samples.  

The GC-SCD was equipped with a capillary column with a stationary phase of 

dimethylpolysiloxane (DB-1, Agilent Technologies A/S, Horsholm, Denmark). The column had a 

length at 60 m, an inner diameter at 0.53 mm and a stationary phase at 5 µm. The helium carrier gas 

flow rate was set to 10 mL min-1. The GC oven temperature was held for 1 min at 60 ˚C, ramped up 

to 200 ˚C at 20 ˚C min-1 and held for 1 min at 200 ˚C. The GC-SCD was equipped with a 1.0-mL 

sample loop. At each analysis, the sample loop was flushed with ca. 45 mL of sample air. A 5 ppmv 

gas standard (Air liquid, Horsens, Denmark) containing hydrogen sulfide, methanethiol and 

dimethyl sulfide was used as a one-point calibration. The detection limits of the GC-SCD were 

estimated as three times the baseline noise. 

 

Field samples from pig production 

An experimental pig production facility with growing-finishing pigs (Pig Research Centre, Danish 

Agriculture & Food Council, Grønhøj, Denmark) was used for collection of field samples. The 

facility consisted of two pens with 16 growing-finishing pigs (32 – 107 kg) in each and was 

equipped with dry feeding and negative pressure ventilation with a diffuse inlet through the ceiling. 

The facility had 1/3 drained floor (less than 10% opening) and 2/3 slatted floor. Three air samples 

were collected in 10-L Tedlar bags (CEL Scientific Corporation, Santa Fe Springs, Californian, 

USA) from the ventilation outlet of the facility. Samples were aspirated into the bags by applying 

negative pressure around the bags in a vacuum container. Pre-conditioning of the bag inner surface 

was done by filling the bags with sample air and emptying them twice before the final filling. All 
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three bags were sampled within 30 min. During the sampling, the temperature in the ventilation 

outlet was 16.6 ± 0.2 ˚C and the relative humidity was 72.2 ± 0.7%. The Tedlar bags were covered 

with black plastic to avoid photodegradation and transported back to the laboratory for analysis. 

Within 3 h after collection the samples were analyzed by SCTS-CL, PTR-MS, and GC-SCD.  

 

Results and discussion 

Performance of the SCTS-CL 

The first part of the study was concerned with the optimization and evaluation of the instrument in 

relation to the conditions present in sample air from pig production. An advantage of the 

chemiluminescence detection is the linear response (Choi et al., 2004), which makes the calibration 

of the instrument more simple compared to other detectors such as the pulsed flame photometric 

detector (PFPD) that has a quadratic response (Catalan et al., 2006). In Figure 3, calibration curves 

are shown for methanethiol and dimethyl sulfide in the range between 1 to 21 ppbv, which is the 

concentration range normally found in facilities with growing-finishing pigs (Feilberg et al., 2010; 

Kim et al., 2007).  
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Figure 3. Calibration curves for single column trapping/separation and chemiluminescence detection (SCTS-CL). 
Methanethiol: slope = 0.3, intercept = - 0.24, R2 = 0.997; dimethyl sulfide: slope = 0.1, intercept = 0.01, R2 = 0.999. 
The first calibration level is an average ± SD for seven repetitions, whereas the following four levels are average ± SD 
for three repetitions. 
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According to Figure 3, the response from the SCTS-CL is linear for both methanethiol (R2 = 0.997) 

and dimethyl sulfide (R2 = 0.999). Due to the high linearity of the SCTS-CL, a one-point calibration 

with a gas mixture containing methanethiol (9.6 ppbv) and dimethyl sulfide (12.6 ppbv) was used for 

the measurements on field samples from pig production. 

 

Trapping and desorption property of the silica gel column 

The trapping efficiency of the silica gel column was estimated based on trapping of ca. 2.5 L gas 

mixture containing hydrogen sulfide (ca. 50 ppbv), methanethiol (ca. 10 ppbv) and dimethyl sulfide 

(ca. 10 ppbv). The trapping efficiency of all three compounds was above 95% in accordance with 

previous studies on hydrogen sulfide (Devai and Delaune, 1997) and methanethiol (Devai and 

Delaune, 1996). Although silica gel is suitable for trapping of sulfur compounds, it requires drying 

of the sample air prior to collection to avoid water sorption that can have a negative influence on the 

recovery (Devai and Delaune, 1997; Devai and Delaune, 1996). It has previously been shown that a 

Nafion dryer (Haberhauer-Troyer et al., 1999; Persson and Leck, 1994) and a CaCl2 column 

(Nielsen and Jonsson, 2002; Tangerman, 1986) can be used to dry sample air with only a limited 

influence on the recovery of sulfur compounds. The Nafion dryer was chosen for the SCTS-CL 

because it only requires a countercurrent flow of dry air, and the changing of the drying agent 

during the measurements was avoided. 

Desorption of methanethiol (ca. 10 ppbv) and dimethyl sulfide (ca. 10 ppbv) measured by PTR-MS 

is presented in Figure 4. Figure 4a shows that methanethiol was split into two peaks, whereas 

Figure 4b shows that dimethyl sulfide resulted in one peak. The second peak of methanethiol 

indicates that some molecules are trapped more firmly to the silica gel and require a higher 

desorption temperature. A small peak from dimethyl disulfide is also seen in Figure 4a, which could 

origin from an impurity (<0.5 ppbv) in the gas mixture or oxidation of methanethiol during the 

trapping and desorption process. Other studies have shown that graphitized and carbon molecular 

sieve sorbents and to some extent Tenax TA result in the oxidation of thiols into disulfides 

(Baltussen et al., 1999; Lestremau et al., 2004). In the study by Lestremau et al. (2004), it was 

shown that the formation of dimethyl disulfide on a carbon molecular sieve sorbent increased from 

4% of the methanethiol peak to 60% when the desorption temperature was increased from 150 ˚C to 

300 ˚C thereby indicating that it is a thermal oxidation. In the present study (Figure 4a), dimethyl 

disulfide was only seen during the desorption of the second peak of methanethiol where the 

temperature was ramped to 240 ˚C, and it seems that the primary desorption of methanethiol at 130 
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˚C has limited the thermal oxidation. The second peak of methanethiol and dimethyl disulfide is 

desorbed close to the desorption temperature for dimethyl sulfide and could possibly interfere with 

the measurement of dimethyl sulfide. 
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Figure 4. Desorption from a silica gel column loaded with ca. 600 mL of a gas mixture containing methanethiol (a) and 
dimethyl sulfide (b) (ca. 10 ppbv). The desorbed components were measured with Proton-Transfer-Reaction Mass 
Spectrometry (PTR-MS). 
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The high trapping efficiency of hydrogen sulfide possess a problem in relation to sample air from 

pig production, because the desorption temperature of hydrogen sulfide from the silica gel column 

is close to methanethiol (Azad et al., 2006). The intensity of the chemiluminescent emission from 

the direct reaction between ozone and hydrogen sulfide is 1/100 of methanethiol (Azad et al., 2006), 

but at 20-30 times higher concentrations which is normal in pig production, it will result in a 

detectable chemiluminescent emission that will interfere with the measurement of methanethiol. 

Desorption of a gas mixture with hydrogen sulfide (ca. 300 ppbv), methanethiol (ca. 10 ppbv) and 

dimethyl sulfide (ca. 10 ppbv) is shown in Figure 5. 
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Figure 5. Desorption from a silica gel column loaded with ca. 600 mL of a gas mixture containing hydrogen sulfide 
(ca. 300 ppbv), methanethiol (ca. 10 ppbv) and dimethyl sulfide (ca. 10 ppbv) measured with Proton-Transfer-Reaction 
Mass Spectrometry (PTR-MS). 

 

Figure 5 clearly shows that hydrogen sulfide is desorbed at the same time as methanethiol and that 

it will interfere with the measurement of methanethiol. It was also found that the first peak of 

methanethiol was decreased when the hydrogen sulfide concentration in the gas mixture was 

increased from 50 ppbv to 300 ppbv (results not shown), and it seems that a high hydrogen sulfide 

concentration also interferes with the trapping of methanethiol. The second peak of methanethiol 

was only slightly increased when the hydrogen sulfide concentration was increased from 50 ppbv to 

300 ppbv. During measurements on the field samples, hydrogen sulfide was removed from the 



 11 

sample air with a small column (13 mm id × 15 cm) packed with glass wool treated with 5% 

Na2CO3/5% glycerin. The recovery of methanethiol (ca. 10 ppbv) and dimethyl sulfide (ca. 10 ppbv) 

in the column was above 95% and the removal efficiency of hydrogen sulfide (ca. 300 ppbv) was 

above 99% (results not shown). The column used in the present study had a capacity for ca. ten 

samples, but the size of the column could be increased to handle more samples. 

 

Field samples from pig production 

Air samples were collected from a facility with growing-finishing pigs and an inter-comparison was 

performed among SCTS-CL, PTR-MS, and GC-SCD. To minimize the temporal variation between 

the three methods, sample air from the pig production was collected in Tedlar bags and transported 

to the laboratory for analysis within 3 h. The recovery of sulfur compounds in Tedlar bags has 

previously been shown to be above 90-95% several hours after collection (Guillot and Beghi, 2008; 

Hansen et al., 2011; Mochalski et al., 2009; Sulyok et al., 2001) and the air samples should more or 

less reflect the concentration levels in the pig production facility. The measured concentrations of 

hydrogen sulfide, methanethiol, and dimethyl sulfide are presented in Table 1. 

 

Table 1. Measured concentrations of sulfur compounds in sample air from a facility with growing finishing pigs. 

Compounds 

SCTS-CLa 

ppbv 

GC-SCDb 

ppbv 

PTR-MSc 

ppbv 

Hydrogen sulfide - 310 ± 30 334 ± 33 

Methanethiol 11.3 ± 0.5 11.6 ± 0.8 10.7 ± 0.5 

Dimethyl sulfide 4.5 ± 0.1 5.0 ± 0.1 4.8 ± 0.1 

a SCTS-CL: single column trapping/separation and chemiluminescence detection; b GC-SCD: Gas 
chromatography coupled with sulfur chemiluminescence detection; c PTR-MS: Proton-Transfer-Reaction 
Mass Spectrometry. 

 

The difference between SCTS-CL, PTR-MS, and GC-SCD in relation to methanethiol and dimethyl 

sulfide was below 10%. The relative standard deviation for measurements by SCTS-CL on field 

samples was 5% for methanethiol and 2% for dimethyl sulfide, which is comparable with PTR-MS 

(4% and 6%) and GC-SCD (7% and 1%). Although the principle of the methods is quite different, it 

seems that all three methods can provide reliable measurements of methanethiol and dimethyl 

sulfide in sample air from pig production. The measurements of hydrogen sulfide by PTR-MS and 

GC-SCD were also comparable, although the measurements by PTR-MS were slightly higher (ca. 
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7%). In Table 2, the estimated detection limits for the SCTS-CL are presented along with the PTR-

MS and the GC-SCD. 

 

Table 2. Estimated detection limits and odor threshold values (OTV). 
Compounds SCTS-CLa 

ppbv 

GC-SCDb 

ppbv 

PTR-MSc 

ppbv 

OTV 

ppbv 

Hydrogen sulfide - 1.2 4.4 2.3 

Methanethiol 0.03 1.1 0.03 0.07 

Dimethyl sulfide 0.10 1.0 0.12 4.1 

a SCTS-CL: single column trapping/separation and chemiluminescence detection; b GC-SCD: Gas 
chromatography coupled with sulfur chemiluminescence detection; c PTR-MS: Proton-Transfer-Reaction 
Mass Spectrometry; d OTV: Odor threshold values were estimated as geometric mean of reported values (van 
Gemert, 2003). 

 

The SCTS-CL and the PTR-MS demonstrated significant lower detection limits for methanethiol 

and dimethyl sulfide compared to the GC-SCD. The GC-SCD was based on injection of whole air 

samples through a sample loop and that was the main reason for the higher detection limits obtained 

for this method. The GC-SCD can also be combined with a pre-concentration step and in that case it 

would also provide lower detection limits than shown in the present study. The detection limits for 

the SCTS-CL and the PTR-MS were below the estimated odor threshold values for both 

methanethiol and dimethyl sulfide (Table 2). Sub-threshold detection limits give the opportunity to 

investigate the relation between odorants and the response from human noses under conditions with 

low concentrations such as the boundary line of an animal production facility or during the 

development of odor reduction technologies with a high odorant removal. Contrary to the other two 

methods, the PTR-MS has the advantage that it can include a wider range of odorants and provide 

on-line data with a high time resolution. The SCTS-CL is a portable instrument, but it requires 15 

min for each sample which gives a relatively high temporal variation between the measurements. 

Furthermore, field measurements with the SCTS-CL in pig production require a large column for 

removal of hydrogen sulfide, which limits the usability for long term studies. Although the SCTS-

CL cannot be used as an on-line method such as the PTR-MS, it can still provide on-site 

measurements of methanethiol and dimethyl sulfide, where the storage and transportation of sample 

bags and adsorbent tubes or adsorptive fibers can be avoided. 

It can be concluded that the SCTS-CL is a portable and low-cost alternative to the commercial 

methods that can be used to measure methanethiol and dimethyl sulfide in sample air from pig 
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production, but it requires a removal of hydrogen sulfide to obtain reliable results for methanethiol. 

The choice of method for analysis of gaseous sulfur compounds in future studies with pig 

production depends on the requirements for detection limit, time resolution and the range of 

odorants that can be measured. 

 

Abbreviations used 

SCTS-CL, single column trapping/separation and chemiluminescence detection; PTR-MS, Proton-

Transfer-Reaction Mass Spectrometry; GC-SCD, Gas chromatography coupled with sulfur 

chemiluminescence detection; ppbv, part per billion by volume. 
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Odour from pig production can be a severe nuisance to people living in the vicinity of the production 
facilities. The development of odour reduction technologies for pig production is limited by the present 
method for measurement of odour, which is based on the collection of air samples in sampling bags and 
dilution-to-threshold based on human panellists. The hypothesis of the current PhD-project has been that 
reduced sulphur compounds significantly influence odour from pig production. The objective was (i) to 
further develop methods for measuring odorants from pig production including sulphur compounds, (ii) 
to correlate measurements of odour and odorants and identify important odorants, and (iii) to implement 
the developed methods in the evaluation of odour reduction technologies. The results of the present study 
confirm that sulphur compounds are important odorants from pig production that have to be included in 
measurements of odorants from pig production. Prediction of odour concentration based on chemical 
measurements of odorants by Proton-Transfer-Reaction Mass Spectrometry (PTR-MS) is a method that 
can improve the understanding of odour from pig production and the development of odour reduction 
technologies towards significant odorants.
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