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Abstract One of the biological methods to reduce odours emission from livestock buildings is bioscrubber. Characteri-
zation (identification and quantification) of key odorants from an air wet scrubber in livestock buildings is presented. The key
odorants represent five chemical groups, i.e. sulphides, alcohols, volatile fatty acids (VFAs), phenols and indoles. Direct
aqueous injection (DAI) and solid phase extraction (SPE) methods were used for sample preparation before injecting the
samples into the gas chromatography. Gas chromatography-flame ionization detection (GC-FID) was used for identification
and quantification of samples prepared by DAI and SPE. The SPE method had a high recovery (i.e. 89-100%). However, DAI
showed a better linearity, a lower limit of detection (LOD) and a lower limit of quantification (LOQ) than the SPE method.
The DAI method was preferred for identification and quantification as it is cheaper, easier to handle, without sample prep-
aration and highly applicable. For at least two odorants, i.e. phenol and 1-butanol, LOD and LOQ were below literature
values for odorants detection limits in livestock buildings. Gas chromatography-mass spectrometry (GC-MS) was used to
verify the identification of odorants, prepared by DAI, according to their m/z values.
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disturbance, negative emotions, an overall feeling of less
1. Introduction vigour, more tension, depression, anger, fatigue and confu-
sion compared with people living away from livestock
buildings[7]. In addition, it was found that odours can also
potentially affect memory[8].

There have been many attempts to reduce odours emission
from livestock buildings, i.e. by physical, chemical and
biological methods. One of the biological methods is bios-
crubbing, which is considered as environmental friendly, and
were used for air treatment in different industrial and agri-
cultural activities[9, 10]. Bioscrubbers consist of two main
parts: an air wet scrubber (an absorption column) and a
bioreactor (a water purification module). The air wet
scrubber washes the polluted air stream and the bioreactor
cleans the washing water coming from the air wet
scrubber[11]. Therefore, the process of bioscrubbing is di-
vided into two steps: the water soluble components in the gas
(exhaust air) are transferred to the liquid phase in the air wet
nawafu@hotmail.com (Nawaf Abu-Khalaf) scrubber., and rpicroorganisrps metabglize different‘ sub-
Published online at http:/journal.sapub.org/ajee stances in the bioreactor. This results in the production of
Copyright © 2012 Scientific & Academic Publishing. All Rights Reserved biomass, CO, and water[12].

Odour is an important environmental pollution issue[1].
An odour is defined as a sensation resulting from the recep-
tion of a stimulus by the olfactory sensory system[2, 3],
whereas an odorant is the compound imparting an odour[4].
Odorant molecules emanating from different sources must
be sufficiently volatile to arrive at the olfactory receptors in
the nose. The molecular structures of odorants are very di-
verse, with a mass range from 30 to 300 Daltons[5].

The main sources of odours from animal production are
livestock buildings, waste storage and land spreading of
manure[6]. The emission of odours from livestock buildings
contributes significantly to odour problems. This leads to
environmental and health problems. It was found that
neighbours of livestock buildings suffer from greater mood
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Despite extensive information about bioscrubbers, they
have not been successfully implemented in livestock build-
ings, mainly due to their high capital and operating costs, and
due to the large volumes of air that must pass through the air
scrubbers, i.e. high energy requirement[10]. A new type of
livestock bioscrubber for treatment of larger volumes of air,
without risk of high pressure loss over the scrubber column,
was introduced in Denmark[13, 14]. This bioscrubber con-
sists of two separate units: an air wet scrubber and a bio-
reactor. The air wet scrubber is placed inside the ventilation
chimney, where odour substances (odorants), ammonia and
dust particles are absorbed by water droplets. Water droplets
are introduced to the absorption column through water noz-
zles, who receive water recycled from the bioreactor, where
the water is purified. The bioreactor is placed at floor level,
and can supply cleaned water to several absorption
columns[13]. In the bioscrubber, it is necessary to charac-
terize the mixture of odorants present in water, before and
after the bioreactor for determination of the cleaning effi-
ciency of the bioreactor.

Odours are measured analytically or sensorally. Analytical
methods measure odorants, and sensory methods measure
odours. The analytical methods characterize odorants in
terms of their chemical or physical composition, with the
most common measurement being odorant concentration.
Analytical measurements have the advantages of objectivity,
repeatability and accuracy. They are directly related to
theoretical models with regard to odorant formation or
emission and are more suited for formation, emission and
dispersion models. However, a link between analytical and
sensory measurements is needed[4]. The main barrier to that
link is the effect of mixtures. It is often observed that a
mixture of odorants will have a stronger odour than any of
the odorants alone, so that the effect of mixing will be addi-
tivity. However, the degree of additivity varies[15]. An
analytical quantification of a mixture of odorants in water
will be the first step in an effort to establish a comparison
between the sensory and the analytical methods.

The full characterization of all the odorants present in a
sample is an impossible task, as a large number of odorants is
likely to be present in very low concentrations. Schiffman et
al.[3] used gas chromatography-mass spectrometry (GC-MS)
to identify a total of 331 different odorants from livestock
buildings. These compounds belong to different groups, e.g.
alcohols, carbonyls, nitrogen-containing compounds, sul-
phur-containing compounds, ketones and aromatic organics
among others. O’Neil and Philip[16] found 168 different
compounds in livestock waste and in the air in livestock
buildings, that contribute to odour, and thirty of them have
detection thresholds of 1 pg/m’ or less. Separation tech-
niques followed by different identification methods are used.
Purge and trap (P&T), solid phase micro extraction (SPME)
and solvent extraction were used as a separation techniques
for GC, multidimensional GC, or GC-MS analysis[17-21].

Due to the huge numbers of odorants, seven key odorants,
representing five chemical groups, i.e. dimethyl sulphide
represents sulphides, 1-butanol represents alcohols, n- bu-

tyric acid and iso-valeric acid represent volatile fatty acids
(VFAs), phenol and 4-methyl phenol represent phenols and
3-methyl indole represents indoles (Table 1), were chosen as
key odorants in this study. They have an offensive odour,
despite their presence in low concentrations in various li-
vestock buildings[3, 16]. The compounds investigated are
polar or moderately polar. The mixture of these compounds
is complex since they have different properties, i.e. seven
compounds representing five chemical groups. The concen-
trations of these compounds in air were investigated by many
researches. O’Neil and Philip[16] and Schiffman et al.[3]
reviewed the odorant detection thresholds in livestock
buildings. The odorant detection thresholds of key odorants
in air listed by these two reviewers[3, 16] will be used in this
study.

In the air wet scrubber, these compounds are present in the
liquid phase rather than in the gas phase, and their concen-
trations are calculated using Henry’s constant (H), assuming
an equilibrium between gas and liquid. Henry’s constant (H)
is the ratio of the partial pressure of the analyte in the gas
phase to the equilibrium concentration in the water (ex-
pressed in: atmosphere x liter / mol). The dimensionless
air-water partition coefficient (K ) is H/RT, and is the air to
water concentration ratio at equilibrium[22]. The dimen-
sionless air-water partition coefficient represents volatility of
the compound. A compound with K, of 0.05 or larger is
volatile, whereas those with a K, lower than 0.05 tend to
occur in the water phase[23]. However, Revah and Mor-
gan-Sagastume[12] stated that a compound is volatile when
its K4y is larger than 0.01. Almost all of the targeted com-
pounds, except dimethyl sulphide, have a lower K,y than
0.05 and they tend to occur in water. The detection thre-
sholds of the targeted compounds in air and the equivalent
equilibrium odorant detection threshold in water are shown
in Table 1. The equivalent equilibrium odorant detection
threshold in water is equal to[22]:

(concentration of odorant in air x gas constant x tem-
perature in Kelvin) / Henry’s constant.

In this work, the characterizations of key odorants were
carried out using two methods, ie. DAI-GC-FID and
SPE-GC-FID. Moreover, identification of odorants samples
prepared by DAI, was carried out by GC-MS, i.e. odorants
were identified according to their retention times and masses
using GC-FID and GC-MS, respectively.

DAI was used both in the laboratory and in the field for the
detection of fuel oxygenates, benzene, toluene, ethylbenzene
and xylenes (BTEX) with very high accuracy[24], in the
quantification of major volatile compounds and polyols in
wine[25] and for quality control of water[26].

SPE could be regarded as a specific type of column
chromatography, switching between full retention using e.g.
water as mobile phase, and no retention using e.g. 100%
organic solvent as mobile phase[27]. Different sorbents are
available for different applications. Successful applications
of SPE include the analysis of flavour compounds in milk,
preservatives and sweeteners in soft drinks, colourants in
alcoholic beverages, pesticides in water[28] and several
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medical examples[29-32].

The objective of this study is to characterize the key
odorants in an air wet scrubber, according to their odorants
detection threshold cited by O’Neil and Philip[16] and
Schiffman et al. [3], by using DAI-GC-FID and SPE-
GC-FID and to compare the two methods with respect to the
air wet scrubber application.

2. Experimental Section
2.1. Sample Preparation

2.1.1. Materials

All compounds were purchased from Sigma-Aldrich
(Schnelldorf, Germany). Phenol and 3-methyl indole were
obtained as solids with purities of 99.5% and 98%, respec-
tively. Dimethyl sulphide, 1-butanol, n-butyric acid,
iso-valeric acid and 4-methyl phenol had purities of 99%.
Compounds were used without any further purification. Ten
mixtures of standard solutions (i.e. model solutions) were
prepared in Millipore water with a concentration range be-
tween 10-5000 mg/m’ for VFAs and 4-methyl phenol, be-
tween 5-2490 mg/m’ for 3-methyl indole, between 15-7500
mg/m’ for 1-butanol and phenol, and between 15-7537
mg/m’ for dimethyl sulphide. However, 3-methyl indole was
firstly dissolved in hot Millipore water[33] before the addi-
tion of other compounds to the mixture. The same standard
solutions were used for the DAI and the SPE methods.

Methanol and deionised water were used for conditioning
and equilibrating the SPE column, respectively. A mixture of
acetone and methylene chloride (1:1 v/v) was prepared, and
used for eluting the compounds from SPE column[34].

Formic acid and hydrochloric acid were used for acidify-
ing water samples prepared by DAI and SPE, respectively.
Millipore water and acetone (HPLC quality) were used as a
solvent for cleaning the GC syringe between injections of
DAI and SPE samples, respectively.

2.1.2. Direct Aqueous Injection (DAI)

Samples for DAI were acidified to approximately pH 2, by
adding 0.2% (v/v) formic acid, since it was impossible to
identify the VFAs in the chromatogram without acidifying
the samples. Injection volumes of 0.5 and 1.0 pl were used in
duplicates.

2.1.3. Solid Phase Extraction (SPE)

The analytes were extracted from the solution of odorants
mixture using Strata-X polymeric SPE cartridges (Pheno-
menex, CA, USA), with 500 mg adsorbent and 3 ml reservoir
volume. Strata-X is a modified styrene- divinylbenzene
polymer suitable for a wide range of basic, neutral and acidic
compounds[29, 30], and can separate trace amounts of
chemical compounds from a complex solution[28].

A 10 ml aliquot was taken from each standard solution.
The pH was adjusted to 2 by addition of concentrated hy-

drochloric acid (HCI). An inorganic acid (i.e. HCI) was used,
since inorganic compounds are insoluble in the adsorbent.
Before sample loading, the SPE columns were conditioned
by washing with 5 ml methanol, and equilibrated with 5 ml
of deionised water. Before the column dried, the samples
were loaded onto the conditioned column with the aid of a
vacuum manifold. The mean flow rate was about 2.5
ml/minute. The analytes were eluted with 2 ml of a mixture
of acetone and methylene chloride (1:1 v/v)[34]. A pipette
(Gilson International, France) was used to determine the
volume of eluting mixture. The eluted solvents were col-
lected for analysis in standard vials of 2 ml and 12 x 32 mm,
with Silicon/PTFE caps (Brown chromatography supplies,
Wertheim, Germany). Duplicates of SPE samples were car-
ried out.

The recovery and breakthrough of SPE columns were
investigated before using the Strata-X columns to make
calibration curves. The solutions that were eluted to inves-
tigate recovery and breakthrough, had at least threefold
higher concentration than the maximum concentration of
each compound, that was used for the calibration curves in
the SPE-GC-FID experiment. Recovery of the SPE columns
was evaluated through double elutions, i.e. after finishing
elution from the SPE column, another elution was done
within the same column, and injected into the GC-FID in
duplicate. Breakthrough of the column is the point, where the
SPE sorbent becomes saturated and unable to retain addi-
tional analytes. Breakthrough was evaluated by using two
SPE columns, i.e. collecting the aqueous solution from the
first SPE column, load it once more on another SPE column
and then elute the collected samples from both columns into
the GC-FID. Same procedure of elution was followed for
both columns.

2.2. Gas Chromatography (GC)

An Agilent gas chromatograph (HP 6890), containing a
capillary column (Zebron ZB-Wax, Phenomenex, CA, USA)
30 m long x 320 um inner diameter x 0.25 pm nominal film
thickness, with a cool-on-column injector (COC) and FID
detector, and with a maximum temperature of 300°C, was
used. A 5 m deactivated precolumn of the same diameter was
placed before the capillary column. Hydrogen was carrier
gas with a constant flow rate of 2.5 ml/minute, correspond-
ing to an initial head pressure of 43.7 kPa. The hydrogen and
the air flow in the detector were 25 ml/minute and 400
ml/minute, respectively. Nitrogen with flow rate of 25
ml/minute was used as a make-up gas for FID. Samples were
injected using an auto sampler (HP 6890 injector) with a
slow plunger speed. Manual integrations were done for small
peaks in the chromatogram.

The temperature program was: 35°C for 5 minutes, then
increased to 225°C at 10°C/minute and kept at this temper-
ature for 15 minutes. The total run time was 39 minutes.
According to our preliminary experiments with DAI a
modified temperature program was required for improving
the peak shape of 1-butanol in odorants mixture: 35°C for 5
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minutes, then increased to 120°C at 30°C/minute, then in-
creased to 225°C at 10°C/minute and kept at this temperature
for 10 minutes. The total run time was 28.33 minutes.

The injection volume was 1 pl in the case of DAI-GC-FID
and SPE-GC-FID. For 1-butanol using DAI-GC-FID, two
injection volumes (1.0 pl and 0.5 pl) of odorants samples
were tested.

The limit of detection (LOD) and limit of quantification
(LOQ) of each odorant were determined from the calibration
curves, according to Miller and Miller[35], i.e. LOD is the
concentration corresponding the area of: intercept + three
times standard error of the calibration curve, and LOQ is the
concentration corresponding the area of: intercept + ten
times standard error of the calibration curve.

2.3. Gas Chromatography-Mass Spectrometry (GC-MS)

Samples prepared by DAI injections were also analysed
by GC-MS, i.e. DAI-GC-MS, to verify the identification of
odorants. A Finnigan-MAT SSQ 710 B (Finnigan-Mat, San
Jose, CA, USA) single-stage quadrupole mass spectrometer
coupled with Varian 3400 GC (Technical Lab Services, Ajax,
ON, Canada) was used. MS had one 160 mm hyperbolic
quadrupole mass analyzer, energy of ionising electrons equal
to 70 eV, current of 400 pA, 150°C for source temperature,
mass range 10-2600 m/z, differentially pumped vacuum
system with two turbomolecular pumps and 15 KV conver-
sion dynode detector for detection of positive and negative
ions.

Same column and temperature program (i.e. 35°C for 5
minutes, then increased to 225°C at 10°C/minute and kept at
this temperature for 15 minutes) that were used in the
DAI-GC-FID experiment, were also used in this experiment.
GC has splitless mode injection and Helium (2.7 ml/minute)
as the carrier gas. An initial head pressure was 41.4 kPa.
Volume of 1 pl was injected manually using a syringe.

During experiments of DAI-GC-MS, we scanned mass to
charge ratios (m/z) in the range of: m/z of 35-140 from 0-13.2
minute, and then m/z of 48-140 from 13.21 minute to the end
of the run. This was done to eliminate the appearance of
formic acid (i.e. molecular weight 46.03 g/mol) peak in the
spectra when we tested the real sample from the farm (see:
application and perspectives section). However, this scan
method was used for all samples.

The operation system in MS had Ultrix 2.0 (Digital
Equipment Corporation, Maynard, MA, USA). ICIS 7.0
software (Finnigan-Mat, San Jose, CA, USA) including the
mass-spectra library NIST (National Technical Information
Services, Springfield Virg., USA) was used to control the
instrument and for data analysis. Spectra interpretations and
library matches revealed candidate compounds. The identi-
fied compounds had purity that is greater than 800.

3. Results and Discussion

3.1. Direct Aqueous Injection (DAI)

Injection of samples containing large quantities of water
into a chromatographic column will affect the efficiency of
the column, lead to degradation of the stationary phase, and
create active sites resulting in low peak resolution, poor
reproducibility and shortened column life[25]. However,
DAI was successfully used in many applications[24-26],
since the structure of the stationary phase in capillary col-
umns has been improved[36]. The Wax stationary phase is
thermally stable, inert and has high endurance with repeated
injection of aqueous samples[37]. The Wax columns are
recommended for many separations, including alcohols and
aroma compounds[25]. However, there is still a need for
frequent system maintenance to avoid troublesome effects,
e.g. peak tailing, reduced recovery and sensitivity, caused by
water. The precolumn is used in the GC to reduce these
troublesome effects. It is frequently shortened, and is rec-
ommended to replace it after about 1000 injections[24].

The key odorants dissolved in water, were injected into the
Wax column in the GC. Samples were acidified to approx-
imately pH 2 by adding 0.2% (v/v) formic acid.

3.1.1. Identification and Quantification of Compounds by
DAI

The chromatogram and the performance of the
DAI-GC-FID are shown in Figure 1 and Table 2, respec-
tively. The adjusted retention time was used to identify the
odorants. However, before making the mixture of odorants,
individual odorants were injected separately into the GC to
identify their retention time. The adjusted retention time is
the difference between the dead time and the retention time
for a compound. The dead time is the time required for the
mobile phase to reach the detector[38]. The range of the
standard deviation in the adjusted retention time was be-
tween 0.00-0.16 minute. 1-butanol had the highest standard
deviation that reflects the difficulty in assigning the peak
position of broad peaks.

The injection volume has an effect on the peak shape,
especially for alcohols[24]. Therefore two injection volumes,
i.e. 1.0 ul and 0.5 pl, of odorants mixture were tested. The
goal was to find the volume that produces the best peak
shape for 1-butanol. The characterization of 1-butanol men-
tioned in Table 2 was determined based on two temperature
programs, and two injection volumes. A volume of 1.0 pl,
using the temperature program that was used for all the other
compounds and two injection volumes of 1.0 pl and 0.5 pl,
using the temperature program only used for 1-butanol, to
investigate the possibility of improving its peak shape.
Generally, the peak shape of the 0.5 pl injection volume
(Figure 2, bottom) was only slightly better than that of the
1.0 pl sample (Figure 2, top).

It is noticed from the performance data related to
1-butanol, with different temperature programs and different
injection volumes (see Table 2), that all combinations give
reasonable results. The peak shape of the 0.5 ul injection
volume was only slightly better than that of the 1.0 ul sample
(Figure 2). However, the LOD of 1-butanol when injecting
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0.5 pl is higher than in other cases related to 1-butanol. This
means that for 1-butanl, we can use the temperature program
which is used for all the other compounds and the injection
volume of 1.0 pul in further experiments, e.g. the sample from
the farm (see: application and perspectives section). Inject-
ing 1.0 pl of 1-butanol is in agreement with Zwank et al. [24]
who recommended an injection volume of 1.0 ul for alco-
hols.

The calibration curves show linearity with good correla-
tion coefficients (R* = 0.999) for the range specified. The
LOD was used to assess the possibility of identifying odo-
rants in low concentrations. Four compounds: 1-butanol,
n-butyric acid, iso-valeric acid and phenol, had LODs which
were below the equivalent equilibrium odorant detection
threshold reported by Schiffman ef al.[3]. Two compounds:
1-butanol and phenol, had LODs which were below the
minimum equivalent equilibrium odorant detection threshold
reported by O’Neil and Philips[16], (e.g. for phenol, the
minimum equivalent equilibrium odorant detection threshold
according to O’Neil and Philips[16] is 16 x 10> mg/m’ (Table
1), and the LOD is 158 mg/m3 (Table 2). The LOD of phenol
is less than its minimum equivalent equilibrium odorant
detection threshold). Three of the compounds, i.e. n-butyric
acid, iso-valeric acid and 4-methyl phenol, had LODs which
were between the minimum and maximum equivalent equi-
librium odorant detection threshold reported by O’Neil and
Philips[16].

Phenol and 1-butanol had LOQs that were below the
equivalent equilibrium odorant detection thresholds reported
by both reviewers. While the n-butyric’s LOQ was below the
equivalent equilibrium odorant detection threshold reported
by Schiffman et al[3], and was between the equivalent
equilibrium odorant detection thresholds reported by O’Neil
and Philips[16].

These results suggest that at least two compounds, i.e.
1-butanol and phenol, had LOD and LOQ that were below
the equivalent equilibrium odorant detection threshold re-
ported by both reviewers, and they were successfully iden-
tified and quantified. These two compounds can therefore be
used as representatives of the key odorants to give an idea
about the efficiency of the air wet scrubber and the bioreactor.
Datta and Allen[22] stated that the removal efficiency of the
bioreactor is the fraction of the odorant removed by bio-
reactor, and it can be expressed in percentage as:

Removal efficiency = 100 x (the inlet concentration — the
outlet concentration) / the inlet concentration.

Most existing bioscrubber designs focus on the removal of
one chemical group of compounds[11], or even removal of
one compound only[39]. Therefore our method, which
identifies and quantifies successfully at least two compounds,
will improve the characterization of the bioscrubber.

DAL is a fast and simple technique that only requires small
volumes and no pre-concentration. Moreover, it requires no
derivatisation of the compounds before injection into the GC.
DALI has acceptable sensitivity and is comparable with other
analytical methods[24]. In addition, compounds are quanti-
fied regardless of their boiling points, which is a limitation in

some analytical methods[21]. The results of this study show
that DAI is a convenient method for identification and
quantification of odorants in the air wet scrubber.

3.2. Solid Phase Extraction (SPE)

3.2.1. Recovery and Breakthrough

Recovery and breakthrough results of the Strata-X col-
umns are shown in Table 3.

A high recovery was obtained, with a mean > 99% and a
relative standard deviation (RSD) < 1%. The breakthrough
was almost absent, with a mean of < 1%. These results were
calculated excluding dimethyl sulphide. If dimethyl sulphide
was included, the recovery and the breakthrough became >
89% and < 15%, respectively. Dimethyl sulphide has a low
boiling point (i.e. 37.3°C) and is unstable[41, 42] and
therefore it was excluded in the analyses by some research-
ers[43]. However, the recovery and breakthrough results
showed a high performance in comparison with other stu-
dies[29], and they are in agreement with Coulibaly and
Jeon[28] and Zhang et al. [32] who stated that SPE provided
high recovery and clean extracts. Our results indicate that
Strata-X columns have a good separation capacity for the
compounds of interest, even though they have different
chemical properties.

3.2.2. Identification and Quantification of Compounds by
SPE

Figure 3 shows the chromatogram of odorants extracted
by Strata-X column. It appears that the SPE-GC-FID was
unable to identify and quantify the VFAs. However, GC-FID
could identify them in the recovery and breakthrough expe-
riment (Table 3). This is most likely explained by the con-
centration, which was used in the recovery and breakthrough
experiment. This concentration was at least threefold higher
than the concentration used for making the calibration curves.
This higher concentration allowed the VFAs to be available
in sufficient amount in free acid forms, so they appeared in
the chromatograms in the recovery and breakthrough expe-
riment. This could lead us to conclude that the LOD for the
VFAs in the case of SPE is greater than the highest concen-
tration of VFAs in the solutions, i.e. 5000 mg/m’.

The performance of the SPE-GC-FID is shown in Table 4.
The range of the standard deviation in the adjusted retention
time was between 0.01-0.11 minute. The highest standard
deviation was for phenol. Nevertheless, the absolute reten-
tion time showed an acceptable identification of odorants.
Calibration curves showed linearity with correlation coeffi-
cients of > 0.997, when excluding dimethyl sulphide.

It was noticed that the LOD and LOQ of two compounds,
i.e. 1-butanol and phenol, were below the equivalent equili-
brium odorant detection threshold reported by Schiffman et
al. [3]. One compound, phenol, had a LOD that was below
the minimum equivalent equilibrium odorant detection
threshold reported by O’Neil and Philips[16]. Two of the
compounds, i.e. 1-butanol and 4-methyl phenol, had LODs
and LOQs that were between the minimum and maximum
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equivalent equilibrium odorant detection threshold reported
by O’Neil and Philips[16]. Phenol was the only compound
which had both LOD and LOQ that were below the equiva-
lent equilibrium odorant detection threshold reported by the
two reviewers[3, 16].

The LOD and LOQ of odorants were higher when using
SPE in comparison to DAI. This may be due to the com-
plexity of the compounds, which have different prosperities,
i.e. seven compounds representing five chemical groups.
Moreover, SPE 1is a sensitive sample preparation
technique[28] and has more extraction steps than in the DAL
However, the LOD and LOQ of 3-methyl indole were almost
the same in both methods. This indicates 3-methyl indole

63

was the best compound to be quantified using SPE in odo-
rants mixture.

3.3. Gas Chromatography-Mass Spectrometry (GC-MS)

DAI appears as the method of choice to identify and
quantify odorants, due to its advantages over SPE method.
For this reason, GC-MS was carried out to verify the identi-
fication of odorants prepared by DAI. Online NIST Chemi-
stry Webbook[44] was used to determine the most dominant
m/z values of odorants, as shown in Table 5, and then a
comparison between these values and spectra was carried out.
All odorants were successfully identified. The identification
was in accordance with retention times of odorants.

Table 1. Detection threshold concentrations of key odorants in air and water
Dimensionless . Equivalent equilibrium | Odorant detec- | Equivalent equilibrium
H ' . Odorant detection X ) ! .
enry's air-water threshold in air [16] odorant detection tion threshold in odorant detection
reshold in air
Odorant constant partition coef- (mg/m’) threshold in water air [3] threshold in water
a . mg/m )
(H) ficient & (mg/m’) ¢ (mg/m®) (mg/m®)
atm. 1. / mol b . .
(Kaw) Min. Max. Min. Max.
dimethyl sulphide 161 6.58 x 10” 0.0003 0.16 5x 107 24 0.00589 895 x 10*
1-butanol 8.81x 107 3.60 x 10°* 0.158 42 439 12 x 10* 1.51 41.9 x 10
n-butyric acid 5.35x10* 2.19x10° 0.0004 42 2x10" | 1.9x10° 0.0145 663
iso-valeric acid 8.33 x 10* 3.40 x 10° 0.0002 | 0.0069 6 2.0x10° 0.0105 308
phenol 333 x 10 1.36 x 10° 0.022 4 16x10> | 3x10° 0.427 314 x 10
4-methyl phenol 1x10° 4.09 x 107 0.00005 0.024 1 5.9 x 10° 0.00832 204
3-methyl indole 2.13 %103 8.70 x 107 0.00035 0.00078 4.0 9.0 0.00309 35.5
“ Syracuse Research Corporation [40]
b Kyw= H/RT, where: R (gas constant) = 0.0821 atm. I. / (mol. K), T (temperature in Kelvin) = 273 + 25 = 298. Then: RT = 24.47
Kuw=H/2447
K= Concentration in air (C,) / Concentration in water (Cy) = Cy, = (2447 xC,)/ H
¢Cy: Calculated according to concentration of targeted compounds in air reported by O’Neil and Philips[16]
¢ Cy: Calculated according to concentration of targeted compounds in air reported by Schiffman et al. [3]
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Figure 1. DAI-GC-FID chromatogram of aqueous solution containing 1000 mg/m’ volatile fatty acids (VFAs) and 4-methyl phenol, 498 mg/m’ 3-methyl
indole, 1500 mg/m® 1-butanol and phenol, and 1507 mg/m® dimethyl sulphide (DMS) (1: DMS, 2: 1-butanol, 3: n-butyric acid, 4: iso-valeric acid, 5: phenol,
6: 4-methyl phenol, 7: 3-methyl indole). Injection volume: 1.0 ul. Temperature program: 35°C for 5 minutes, then increased to 225°C at 10°C/minute and
kept at this temperature for 15 minutes
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Table 2. Performance data for DAI-GC-FID method (samples were injected in duplicates). Injection volume is 1pl unless other values are stated

Eicgtéhl?::; Correlation Adjusted reten- Limit of Limit of Recovery
stec . it of Y
Odorant Calibration c ., in calibration cocfficient tion time , detection quantification (mean +
quation curves (mean + SDev ") (LOD) (LOQ) SDev)
mg/m’ R? minute mg/m’ mg/m’ (%)
= 4+
dimethyl sulphide | ¥ 13‘3 (fr 113 xx1 0%? x 150-7537 0.999 0.3140.00 181 602 98.9+11.9
= 3+
1-butanol ¢ y><1 0143 (: ég ><x1 0_3)4 150-7500 0.999 7.13+0.16 95 315 89.9+ 1.4
= 3 ¢+
1-butanol / yxmlj(j ;(2) O 0_3)4 150-7500 0.999 5.58 +0.14 151 503
1-butanol, 0.5 pul y=65x 10%*x+21 x
: - +
injoction volume” 10722 10 150-7500 0.999 570 +0.07 209 697
= -4 —
n-butyric acid y | g_‘; (i 11(; :1 0_32§ x 100-5000 0.999 13.7140.14 130 433 132.5+10.7
= -4 —
iso-valeric acid | ¥ | g_‘; (i 11(; :1 0_32? x 100-5000 0.999 14.08 +0.12 114 381 300+ 8.4
= -3 —
phenol Y | é? (i 1309 xxl 0_12)1 X 150-7500 0.999 17.19£0.03 158 527 983427
= -3 —
4-methyl phenol | ¥ | é_‘l‘ (X+ 14(; xxl 0_12;‘ * 100-5000 0.999 17.88 4 0.02 219 730 1040452
= -3 —
3-methyl indole | ¥ | éz (X+ 11% ><x1 02;’ X 62-2490 0.999 21.30£0.01 59 197 83.5+3.5

¢ Temperature program: 35°C for 5 minutes, then increased to 225°C at 10°C/minute and kept at this temperature for 15 minutes. Temperature program was also used

for all other odorants

/ Temperature program: 35°C for 5 minutes, then increased to 120°C at 30°C/minute, then increased to 225°C at 10°C/minute and kept at this temperature for 10 minutes
& Calibration equation includes standard error of intercept
" SDev: Standard deviation
' For calculating recovery, samples were injected in triplicates. Recovery of each key odorants (%) = 100% x [(detected — originally contained) / added]
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Figure 2. DAI-GC-FID chromatogram of aqueous solution containing 1000 mg/m’ volatile fatty acids (VFAs) and 4-methyl phenol, 498 mg/m’ 3-methyl
indole, 1500 mg/m* 1-butanol and phenol and 1507 mg/m® dimethyl sulphide (DMS), using the temperature program for the 1-butanol: 35°C for 5 minutes,
then increased to 120°C at 30°C/minute, then increased to 225°C at 10°C/minute and kept at this temperature for 10 minutes. Two injection volume were used,
top: 1.0 pl and bottom: 0.5 ul (1: DMS, 2: 1-butanol, 3: n-butyric acid, 4: iso-valeric acid, 5: phenol, 6: 4-methyl phenol, 7: 3-methyl indole)
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Table 3. Recovery and breakthrough of Strata-X columns for key odorants (samples were injected in triplicates). SPE-GC-FID was used

Odorant Recovery within the same column (%)’ Breakthrough (%) '
(mean + SDev) RSD* (mean * SDev)

dimethyl sulphide 89.64 £ 4.54 5.06 15.19£1.85
1-butanol 100 + 0.00 0 0
n-butyric acid 100 + 0.00 0 0
iso-valeric acid 99.85+0.27 0.27 0

phenol 99.81£0.14 0.14 0.07 £0.03

4-methyl phenol 99.28 £ 0.49 0.50 0.26 £ 0.05

3-methyl indole 99.15+£0.81 0.82 0.18£0.04

/ Recovery within same column (%) = 100% x A / (A| + A), where:

Aj: concentration of odorant in first SPE column, from first elution (i.e. area under odorant peak in GC-FID chromatogram)
Aj: concentration of same odorant in first SPE column, from second elution of same column

¥ RSD: Relative standard deviation, RSD (%) = 100% x SDev / mean[35]

! Breakthrough (%) = 100% x Az / (A; + As), where:

Aj: concentration of odorant in second SPE column

A\: concentration of odorant in first SPE column, from first elution

Table 4. Performance data for SPE-GC-FID method (samples were injected in duplicates)

Rectilinear range Correlation Adjusted retention | Limit of detec- Limit of quan-
o i used in calibra- ct())e f?'lcie(r)xt time tion tification
Odorant Calibration equation™ tion curves (mean + SDev) (LOD) (LOQ)
(mg/m’) " R? minute (mg/m*) " (mg/m’) "
- — 7 T
dlmg%tsul' y=39x10 Xxfro?lﬁ x 107 ¢ 377-7537 0.985 0.30 £ 0.07 1380 4602
— = T
Ibutanol | Y7323 10 Xxl‘o‘.‘% x 107 ¢ 187-7500 0.998 6.31+0.02 492 1642
n-butyric acid > 50007
iso-valeric acid >5000°
— -3 1
phenol y=29x 10 j‘l(‘)‘ff x10°( 187-7500 0.997 17.21£0.11 594 1980
— -3 1
A-methylphe- | y=29> 100 f;roll)z x 107 125-5000 0.997 17.84 +0.03 379 1263
— -3 -1
3-methyl indole | ¥~ 32x10°x—-45x10 50-2490 0.999 21.14£0.01 58 195
*15x 107)

™ Calibration equation includes standard error of intercept

" Rectilinear range was calculated with respect to concentration of odorants before re-concentration. Compounds were re-concentrated 5 times (10 ml eluted / 2 ml
of elution solvent = 5 times) using Strata-X columns

° LOD > 5000 mg/m’

Table 5. Dominant m/z values used to identify odorants in DAI-GC-MS experiment *

Odorant m/z"
dimethyl sulphide 47, 62
1-butanol 56,41, 43
n-butyric acid 60, 73
iso-valeric acid 60, 87
phenol 65, 66, 94
4-methyl phenol 107, 108
3-methyl indole 130, 131

7 Scanned mass to charge ratios (m/z): m/z of 35-140 from 0-13.2 minute, and then m/z of 48-140 from
13.21 minute to end of run.
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Figure 3. SPE-GC-FID chromatogram of aqueous solution containing 3750 mg/m? volatile fatty acids (VFAs) and 4-methyl phenol, 1867 mg/m?® 3-methyl
indole, 5625 mg/m® 1-butanol and phenol and 5653 mg/m® dimethyl sulphide (DMS) (1: DMS, 2: methylene chloride (solvent), 3: acetone (solvent), 4:
1-butanol, 5: phenol, 6: 4-methyl phenol, 7: 3-methyl indole). Injection volume: 1.0 pl. Temperature program: 35°C for 5 minutes, then increased to 225°C at
10°C/minute and kept at this temperature for 15 minutes
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DAI-GC-FID chromatogram of water sample from air wet scrubber in Danish farm, spiked with target compounds (1: dimethyl sulphide (DMS),

2: 1-butanol, 3: formic acid, 4: n-butyric acid, 5: iso-valeric acid, 6: phenol, 7: 4-methyl phenol, 8: 3-methyl indole). Injection volume: 1.0 pl. Temperature

program: 35°C for 5 minutes, then increased to 225°C at 10°C/minute and kept at this temperature for 15 minutes. Inset: relative intensity of n-butyric acid

(peak number 4) using DAI-GC-MS

4. Application and Perspectives

A water sample was provided to our laboratory by a
company, running an experimental bioscrubber in a Danish
farm. The water sample was taken from the air wet scrubber,
before the inlet to the bioreactor. DAI-GC-FID was chosen
as the method for characterization of the sample, since we
found that DAI has a better accuracy in terms of LOD and
LOQ of odorants. The pH of the investigated sample was 7.
It was noticed that in order to acidify the samples to ap-
proximately pH 2, more formic acid than used for the sam-
ples creating the calibration curves was needed. This may be
due to the presence of compounds having buffer capacity in
the aqueous sample. The chromatogram of the spiked sam-
ples is shown in Figure 4. The spike recoveries are listed in
Table 2 (last column). It is seen that the recoveries are near
100% for most of the compounds, and this proves that that
DAI method is suitable for quantifying the key odorants. The
highest recoveries values are for VFAs, this could be due to
the presence of many acids in the sample, which affects the
peak shape and consequently the peaks area.

GC-MS was used to verify the identification of odorants in
the real sample from the farm. Identification was successful,
however, 1-butanol was unclear in spectra. Inset-Figure 4
shows the relative intensity of n-butyric acid, using
DAI-GC-MS.

It is noteworthy that in order to have as many compounds
as possible dissolved in water, the ratio between the water
flow and gas flow should be at least equivalent to the di-
mensionless air-water partition coefficient (K y)[11].

There are large variations in literature values of concen-
tration ranges and detection thresholds for odorants from
livestock buildings[3, 16]. This is because the odorant con-

centration is related to many factors, e.g. dietary feed quality,
environmental factors, sampling and measuring methods[45].
Therefore we conclude that although the LOD and LOQ of
some odorants in this study were higher than the minimum
equivalent equilibrium detection threshold, there is still a
possibility that DAI-GC-FID method can identify or quan-
tify these compounds. Moreover, the DAI-GC-FID method
might be used for quantification of targeted aqueous com-
pounds. It can also be used as a reference measurement
method (i.e. validation), for any other analytical method, e.g.
electronic tongue to quantify odorant concentrations in an air
wet scrubber[46, 47].

In conclusion we find that DAI-GC-FID is a suitable
method for identification and quantification of odorants with
a good precision in the air wet scrubber. Two compounds:
1-butanol and phenol, have LOD and LOQ that are below the
equivalent equilibrium odorant detection threshold.
DAI-GC-FID is the method of choice for quantification of
odorants in air wet scrubbers, where it can quantify their
efficiency for odour reduction. This method is fast, simple,
requires small volumes only and no pre-concentration or
derivatisation of the compounds are needed before injection
into GC. DAI-GC-FID can be used as a quality control me-
thod for the air wet scrubber design. Verification of odorants
identification was carried out by GC-MS.
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