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• A flux chamber was used to measure VOC surface emissions in a closed landfill.
• The emission rates of 60 different VOC were calculated.
• Aldehydes, acetic acid and ketones were the main emitted VOC.
• Total VOC emissions ranged from 77±17 to 237±48 g day−1, depending on the method used.
• Highest total VOC emissions were observed in the lastly filled landfill bucket.
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Closed landfills can be a source of VOC and odorous nuisances to their atmospheric surroundings. A self-designed
cylindrical air flux chamber was used to measure VOC surface emissions in a closed industrial landfill located in
Cerdanyola del Vallès, Catalonia, Spain. The two main objectives of the study were the evaluation of the perfor-
mance of the chamber setup in typical measurement conditions and the determination of the emission rates of
60 different VOC from that industrial landfill, generating a valuable database that can be useful in future studies
related to industrial landfill management. Triplicate samples were taken in five selected sampling points. VOC
were sampled dynamically using multi-sorbent bed tubes (Carbotrap, Carbopack X, Carboxen 569) connected
to SKC AirCheck 2000 pumps. The analysis was performed by automatic thermal desorption coupled with a cap-
illary gas chromatograph/mass spectrometry detector. The emission rates of sixty VOC were calculated for each
sampling point in an effort to characterize surface emissions. To calculate average, minimum and maximum
emission values for each VOC, the results were analyzed by three different methods: Global, Kriging and Tributary
area. Global and Tributary areamethodologies presented similar values, with total VOC emissions of 237±48 and
222±46g day−1, respectively; however, Kriging values were lower, 77±17g day−1. The main contributors to
the total emission ratewere aldehydes (nonanal and decanal), acetic acid, ketones (acetone), aromatic hydrocar-
bons and alcohols. Most aromatic hydrocarbon (except benzene, naphthalene and methylnaphthalenes) and al-
dehyde emission rates exhibited strong correlations with the rest of VOC of their family, indicating a possible
common source of these compounds. B:T ratio obtained from the emission rates of the studied landfill suggested
that the factors that regulate aromatic hydrocarbon distributions in the landfill emissions are different from the
ones fromurban areas. Environmental conditions (atmospheric pressure, temperature and relative humidity) did
not alter the pollutant emission fluxes.
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1. Introduction

Volatile organic compounds (VOC) can migrate from waste mate-
rials buried in landfills and eventually be diffused into the atmosphere,
making landfills a source of VOC and odorous nuisances (Lee and Jones-
Lee, 1994; Kim and Kim, 2002; Zou et al., 2003; Scheutz et al., 2008;
Chemel et al., 2012). Additionally, VOC can act as irritants to the human
organism and can have negative health effects (Bernstein et al., 2008;
Milner et al., 2011; Carazo Fernández et al., 2013). In municipal solid
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Table 1
Type of waste and quantities deposited at the studied landfill.
Source: CTM (2003) and IDOM (2008a).

Zone Year Waste buried Waste
type

Volume
(m3)

Superficial extension
(ha)

Maximumwaste depth
(m)

Site original
substrate

Porosity
(%)

North-East bucket 1982–1988 Construction and demolition
Industrial

Inert
Nonspecial

590,000 5.22 25 Silt and clay 39

North bucket 1982–1988 Clay and silt soils Inert
Nonspecial

210,000 1.63 18 Clay 24.5

South bucket 1988–1995 Miscellaneous
Industrial
Aluminum scrap melting salts

Inert
Nonspecial
Special

1,650,000 10.44 38 Silt 33
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waste landfills, VOC generally represent a small percentage in the total
landfill gas, less than 1% (Scheutz et al., 2003; Tassi et al., 2009). VOC
final emissions to the atmosphere will be influenced by their formation
depending on the type of waste buried, its decomposition processes and
the stage reached in these processes (Zou et al., 2003; Chiriac et al.,
2011); and their degradation by: microorganisms in the landfill cover
soil and the presence of a biocover (Scheutz et al., 2003, 2008; Barlaz
et al., 2004; Tassi et al., 2009). In industrial waste landfills, however,
VOC percentage in landfill gas and their emissions to the atmospheric en-
vironment can be higher due to the nature of the deposited waste.

Flux chambers are direct measurement methods and have been
widely used for the assessment of pollutants' emissions to the atmo-
sphere from area sources (Hudson and Ayoko, 2008; D. Parker et al.,
2013; D.B. Parker et al., 2013; El-Fadel et al., 2012). Two main types of
cylindrical flux chambers are extensively used: static and dynamic flux
chambers, both having assets and drawbacks, and generally presenting
substantial differences in measured fluxes depending on the chamber
design, operation and flux calculation methods (Gao and Yates, 1998;
Fig. 1. General landfill locatio
Lindberg et al., 2002; Hudson and Ayoko, 2008; Liu and Si, 2009;
Pedersen et al., 2010; Christiansen et al., 2011; D. Parker et al., 2013;
Pihlatie et al., 2013). Dynamic flux chambers commonly supply high
flows of clean sweep air or inert gas into the chamber (2–30 l min−1)
(Hudson and Ayoko, 2008), leading to calculated emission rates highly
depending on the flushing air flow rates applied (Lindberg et al., 2002).
On the other hand, static flux chambers may be influenced by increase
in pressure due to chamber installation, leading to underestimation of
pollutant's emission rates (Hudson and Ayoko, 2008).

In this manuscript we propose a flux chamber design to evaluate
VOC emissions from surfaces through VOC sampling with active multi-
sorbent tubes and a further analysis with a TD–GC/MS system,which al-
lows a good chromatographic separation and sensitivity, and low limits
of detection indispensable for the quantification of the target com-
pounds. The presented configuration supplies a very low flow rate of
clean inert gas (helium) into the flux chamber (100 ml min−1), the
sameflow that is extracted through the samplingports.With this design
we try to avoid the overestimation of the emission rates due to the
n and sampling points.



Fig. 2. Schematic diagram of the self-designed flux chamber used in the field investigation.
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application of high flushing air flows and the underestimation of these
rates due to an increase of the pressure inside the chamber. The two
main objectives of the study are the evaluation of the performance of
the chamber setup in typical measurement conditions and the determi-
nation of the emission rates of 60 VOC from a closed industrial landfill,
which can be very useful in future studies as there are almost no pub-
lished values from this type of landfills.

2. Materials and methods

2.1. Chemicals and materials

Standards of VOCwith a purity of no less than98%were obtained from
Aldrich (Milwaukee, WI, USA), Merck (Darmstadt, Germany) and Fluka
(Buchs, Switzerland). Methanol for gas chromatography (SupraSolv®)
Table 2
Sampling strategy.

Sampling point FG-1 FG-2

UTM-X 426,816.94 426,473.84
UTM-Y 4,593,657.52 4,593,695.92
4-7-2012 11:05–13:05 h
5-7-2012 15:20–16:20 h

15:20–17:20 h
9-7-2012
11-7-2012 10:30–11:30 h

10:30–11:30 h
13-7-2012 13:00–14:00 h

13:00–14:00 h

UTM-X (ETRS89 zone 31N)UTM-Y (ETRS89 zone 31N).
with a purity≥ 99.8% was obtained from Merck (Darmstadt, Germany).
Perkin Elmer glass tubes (Pyrex, 6mm external diameter, 90mm long),
unsilanized wool, and Carbotrap (20/40 mesh), Carbopack X (40/60
mesh) and Carboxen 569 (20/45 mesh) adsorbents were purchased
from Supelco (Bellefonte, PA, USA).

2.2. Site description

Can Planas industrial waste landfill is located approximately 15km N
of Barcelona, in Cerdanyola del Vallès (Catalonia, Spain), at 41°29′25.69″N
and 2°7′14.36″E, with the elevation ranging between 110 and 120 m
above the sea level. Cerdanyola del Vallès has an annual average precipi-
tation of 580 mm, and an annual average potential evapotranspiration
of 1018.5 mm (calculated through the Thornthwaite method). The cli-
mate is Mediterranean, with mild winters (7–10°C) and warm summers
FG-3 FG-4 FG-5

426,470.41 426,505.40 426,482.40
4,593,575.51 4,593,822.51 4,593,909.51

12:40–14:40 h 10:00–11:00 h
10:00–12:00 h

10:50–12:20 h 13:00–14:30 h
12:15–13:15 h
12:15–13:15 h

11:15–12:15 h



Table 3
Emission rates (μgm−2 day−1) for the evaluated VOC in each sampling point.

Sampling day 5-7 5-7 11-7 11-7 4-7 13-7 13-7 9-7 11-7 11-7 5-7 9-7 13-7 5-7 5-7

Location FG-1 FG-2 FG-3 FG-4 FG-5

Temperature (°C) 28.5 23 26 27 25 33 33.5 29.5 32 35 28 32 33 26 29

Relative humidity (%) 59 59 68 68 60 53 53 44 49 49 58 37 56 68 65

Pressure (hPa) 1008 1008 1016 1016 n.a. 1012 1012 1014 1016 1016 1018 1013 1013 1008 1009

Atmospheric pressure
change (ΔhPa h-1)

−0.1 −0.2 0.9 0.9 n.a. −0.8 −0.8 −0.1 −0.1 −0.1 −0.5 −0.7 −0.7 −0.3 −0.3

Compound Superficial emission (μgm−2 day−1)

Alkanes
Cyclohexane 0.7 0.4 3.0 2.2 0.5 0.6 0.5 1.3 0.9 0.6 0.8 2.0 3.7 3.1 0.6
n-Decane 0.6 0.1 0.9 0.8 0.9 0.6 0.5 0.04 0.1 0.04 0.1 2.5 0.9 0.04 0.01
n-Hexane 2.3 1.0 5.3 3.9 2.1 0.7 2.0 1.4 0.7 5.5 1.5 4.2 5.2 11.6 4.3
n-Pentane 27.9 11.6 58.2 46.2 35.8 12.1 9.6 17.6 12.3 15.7 18.2 33.9 65.2 142 55.7
n-Tetradecane 80.3 18.5 52.8 52.6 9.6 105 95.9 39.3 85.1 50.5 20.3 125 76.6 16.0 6.1

Aromatic hydrocarbons
1,2,3-Trimethylbenzene 0.3 0.1 1.0 1.0 0.1 0.3 0.3 0.4 0.5 0.5 0.1 0.4 2.3 0.4 0.1
1,2,4-Trimethylbenzene 2.3 0.4 5.5 5.4 0.8 2.0 1.8 1.6 2.7 2.5 0.8 1.7 9.3 3.1 0.8
1,3,5-Trimethylbenzene 0.7 0.1 1.3 1.0 0.2 0.2 0.1 0.5 0.6 0.5 0.2 0.4 1.7 0.6 0.1
1-Methylnaphthalene 0.5 0.1 0.5 0.6 0.1 0.4 0.4 0.9 0.7 0.6 0.2 0.6 0.6 0.2 0.1
2-Methylnaphthalene 1.1 0.2 1.2 1.0 0.2 0.9 0.8 1.5 1.6 1.5 0.5 1.8 1.7 0.1 0.1
Benzene 5.1 4.4 10.1 6.8 2.5 1.2 1.3 2.8 1.6 1.6 2.0 13.2 5.2 13.0 2.0
Ethylbenzene 1.3 0.2 7.4 5.8 0.4 1.6 1.6 1.8 2.4 3.2 0.5 2.6 10.1 2.3 0.4
m+ p-Xylene 4.6 1.0 23.3 18.9 1.3 4.6 4.0 5.7 7.5 7.0 1.8 6.0 27.9 11.5 2.3
Naphthalene 0.9 0.2 1.1 0.9 0.3 0.9 0.9 1.0 1.1 1.2 0.3 1.5 2.0 0.4 0.2
n-Propylbenzene 0.2 0.1 0.5 0.5 0.01 0.1 0.1 0.1 0.1 0.04 0.1 0.2 0.7 0.1 0.01
o-Xylene 1.4 0.3 6.9 6.0 0.5 1.4 1.2 1.7 2.2 2.1 0.6 1.9 8.3 3.9 0.9
Styrene 1.0 0.1 4.6 4.0 0.2 0.8 0.7 0.5 1.2 2.7 0.1 0.5 9.4 0.8 0.1
Toluene 32.5 11.8 66.1 48.6 15.4 15.0 9.7 21.5 22.8 24.6 15.4 48.3 81.8 31.8 7.2

Alcohols
1-Butanol 17.5 3.3 21.1 22.1 6.9 7.5 6.4 8.3 16.5 19.5 7.8 14.5 19.7 12.3 2.5
1-Propanol 0.3 0.3 2.6 2.6 0.9 1.3 1.4 2.1 1.3 1.7 1.1 2.1 3.0 0.2 0.2
Ethanol 77.5 36.3 38.8 36.5 4.6 6.2 8.1 12.6 12.7 19.8 9.1 15.0 29.4 27.7 7.5
Ethylhexanol 94.7 10.9 44.1 46.5 16.5 34.9 30.8 22.3 52.4 61.2 15.0 27.6 40.9 39.4 9.5
Isopropanol 0.02 0.003 0.03 0.03 n.d. 1.9 1.2 2.5 5.8 9.0 3.5 3.1 8.8 0.1 0.04
Phenol 16.4 1.8 12.8 7.8 7.8 19.4 20.7 10.4 16.5 13.6 4.3 51.2 19.0 40.4 7.9

Ketones
Acetone 90.8 55.2 122 113 34.7 80.4 80.9 45.0 70.9 165 69.5 141 128 206 66.0
Cyclohexanone 3.1 0.5 6.6 8.0 2.9 3.9 3.6 2.5 7.3 9.0 1.9 2.8 8.1 3.3 0.8
Methylethylketone 0.6 0.5 9.2 2.3 0.7 2.0 3.5 0.03 0.04 0.1 1.9 11.4 26.9 0.9 0.3
Methylisobutylketone 3.4 0.9 3.3 2.9 1.0 1.2 0.9 1.0 1.3 1.5 1.1 1.1 4.3 4.5 1.0

Halocarbons
1,1,1-Trichloroethane 0.2 0.1 0.4 0.4 0.2 0.3 0.3 0.2 0.3 0.3 0.1 0.3 0.3 0.3 0.1
1,2-Dichloroethane 1.1 0.4 1.1 0.9 1.0 1.1 1.1 1.6 0.8 0.9 0.3 3.1 1.2 0.9 0.2
Carbon tetrachloride 3.4 1.9 6.6 4.7 2.9 7.0 6.0 3.9 5.6 4.3 2.6 6.0 5.1 5.7 1.6
Chlorobenzene n.d. n.d. 1.1 0.9 0.01 0.1 0.03 0.02 0.2 0.1 0.01 0.1 0.4 n.d. n.d.
Chloroform 4.1 1.9 11.5 7.3 2.6 2.0 4.7 1.3 1.3 20.4 1.4 2.5 3.5 7.1 1.2
Dichloromethane 1.9 0.6 5.6 3.8 0.7 0.6 0.4 2.6 2.7 2.0 0.9 2.3 7.1 5.7 2.3
o-Dichlorobenzene 0.1 n.d. 0.1 0.1 0.02 0.03 0.04 0.04 0.2 0.2 n.d. 0.1 0.1 n.d. n.d.
p-Dichlorobenzene 0.04 0.01 0.1 0.1 0.01 0.1 0.1 0.1 0.1 0.1 0.01 0.1 0.2 0.04 0.01
Tetrachloroethylene 34.3 14.0 30.8 25.9 4.4 1.3 1.5 1.5 1.9 2.0 2.1 3.7 9.6 8.1 1.9
trans-1,2-Dichloroethylene n.d. n.d. 0.2 n.d. 0.04 n.d. n.d. n.d. n.d. n.d. 0.04 n.d. n.d. 0.3 0.1
Trichloroetylene 0.4 0.2 1.5 1.0 0.4 0.3 0.3 0.7 0.5 0.5 0.1 0.8 1.5 0.6 0.1

Aldehydes
Benzaldehyde 0.9 0.2 1.2 1.0 0.4 0.9 1.2 2.8 2.9 3.6 0.5 4.8 2.9 0.2 0.03
Decanal 309 57.2 222 176 90.6 488 379 206 429 634 123 392 295 69.6 30.7
Heptanal 11.5 2.0 6.3 4.9 4.1 12.0 10.3 4.3 10.0 11.7 3.7 12.3 8.3 3.0 1.0
Hexanal 18.5 2.2 6.7 6.3 5.8 7.2 5.1 6.3 8.8 9.7 5.0 14.9 5.6 6.6 1.6
Nonanal 323 69.9 234 210 119 671 590 197 389 672 123 432 442 105 44.3
Octanal 59.0 10.6 41.8 37.8 20.0 63.8 63.6 31.5 57.0 77.1 18.1 48.6 79.9 18.3 7.0

Esters
Butyl acetate 1.0 0.3 4.9 3.7 0.5 2.2 1.9 1.8 3.8 3.4 0.3 2.9 2.7 1.5 0.3
Ethyl acetate 5.5 2.0 15.2 9.3 2.3 3.2 4.5 5.2 4.0 5.5 3.5 8.5 6.9 14.3 4.2
Methyl acetate 1.4 0.6 3.5 3.0 0.3 1.9 1.5 0.5 1.5 1.4 0.5 2.5 1.6 1.5 0.5

Terpenoids
α-Pinene 1.3 0.5 3.5 2.7 0.5 3.8 3.1 1.1 2.9 2.5 0.4 3.3 13.2 1.4 0.3
β-Pinene 1.5 0.3 2.4 2.0 0.1 2.1 1.8 0.5 1.4 1.3 0.4 0.6 9.8 1.5 0.3
D-Limonene 1.0 0.1 1.1 0.9 0.3 1.0 0.5 1.8 12.3 10.5 1.2 0.8 2.8 0.9 0.2
p-Cymene 0.1 0.01 0.4 0.6 0.04 0.3 0.4 0.9 1.2 0.6 0.2 0.7 2.7 1.0 0.2
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Table 3 (continued)

Sampling day 5-7 5-7 11-7 11-7 4-7 13-7 13-7 9-7 11-7 11-7 5-7 9-7 13-7 5-7 5-7

Location FG-1 FG-2 FG-3 FG-4 FG-5

Temperature (°C) 28.5 23 26 27 25 33 33.5 29.5 32 35 28 32 33 26 29

Relative humidity (%) 59 59 68 68 60 53 53 44 49 49 58 37 56 68 65

Pressure (hPa) 1008 1008 1016 1016 n.a. 1012 1012 1014 1016 1016 1018 1013 1013 1008 1009

Atmospheric pressure
change (ΔhPa h-1)

−0.1 −0.2 0.9 0.9 n.a. −0.8 −0.8 −0.1 −0.1 −0.1 −0.5 −0.7 −0.7 −0.3 −0.3

Compound Superficial emission (μgm−2 day−1)

Ethers
tert-Butyl ethyl ether 8.7 2.6 15.9 8.3 3.4 4.6 5.4 5.2 3.7 4.9 4.5 12.0 14.1 22.7 8.5
tert-Butyl methyl ether 0.3 0.1 4.8 4.1 0.2 0.2 0.1 0.1 0.5 0.6 0.1 0.3 1.4 0.8 0.4
Nitrogenated compounds
Acetonitrile n.d. n.d. n.d. n.d. n.d. 0.03 0.04 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cyclohexane isocyanato 0.4 0.1 0.5 0.5 0.6 3.0 1.4 2.0 2.8 3.1 0.2 0.8 1.1 0.6 0.4
Cyclohexane isothiocyanato 0.03 0.01 0.02 0.02 0.01 0.04 0.04 0.03 0.1 0.1 0.01 0.03 0.03 0.01 0.004

Sulfur compounds
Carbon disulfide 1.9 3.7 1.3 0.9 0.6 0.2 0.8 0.2 0.2 0.4 0.1 6.0 0.2 1.9 1.4

Furans
Tetrahydrofuran n.d. n.d. 0.9 0.3 0.8 0.5 1.7 0.5 n.d. 24.8 0.1 0.5 3.9 0.8 0.3

Carboxylic acids
Acetic acid 352 54.7 461 473 57.7 251 210 131 417 662 99 369 486 86.3 19.9

n.a.: not available.
n.d.: not detected.
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(21–26°C). The total area and volumeof the landfill (a previous clay quar-
ry) are approximately 18ha and 2,450,000m3, respectively, consisting of
three main buckets (which had been formed as a result of extractive ac-
tivity): North, North-East and South buckets. The landfill started operat-
ing in 1982 and was closed in 1995, having experienced waste disposal
activities at varying rates. The site is based on a silt-clay layer with a
main composition of 61–64% of phyllosilicates, 12–23% of quartz and 8–
22% of calcite (IDOM, 2008a). Before the operation of the landfill site, a
low permeability silty clay layer was pressed tightly to prevent leachate
movement. The final cover of the landfill (approximately 1 m clay,
20 cm gravel Ø 7 cm, 1 m soil, 20 cm topsoil) was settled in 1994
(IDOM, 2008a, 2008b) and was spontaneously vegetated with different
herbs and grasses; probably originating fromweed seed, as no vegetation
was planted. The leaching liquid is collected and discharged out into an
enclosed leachate collection pool. Based on characterization studies, the
type of wastes buried in the studied landfill consisted mainly of clay
and silt soils (inert residues), construction and demolition wastes (inert
residues), industrial waste (nonspecial and special residues) and
miscellaneous wastes, being a co-disposal facility (Table 1, Fig. 1)
(IDOM, 2008a). Inert residues do not experiment significant physical,
chemical and/or biological transformations. Nonspecial residues do not
present environmental, health and/or natural resources risks, and cannot
be valorized. Finally, special residues need a specific treatment and a pe-
riodical control. They are potentially hazardous to the environment,
human health and/or the natural resources. It has to be taken into ac-
count that different composition residues could be superimposed in the
same landfill bucket, thus the VOC source material is notably heteroge-
neous. To facilitate generated landfill gases flaring, two vertical gas chim-
neys were built in the South bucket. The landfill is not equipped with a
gas recovery system.

Waste in the studied area was 17–30years old when emission test-
ing began, and the cover was fully vegetated at the time of the field
campaign.

2.3. Flux chamber measurements

A cylindrical air flux chamber was used to measure VOC surface
emissions (Fig. 2). The flux chamber system, manufactured in our labo-
ratory considering a series of design and operation implications and
recommendations (Gao and Yates, 1998; Hudson and Ayoko, 2008;
Rochette, 2011; D. Parker et al., 2013), consisted of an internally
polytetrafluoroethylene (PTFE) coated chamber, a compressed He tank,
a flow meter, a PTFE He distributor inside the chamber, a temperature
probe and two PTFE sampling ports. The surface area and the volume of
the flux chamber are 1810 cm2 and 86.4 l, respectively. The volume/area
ratio (cm3 cm−2) is 48. Air passes from the gas tank, through the flow
meter, to the flux chamber at a fixed steady rate (100 or 200mlmin−1),
according to sampling conditions (1 or 2 samples taken simultaneously).
The presented flux chamber is notably inexpensive, portable and can be
removed in its entirety after each measurement (Fourie and Morris,
2004).

The flux chamber was inserted into the topsoil to a depth of 5 cm
gently pressing the open edge of the cylinder, ensuring a good seal
around the base of the chamber, and allowed to equilibrate for 15min
before each measurement. This equilibration time was established to
avoid sampling errors derived from the pressure disturbance generated
by the disposition of the sampling device (Pihlatie et al., 2013). Further-
more, to avoid an initial pressure increase, sampling valves were open
during equilibration. Moreover, as the same flux of He was inserted
into the chamber than the sampling flowwas removed, neither a pres-
sure increase nor vacuum in the chamber headspace was expected.

The chamber was adequately isolated from environmental condi-
tions such as insolation; hence, the outside construction was opaque
and reflective to reduce its capacity for heat adsorption and transfer,
and was shaded when sampling under intense sun to avoid increases
in emission rates at midday (Park and Shin, 2001; Kolari et al., 2012).
Additionally, the chamber temperature was monitored to verify that it
was not increasing relative to the outside temperature. Vegetation inside
the flux chamber was removed so to not interfere with the sampling and
avoid overestimation/underestimation of the measured emission rates
(Hudson and Ayoko, 2008).

Surface emission sampling was performed in the summer season,
July 2012, characterized by hot and dry conditions. Summer season
was chosen for sampling as the high temperatures expected for this pe-
riod of the year assured us theworst possible scenario regarding to VOC
emissions. The selected sampling points (Fig. 1) were evaluated in trip-
licate, some replicate samples were taken during the same day, and
others were sampled in different days (Table 2).



Table 4
Average ± SD (%CV), minimum and maximum VOC emission rates (of the n= 15 mea-
surements) obtained through Globalmethodology.

Compound Global (μgm−2 day−1)

Average SD %CV Min Max

Alkanes
Cyclohexane 1.4 0.4 29 0.6 2.4
n-Decane 0.5 0.2 43 0.2 0.9
n-Hexane 3.8 1.0 26 1.6 5.9
n-Pentane 41.7 10.4 25 21.5 63.7
n-Tetradecane 54.9 13.6 25 18.8 82.2
Total alkanes 102 19 18 42.6 155

Aromatic hydrocarbons
1,2,3-Trimethylbenzene 0.5 0.2 43 0.2 0.9
1,2,4-Trimethylbenzene 2.6 0.9 35 0.9 4.5
1,3,5-Trimethylbenzene 0.5 0.2 34 0.2 0.9
1-Methylnaphthalene 0.4 0.1 16 0.2 0.5
2-Methylnaphthalene 0.9 0.2 17 0.5 1.1
Benzene 4.9 1.5 31 2.2 8.3
Ethylbenzene 2.6 1.1 40 0.7 4.9
m+ p-Xylene 8.1 3.1 38 2.4 14.9
Naphthalene 0.8 0.2 20 0.4 1.1
n-Propylbenzene 0.2 0.1 44 0.04 0.3
o-Xylene 2.5 0.9 37 0.8 4.5
Styrene 1.7 1.0 58 0.2 3.7
Toluene 28.8 7.2 25 13.1 43.9
Total aromatic hydrocarbons 54.6 15.3 28 21.8 89.7

Alcohols
1-Butanol 11.7 2.3 19 5.7 16.2
1-Propanol 1.3 0.3 22 0.7 1.9
Ethanol 20.8 4.5 21 14.0 32.5
Ethylhexanol 34.8 7.9 23 14.8 54.2
Isopropanol 2.5 0.8 32 1.4 4.0
Phenol 17.6 5.4 30 6.4 29.0
Total alcohols 88.7 17.2 19 43.0 137.7

Ketones
Acetone 101 20 20 54.1 143
Cyclohexanone 4.1 1.0 25 1.7 6.4
Methylethylketone 3.8 2.2 57 0.7 8.1
Methylisobutylketone 2.0 0.5 26 1.0 3.0
Total ketones 111 22 20 57.4 161

Halocarbons
1,1,1-Trichloroethane 0.23 0.04 17 0.1 0.3
1,2-Dichloroethane 1.0 0.3 26 0.5 1.6
Carbon tetrachloride 4.5 0.7 16 2.6 6.2
Chlorobenzene 0.3 0.1 66 0.2 0.3
Chloroform 4.7 2.1 44 1.8 9.4
Dichloromethane 2.7 0.7 28 1.2 4.3
o-Dichlorobenzene 0.05 0.01 33 0.03 0.1
p-Dichlorobenzene 0.06 0.02 30 0.02 0.1
Tetrachloroethylene 8.1 1.8 22 4.2 11.7
trans-1,2-Dichloroethylene 0.05 0.03 47 0.1 0.1
Trichloroetylene 0.6 0.2 29 0.2 0.9
Total halocarbons 22.2 4.3 20 11.0 35.1

Aldehydes
Benzaldehyde 1.5 0.4 25 0.8 2.2
Decanal 251 57 23 101 379
Heptanal 6.7 1.4 20 3.0 10.1
Hexanal 7.1 1.6 23 4.0 11.4
Nonanal 299 72 24 111 443
Octanal 40.6 8.4 21 17.5 59.6
Total aldehydes 606 137 23 237 904

Esters
Butyl acetate 2.0 0.5 26 0.6 3.1
Ethyl acetate 6.3 1.5 23 3.2 9.6
Methyl acetate 1.4 0.3 25 0.5 2.1
Total esters 9.7 2.2 23 4.3 14.8

Terpenoids
α-Pinene 2.6 1.2 45 0.6 5.0
β-Pinene 1.7 0.9 55 0.3 3.4
D-Limonene 2.3 0.9 40 0.7 3.6
p-Cymene 0.6 0.2 37 0.2 1.2
Total terpenoids 7.3 2.7 38 1.7 13.2

Table 4 (continued)

Compound Global (μgm−2 day−1)

Average SD %CV Min Max

Ethers
tert-Butyl ethyl ether 8.8 1.9 22 4.5 12.7
tert-Butyl methyl ether 0.8 0.5 56 0.2 1.5
Total ethers 9.6 2.2 23 4.7 14.2

Nitrogenated compounds
Acetonitrile 0.005 0.003 73 0.006 0.008
Cyclohexane isocyanato 1.2 0.2 20 0.7 1.6
Cyclohexane isothiocyanato 0.024 0.004 18 0.01 0.03
Total nitrogenated 1.2 0.2 20 0.7 1.7

Sulfur compounds
Carbon disulfide 1.3 0.6 47 0.5 2.6

Furans
Tetrahydrofuran 2.4 2.4 100 0.3 6.4

Carboxylic acids
Acetic acid 256 67 26 72.3 392
Total emissions
(g day−1)

237 48 20 93 391
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VOC were dynamically collected by coupling to the sampling port
custom packed glass multi-sorbent cartridge tubes (Carbotrap 20/40,
70 mg; Carbopack X 40/60, 100 mg and Carboxen 569 20/45, 90 mg)
connected to AirChek 2000 SKC pumps at a flow of 100mlmin−1 during
1 to 2h. The PTFE sampling tube length (between the sampling port and
the sampling tube) was as short as possible to avoid potential negative
effects of the tube length on the measured concentrations (Kolari et al.,
2012). Collected air samples were analyzed by thermal desorption and
gas chromatography–mass spectrometry detector (TD–GC/MSD) (Ribes
et al., 2007). This methodology has been used in previous studies to
identify and determine a wide range of VOC in ambient air (Gallego
et al., 2009, 2011).
2.4. Analytical instrumentation

The analysis of VOCwas performed by automatic thermal desorption
(ATD) coupledwith capillary gas chromatography (GC)/mass spectrome-
try detector (MSD), using a Perkin Elmer ATD 400 (Perkin Elmer, Boston,
Massachusetts, USA) and a Thermo Quest Trace 2000 GC (ThermoQuest,
San Jose, California, USA) fittedwith a ThermoQuest Trace FinniganMSD.

The methodology is described in the literature (Ribes et al., 2007;
Gallego et al., 2009). Thermal primary desorption of the sampling tubes
was carried out at 300 °C, with a helium flow rate of 50 ml min−1 for
10min. The double-split applied to the TD system (cold trap inlet andout-
let splits of 4mlmin−1 and 7mlmin−1, respectively) allowed 12% of the
tube analytes to reach theMSdetector. The cold trap (15mgTenax TA and
15mg Carbotrap) was maintained at −30 °C. After primary desorption,
the cold trap was rapidly heated from −30 °C to 300 °C (second-
ary desorption), and maintained at this temperature for 10 min.
Analytes were then injected onto the capillary column (DB-624,
60m × 0.25mm× 1.4 μm) via a transfer line heated at 200°C. The col-
umn oven temperature started at 40°C for 1min, increased to 230°C at a
rate of 6°Cmin−1 and then was maintained at 230°C for 5min. Helium
(99.999%) carrier gas flow in the analytical column was approximately
1mlmin−1 (1.4bar).

Electron impact source was obtained with electron energy of 70eV.
Mass spectral data were acquired over a mass range of 20–300 amu.
Quantification of samples was conducted by the external standard
method. Limits of detection (LOD), determined by applying a signal-
to-noise ratio of 3, range from 0.001 to 10 ng. The studied compounds
show repeatabilities (% relative standard deviation values) ≤ 25%
(Ribes et al., 2007), accomplishing the EPA performance criteria (US
EPA, 1999).



Table 5
Average ± SD (%CV), minimum and maximum VOC emission rates (of the n= 15 mea-
surements) obtained through Kriging methodology.

Compound Kriging (μgm−2 day−1)

Average SD %CV Min Max

Alkanes
Cyclohexane 0.6 0.2 31 0.3 1.0
n-Decane 0.2 0.1 36 0.1 0.4
n-Hexane 1.6 0.4 27 0.8 2.7
n-Pentane 18.5 5.1 28 10.6 31.9
n-Tetradecane 21.3 6.6 31 6.6 36.3
Total alkanes 42.1 8.3 20 18.4 72.3

Aromatic hydrocarbons
1,2,3-Trimethylbenzene 0.2 0.1 42 0.1 0.4
1,2,4-Trimethylbenzene 1.0 0.3 34 0.4 1.9
1,3,5-Trimethylbenzene 0.2 0.1 34 0.1 0.3
1-Methylnaphthalene 0.14 0.03 19 0.1 0.2
2-Methylnaphthalene 0.3 0.1 22 0.1 0.4
Benzene 2.0 0.7 34 1.0 3.8
Ethylbenzene 0.9 0.4 40 0.2 2.0
m+ p-Xylene 3.0 1.1 38 0.9 6.2
Naphthalene 0.3 0.1 22 0.1 0.5
n-Propylbenzene 0.06 0.02 43 0.01 0.1
o-Xylene 1.0 0.3 36 0.3 1.9
Styrene 0.6 0.3 58 0.1 1.4
Toluene 10.7 2.7 25 5.2 18.3
Total aromatic hydrocarbons 20.3 5.7 28 8.5 37.5

Alcohols
1-Butanol 4.2 0.8 19 2.4 6.5
1-Propanol 0.5 0.1 22 0.3 0.7
Ethanol 7.7 1.7 22 5.5 13.4
Ethylhexanol 13.0 2.9 23 6.4 22.5
Isopropanol 0.7 0.2 33 0.5 1.3
Phenol 7.4 2.3 31 2.9 13.6
Total alcohols 33.5 7.0 21 18.1 58.1

Ketones
Acetone 40.2 8.5 21 24.1 62.5
Cyclohexanone 1.5 0.3 22 0.8 2.5
Methylethylketone 1.5 0.8 52 0.3 3.4
Methylisobutylketone 0.8 0.2 28 0.4 1.4
Total ketones 44.0 9.2 21 25.7 69.7

Halocarbons
1,1,1-Trichloroethane 0.09 0.02 18 0.1 0.1
1,2-Dichloroethane 0.4 0.1 23 0.3 0.7
Carbon tetrachloride 1.8 0.3 19 1.1 2.9
Chlorobenzene 0.05 0.04 68 0.1 0.2
Chloroform 1.7 0.5 31 0.8 3.5
Dichloromethane 1.0 0.3 28 0.5 1.8
o-Dichlorobenzene 0.015 0.004 28 0.02 0.03
p-Dichlorobenzene 0.02 0.01 31 0.01 0.04
Tetrachloroethylene 3.1 0.7 22 1.7 5.1
trans-1,2-Dichloroethylene 0.03 0.01 46 0.04 0.1
Trichloroetylene 0.2 0.1 29 0.1 0.4
Total halocarbons 8.4 1.6 19 4.7 14.7

Aldehydes
Benzaldehyde 0.5 0.1 28 0.2 0.8
Decanal 93 25 27 39 158
Heptanal 2.6 0.6 22 1.3 4.4
Hexanal 2.7 0.6 22 1.7 4.8
Nonanal 120 35 29 45 196
Octanal 15.6 3.5 23 7.2 25.2
Total aldehydes 235 64 27 94.2 389

Esters
Butyl acetate 0.7 0.2 28 0.2 1.3
Ethyl acetate 2.6 0.7 26 1.4 4.4
Methyl acetate 0.5 0.1 26 0.2 1.0
Total esters 3.8 0.9 24 1.8 6.6

Terpenoids
α-Pinene 1.0 0.4 43 0.2 2.1
β-Pinene 0.7 0.3 51 0.1 1.5
D-Limonene 0.6 0.2 30 0.2 1.0
p-Cymene 0.2 0.1 39 0.1 0.5
Total terpenoids 2.5 0.9 38 0.6 5.1

Table 5 (continued)

Compound Kriging (μgm−2 day−1)

Average SD %CV Min Max

Ethers
tert-Butyl ethyl ether 3.7 0.9 24 2.2 6.0
tert-Butyl methyl ether 0.3 0.2 53 0.1 0.6
Total ethers 4.0 0.9 24 2.2 6.6

Nitrogenated compounds
Acetonitrile 0.003 0.002 73 0.01 0.01
Cyclohexane isocyanato 0.4 0.1 32 0.2 0.7
Cyclohexane isothiocyanato 0.009 0.002 24 0.01 0.01
Total nitrogenated 0.4 0.1 31 0.2 0.8

Sulfur compounds
Carbon disulfide 0.5 0.2 40 0.3 1.1

Furans
Tetrahydrofuran 0.6 0.4 71 0.1 1.7

Carboxylic acids
Acetic acid 87 21 24 28 146
Total emissions
(g day−1)

77 17 22 42 145
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2.5. Data analysis

2.5.1. Emission rate calculations
The emission rates (μgm−2 day−1) were calculated from the prod-

uct of the concentration of VOC inside the chamber (μgm−3) and the
chamber volume (m3). The amount of VOC obtained (μg) was referred
to the surface area (m2) and the sampling time (days).

2.5.2. Data treatment
Data treatment, statistical and graphical analysis was undertaken

using Microsoft Excel™ 2007, IBM Spss Statistics Version 20 (2011)
and Matlab v.7 (The MathWorks, Inc.). Specific Matlab programs were
developed to treat the experimental data, to compute all the possible
data combinations (tributary method), to make the data interpolations
(kriging method) and to obtain the graphical output for the three
methods tested. Kolmogorov–Smirnov (K–S) test was used to check
normal distribution of the experimental data. F-Snedecor test was
used to evaluate significant correlations between the obtained data.
The data used for the correlation analysis were the measured emission
rates obtained at each individual measuring point at each measuring
time (Table 3).

3. Results and discussion

3.1. VOC emission rates

The emission rates of 60 different VOCwere calculated for each sam-
pling point (n=3samples in each point) in an effort to characterizeVOC
surface emissions in a closed industrial landfill. Experimentally calculat-
ed VOC superficial emission rates for all sampling points are presented
in Table 3. From sample to sample,minor variations in theVOCemission
rates were found. The data sets obtained for each VOC were normally
distributed (Kolmogorov–Smirnov (K–S) test; p≤ 0.05), indicating that
the emission rates for each compound in thefive studiedpointswere con-
siderably homogeneous, even though the heterogeneity of the industrial
wastewas present in the investigated landfill site (Table 1). This similarity
in emission rates may have been induced by the stabilization of the land-
fill since its closing date (1995). It has to be noted; however, that
isopropanol and methylethylketone presented lower values in FG-1 and
FG-3, respectively. Furthermore, tetrachloroethylene presented
higher surface emission rates in FG-1.

The experimentally found emission rates are comparable and of the
same order of magnitude than the values obtained in previous studies



Table 6
Average ± SD (%CV), minimum and maximum VOC emission rates (of the n= 15 mea-
surements) obtained through Tributary areamethodology.

Compound Tributary area (μgm−2 day−1)

Average SD %CV Min Max

Alkanes
Cyclohexane 1.6 0.5 33 0.6 2.7
n-Decane 0.5 0.2 47 0.1 0.9
n-Hexane 4.3 1.1 27 1.9 6.6
n-Pentane 48.9 13.2 27 24.4 74.6
n-Tetradecane 49.8 12.9 26 16.9 76.9
Total alkanes 105 22 21 43.9 162

Aromatic hydrocarbons
1,2,3-Trimethylbenzene 0.5 0.3 48 0.1 1.0
1,2,4-Trimethylbenzene 2.8 1.1 40 0.8 5.0
1,3,5-Trimethylbenzene 0.6 0.2 38 0.2 1.0
1-Methylnaphthalene 0.4 0.1 20 0.2 0.5
2-Methylnaphthalene 0.8 0.2 22 0.4 1.0
Benzene 5.8 1.9 33 2.6 9.9
Ethylbenzene 2.8 1.3 46 0.5 5.6
m+ p-Xylene 9.1 4.0 44 2.0 17.4
Naphthalene 0.8 0.2 24 0.3 1.1
n-Propylbenzene 0.2 0.1 45 0.04 0.3
o-Xylene 2.8 1.2 42 0.7 5.3
Styrene 1.8 1.1 62 0.2 4.1
Toluene 31.6 9.1 29 12.2 50.5
Total aromatic hydrocarbons 60.1 19.3 32 20.1 103

Alcohols
1-Butanol 12.0 2.8 24 5.0 17.1
1-Propanol 1.3 0.4 31 0.6 1.9
Ethanol 24.8 6.1 25 16.6 39.7
Ethylhexanol 35.0 10.2 29 13.3 57.9
Isopropanol 1.9 0.7 35 1.1 3.2
Phenol 18.0 6.3 35 5.5 30.9
Total alcohols 93.0 21.9 24 42.1 151

Ketones
Acetone 106 22 21 57.8 148
Cyclohexanone 3.9 1.1 30 1.4 6.4
Methylethylketone 4.3 2.6 59 0.7 9.4
Methylisobutylketone 2.2 0.6 29 1.0 3.5
Total ketones 117 24 21 60.8 167

Halocarbons
1,1,1-Trichloroethane 0.2 0.1 21 0.1 0.3
1,2-Dichloroethane 1.0 0.3 30 0.4 1.6
Carbon tetrachloride 4.3 0.8 19 2.3 6.2
Chlorobenzene 0.2 0.2 77 0.3 0.4
Chloroform 4.6 1.6 35 2.0 8.7
Dichloromethane 3.0 0.9 31 1.2 5.1
o-Dichlorobenzene 0.04 0.01 33 0.03 0.1
p-Dichlorobenzene 0.06 0.02 35 0.02 0.1
Tetrachloroethylene 10.7 2.5 24 5.4 15.1
trans-1,2-Dichloroethylene 0.07 0.03 50 0.1 0.1
Trichloroetylene 0.6 0.2 35 0.2 1.0
Total halocarbons 25.0 5.5 22 12.1 38.7

Aldehydes
Benzaldehyde 1.3 0.4 32 0.5 2.0
Decanal 211 46 22 84.5 321
Heptanal 6.1 1.4 23 2.6 9.5
Hexanal 7.0 2.2 31 3.5 12.4
Nonanal 253 56 22 94.3 370
Octanal 36.7 8.4 23 14.7 55.6
Total aldehydes 515 111 21 200 770

Esters
Butyl acetate 1.9 0.7 34 0.5 3.2
Ethyl acetate 7.1 2.0 29 3.1 11.2
Methyl acetate 1.5 0.4 28 0.5 2.3
Total esters 10.4 3.0 29 4.1 16.7

Terpenoids
α-Pinene 2.6 1.3 50 0.5 5.1
β-Pinene 1.8 1.0 59 0.3 3.7
D-Limonene 1.7 0.5 32 0.5 2.6
p-Cymene 0.6 0.3 43 0.2 1.2
Total terpenoids 6.6 2.8 43 1.5 12.6

Table 6 (continued)

Compound Tributary area (μgm−2 day−1)

Average SD %CV Min Max

Ethers
tert-Butyl ethyl ether 10.0 2.5 25 4.7 14.9
tert-Butyl methyl ether 1.0 0.6 63 0.2 2.0
Total ethers 11.0 2.9 26 4.9 17.0

Nitrogenated compounds
Acetonitrile 0.003 0.002 73 0.003 0.004
Cyclohexane isocyanato 0.9 0.2 18 0.5 1.2
Cyclohexane isothiocyanato 0.020 0.004 18 0.01 0.03
Total nitrogenated 0.9 0.2 18 0.5 1.2

Sulfur compounds
Carbon disulfide 1.6 0.7 46 0.7 3.1

Furans
Tetrahydrofuran 1.6 1.3 83 0.3 4.2

Carboxylic acids
Acetic acid 247 67 27 63.9 370
Total emissions
(g day−1)

222 46 21 95.6 366
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evaluating closed landfills (3–5 years) with vegetated covers (Scheutz
et al., 2003, 2008; Barlaz et al., 2004). In these studies, negative emission
fluxes were found for several VOC depending on the sampling site, indi-
cating an inward gradient from the atmosphere to the soil. In the present
study, however, all emission rates determined were positive.

In order to check the consistency of the obtained results, three statis-
tical methods were used to present a complete statistical treatment of
the experimental data, taking into account that there are several spatial
variables that can influence VOC emissions all over the landfill, such as
the type of waste buried, the different time elapsed since the burying
of the waste in each bucket, the depth of the bucket, the type of soil
under and over the buried waste, and the possible presence of under-
ground water streams.

Therefore, to assess the average ± SD, maximum and minimum
emissions of VOC over the surface area of the studied landfill, the data
measured at each sampling point were converted through three differ-
ent ways: Global, Kriging, and Tributary area methodologies. The aver-
age ± SD, minimum and maximum emission rates obtained from the
three procedures are presented in Tables 4–6. Maximum andminimum
Global values from all individual data (n = 15 for each studied VOC,
Table 2) were obtained averaging the maximum and minimum experi-
mentally determined values at each point (n=3 samples in each point),
respectively. AverageGlobal valueswere obtained averaging the five av-
erage values obtained in each sampling point (n=3 samples in each
point). Kriging data and Tributary area datawere obtained using specific
developedMatlab software that takes into account all the 216 combina-
tions (4×3×3×3×2 samples from FG-1, FG-2, FG-3, FG-4 and FG-5, re-
spectively, Table 2) of the different experimental emission data
obtained for each one of the 73 chemical species (individual com-
pounds, families, and TVOC) at the five sampling points. For the Kriging
data, spatial interpolation (triangle-based linear interpolation method)
was used. For Tributary area data, the average of the combinations was
used. The calculation of the SD and %CV parameters was done using all
the possibilities of emission for each point for the Tributary area and
Kriging methods.

Global calculated minimum, maximum and average±SD individual
VOC emission rate values range from 0.01–111 μg m−2 day−1, 0.01–
443 μgm−2 day−1 and 0.005±0.003–299±72 μgm−2 day−1, respec-
tively. Kriging calculated minimum, maximum and average±SD emis-
sion rates range from 0.01–45 μg m−2 day−1, 0.01–196 μg m−2 day−1

and 0.003±0.002–120±35μgm−2day−1, respectively. Finally, Tributary
area calculatedminimum,maximumand average±SDvalues range from
0.003–94 μg m−2 day−1, 0.004–370 μg m−2 day−1 and 0.003 ± 0.002–
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Fig. 3. Emission rate familial contribution.
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253±56μgm−2day−1, respectively. Global and Tributary area values are
considerably similar; however, Kriging values are lower, as it has been ob-
served in previous studies (Fourie and Morris, 2004), due to the fact that
the Kriging methodology is based on the assumption of null VOC emis-
sions in the borders of the landfill.

All three conversionmethods used had remarkable associated statis-
tical data (standard deviation (SD) and coefficient of variation between
the data (%CV)), with constant and relatively low values. %CV values
were very similar among the three computing procedures, with average
values between 33% and 36%. Previous works reported highly variable
VOC emission fluxes, both spatially and temporally (Scheutz et al.,
2003, 2008; Barlaz et al., 2004). It has to be considered, however, that
these studies were conducted between 3 and 5 years after the land-
fills were finally covered, and the present study started at least after
17 years of the final closure of the landfill. Higher stabilization time
can have favored these lower variation rates among samples in all
the landfill. Nevertheless, these low %CV values indicate that the
sampling methodology is sound.

3.1.1. VOC familial contribution to the emission profile
Aldehydes, acetic acid, ketones, alkanes and alcohols are the families

that dominated the emission profile, comprising 45%, 19%, 10%, 9% and
8%, respectively, of the total emissions (Fig. 3). Among aldehydes and
ketones, nonanal and decanal, and acetone, respectively, are the indi-
vidual compounds that contribute more to the total emission rate.
These VOC groups are the major families generally found in waste treat-
ment facilities and in landfill biogas and their generation canbe associated
to the presence of heterogeneous waste matter at varied decomposition
degrees under oxidizing conditions (Tassi et al., 2009; Chiriac et al.,
2011). These oxygen-bearing families (aldehydes, ketones and organic
acids) are oxidized products of hydrocarbons, and therefore their genera-
tion is triggered at aerobic conditions. As it has been observed in previous
studies, their presence in landfill gas is higher in samples taken close to
the air–soil interface, namely in the surface of the landfill site (Tassi
et al., 2009).
Table 7 shows VOC weighted average contribution in respect to the
total emission (TVOC) profile (each VOC contribution to the sum of all
VOC in each sample, n=15), and their weighted average contribution
in respect to its familial emission profile (each VOC contribution to its
family in each sample, n=15). Several VOC are the main contributors
of the studied families (e.g. n-pentane and n-tetradecane in alkanes,
m + p-xylene and toluene in aromatic hydrocarbons). Additionally,
the moderate standard deviations found in this parameter indicate a
similar behavior of each compound in respect to its family in all the
area of the studied landfill.

3.1.2. Emission rate correlations
The relationships between the measured VOC emission rates were

examined statistically using the correlation analysis. The data used for
the correlation analysis were the measured emission rates obtained at
each individual measuring point at eachmeasuring time (Table 3). Sev-
eral families correlated significantly between each other (F-Snedecor,
p ≤ 0.001): alkanes vs. ketones (r2 = 0.706), halocarbons vs. esters
(r2 = 0.569), halocarbons vs. alcohols (r2 = 0.569), ethers vs. ketones
(r2=0.602), aldehydes vs. nitrogenated (r2=0.617), ketones vs. esters
(r2=0.542, p≤0.05) and aromatic hydrocarbons vs. ethers (r2=0.538,
p ≤ 0.05), suggesting a possible common source, generation and/or
formation of these compounds. On the other hand, most aromatic hy-
drocarbons and aldehyde emission rates exhibited strong correlations
with the rest of VOC of their family (Tables 8, 9). It has to be noted,
that naphthalene and methylnaphthalenes only correlate with them-
selves, and that benzene does not correlate with any other aromatic hy-
drocarbon, as it had been observed in previous studies (Kim and Kim,
2002; Kim et al., 2008). These facts indicate different sources for ben-
zene, naphthalene and methylnaphthalenes, and the rest of aromatic
hydrocarbons. Regarding aldehyde correlations, only the heavier com-
pounds correlated significantly with each other, i.e. heptanal, octanal,
nonanal and decanal.

On the other hand, 1,1,1-trichloroethane and carbon tetrachlo-
ride were strongly correlated (r2 = 0.722, F-Snedecor, p ≤ 0.001),



Table 7
Percentage of the emission rate for each VOC in respect to the aggregated emission rate,
and percentage of the emission rate for eachVOC in respect to its familial aggregated emis-
sion rate (n=15). Main contributors to the emission rates are shaded in gray.

Compound % in respect to all VOC % in respect to its family

Alkanes

Cyclohexane 0.1 ± 0.1 1.4 ± 0.7
n–Decane 0.04 ± 0.05 0.5 ± 0.5
n–Hexane 0.4 ± 0.4 3.4 ± 1.8
n–Pentane 4.4 ± 5.3 38.5 ± 25.1
n–Tetradecane 4.1 ± 1.5 56.2 ± 26.9

Aromatic hydrocarbons

1,2,3–Trimethylbenzene 0.04 ± 0.03 0.8 ± 0.3
1,2,4–Trimethylbenzene 0.2 ± 0.1 4.7 ± 1.6
1,3,5–Trimethylbenzene 0.04 ± 0.03 0.9 ± 0.3
1–Methylnaphthalene 0.03 ± 0.02 0.9 ± 0.6
2–Methylnaphthalene 0.07 ± 0.04 2.0 ± 1.3
Benzene 0.5 ± 0.4 9.6 ± 6.2
Ethylbenzene 0.2 ± 0.2 4.3 ± 2.0
m+p–Xylene 0.6 ± 0.5 13.4 ± 4.9
Naphthalene 0.07 ± 0.02 1.8 ± 0.9
n–Propylbenzene 0.01 ± 0.01 0.3 ± 0.2
o–Xylene 0.2 ± 0.2 4.2 ± 1.5
Styrene 0.1 ± 0.1 2.3 ± 1.8
Toluene 2.5 ± 1.1 54.8 ± 8.2

Alcohols

1–Butanol 1.0 ± 0.4 13.5 ± 4.4
1–Propanol 0.1 ± 0.1 1.7 ± 1.0
Ethanol 2.2 ± 2.3 24.3 ± 15.1
Ethylhexanol 2.9 ± 1.1 38.8 ± 8.8
Isopropanol 0.2 ± 0.2 2.7 ± 3.1
Phenol 1.4 ± 1.1 19.1 ± 11.7

Ketones

Acetone 9.2 ± 5.8 91.0 ± 5.1
Cyclohexanone 0.3 ± 0.1 4.2 ± 2.4
Methylethylketone 0.3 ± 0.4 3.0 ± 4.3
Methylisobutylketone 0.2 ± 0.1 1.8 ± 0.8

Halocarbons

1,1,1–Trichloroethane 0.02 ± 0.01 1.2 ± 0.6
1,2–Dichloroethane 0.1 ± 0.1 5.7 ± 4.5
Carbon tetrachloride 0.4 ± 0.1 24.9 ± 14.2
Chlorobenzene 0.01 ± 0.02 0.6 ± 0.7
Chloroform 0.4 ± 0.2 19.7 ± 14.4
Dichloromethane 0.2 ± 0.2 12.4 ± 8.9
o–Dichlorobenzene 0.003 ± 0.003 0.3 ± 0.4
p–Dichlorobenzene 0.004 ± 0.002 0.3 ± 0.2
Tetrachloroethylene 1.0 ± 1.0 32.1 ± 22.7
trans–1,2–Dichloroethylene 0.01 ± 0.01 0.2 ± 0.4
Trichloroetylene 0.05 ± 0.03 2.6 ± 1.6

Aldehydes

Benzaldehyde 0.1 ± 0.1 0.2 ± 0.2
Decanal 18.7 ± 6.1 40.9 ± 4.3
Heptanal 0.5 ± 0.2 1.2 ± 0.3
Hexanal 0.6 ± 0.3 1.5 ± 0.8
Nonanal 22.2 ± 7.5 48.9 ± 4.0
Octanal 3.2 ± 0.7 7.3 ± 1.4

Esters

Butyl acetate 0.2 ± 0.1 20.0 ± 10.2
Ethyl acetate 0.6 ± 0.4 65.0 ± 12.8
Methyl acetate 0.1 ± 0.1 14.9 ± 5.3

Terpenoids

α–Pinene 0.2 ± 0.1 38.6 ± 15.3
β–Pinene 0.1 ± 0.1 23.6 ± 11.1
D–Limonene 0.2 ± 0.2 28.5 ± 21.1
p–Cymene 0.05 ± 0.04 9.4 ± 7.0

Ethers

tert–Butyl ethyl ether 0.8 ± 0.8 92.2 ± 8.9
tert–Butyl methyl ether 0.1 ± 0.1 7.8 ± 8.9

Nitrogenated compounds

Acetonitrile 0.0003 ± 0.0007 0.2 ± 0.7
Cyclohexane isocyanato 0.1 ± 0.1 96.5 ± 1.9
Cyclohexane isothiocyanato 0.002 ± 0.001 3.2 ± 1.9

Sulfur compounds

Carbon disulfide 0.2 ± 0.3 –

Furans

Tetrahydrofuran 0.1 ± 0.2 –

Carboxylic acids

Acetic acid 18.7 ± 7.5 –
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indicating in this case a single source for this pair of compounds.
1,1,1-Trichloroethane and carbon tetrachloride uses and properties
are similar, they have been mainly employed as solvents, cleaning
and degreasing agents, refrigeration fluids and propellants. It has to be
taken into account that 1,1,1-trichloroethane replaced carbon tetra-
chloride in many of its uses around 1960 due to its less toxic character
(Doherty, 2000). Their vapor pressures (at 20 °C) and boiling points
are also highly similar, being 100mmHg and 74.1 °C, and 91.3mmHg
and 76.7 °C for 1,1,1-trichloroethane and carbon tetrachloride, respec-
tively. The observed higher concentrations of carbon tetrachloride in re-
spect to 1,1,1-trichloroethane could be explained by a higher volume of
buried waste containing this chlorinated compound, as several studies
have pointed out that carbon tetrachloride degradation and/or de-
chlorination is generally faster than that of 1,1,1-trichloroethane
(Doong and Wu, 1996; Choi et al., 2009).

3.1.3. BTEX ratios
Each landfill presents its concrete and unique emission pattern,

mainly due to particular characteristics such as type of buriedwaste, op-
erational conditions, time passed since its closing, base soil and cover
types, topography and climatology. However, benzene, toluene, ethyl-
benzene and xylene (BTEX) ratios have been generally used to establish
possible emission sources (Zou et al., 2003; Wang and Zhao, 2008;
Durmusoglu et al., 2010). In the present study, surface emission BTEX
average ratio with ethylbenzene based normalization was 4:18:1:5. In
other studies evaluating landfill emissions, the BTEX ratio has been
found highly variable, e.g. 0:1:1:4 or 7:44:1:23 (Scheutz et al., 2003,
2008; Barlaz et al., 2004). Additionally, in landfill atmospheric environ-
ments this ratio presents values of 1:5:1:1 (Durmusoglu et al., 2010);
4:6:1:2 and 3:5:1:2 (Zou et al., 2003); and 1:8:1:3 and 2:9:1:2 (Kim
and Kim, 2002).

Benzene to toluene (B:T) ratio could be a better variable to evaluate
emission sources. B:T in the collected samples range from 0.1 to 0.4,
with an average value of 0.2 ± 0.1. In landfill gas and in landfill sur-
rounding atmospheres, this ratio is usually found around 0.1–0.2 (Kim
and Kim, 2002; Kim et al., 2008; Tassi et al., 2009; Durmusoglu et al.,
2010), whereas other sources such as traffic present B:T values general-
ly N0.5, ranging from 0.3 to 2.0 (Simon et al., 2004; Han and Naeher,
2006; Schnitzhofer et al., 2008; Wang and Zhao, 2008; Wang et al.,
2013), highly depending on fuel composition. The B:T ratio obtained
from the emission rates of the studied landfill is related to the dif-
ferent sources of benzene and the rest of aromatic hydrocarbons
in the disposed waste, as it has been explained in the previous sec-
tion. This suggests that the factors that regulate aromatic hydrocar-
bon distributions in the landfill emissions are different from those
typical found in urban areas, where benzene emissions are more re-
lated to motor vehicle exhausts (Kim and Kim, 2002; Lan and Binh,
2012). The B:T ratios found could be linked to buried waste types
such as asphalts, degreasing agents, paints and dry cleaning prod-
ucts (Vega et al., 2000).

3.2. Influence of environmental conditions

Ambient atmospheric pressure fluctuations and wind interaction
with the terrain have been observed to cause gas movement through
the unsaturated porous medium of the soil surface, causing pressure
pumping and the possibility to generate considerable heterogeneities
in the pollutant emission fluxes determined in different soil surfaces
(Czepiel et al., 2003; Takle et al., 2004; Rochette, 2011). The rate of
change in atmospheric pressure and landfill gas emissions has been
inversely correlated in several studies, expecting higher emissions
when the atmospheric pressure decreases (Gebert and Groengroeft,
2006; Einola et al., 2009). In the present study, atmospheric pressure
variations were small, ranging from 1008 to 1018hPa, with an aver-
age value of 1013±3hPa. There was neither a significant correlation
between the obtained VOC emission rates and the atmospheric



Table 8
Correlation coefficients (r2) of the emission rates of the different aromatic hydrocarbons studied (n = 15). Bold values correspond to significant correlations (F-Snedecor,
p b 0.001).

Aromatic hydrocarbons 1,2,4-TMB 1,3,5-TMB 1-MNPT 2-MNPT Benzene Ethylbenzene m+ p-Xylene Naphthalene n-Propylbenzene o-Xylene Styrene Toluene

1,2,3-TMBa 0.954 0.856 0.206 0.247 0.056 0.924 0.859 0.590 0.825 0.838 0.966 0.783
1,2,4-TMB 0.924 0.203 0.203 0.092 0.950 0.942 0.522 0.848 0.929 0.939 0.809
1,3,5-TMB 0.247 0.225 0.142 0.893 0.916 0.466 0.879 0.904 0.851 0.869
1-MNPTb 0.810 0.004 0.245 0.193 0.586 0.171 0.176 0.164 0.216
2-MNPT 0.007 0.267 0.162 0.814 0.198 0.140 0.209 0.285
Benzene 0.121 0.184 0.033 0.145 0.212 0.030 0.341
Ethylbenzene 0.959 0.562 0.864 0.939 0.928 0.864
m+ p-Xylene 0.413 0.840 0.997 0.851 0.845
Naphthalene 0.443 0.381 0.525 0.544
n-Propylbenzene 0.824 0.825 0.882
o-Xylene 0.826 0.838
Styrene 0.748

a Trimethylbenzene.
b Methylnaphthalene.
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pressure nor between the emission rates and atmospheric pressure
changes.

On the other hand, underestimation of emissions due to chemical re-
actions and physical phenomenon has been observed when high values
of relative humidity (N90%) have been tested,mainly as a cause ofwater
condensation and water film formation on the sampling device (Kolari
et al., 2012). Relative humidity recorded during the sampling campaign
ranged from 37 to 68%, with an average value of 56±9%. As in the pre-
vious case, no significant correlations were found between VOC emis-
sion rates and relative humidity.

Additionally, several studies have perceived an increase in pollutant
emissions when temperature increases inside the sampling chamber, in
the atmospheric surrounding of the landfill and/or in the soil surface
(Park and Shin, 2001; Zou et al., 2003; Durmusoglu et al., 2010; Kolari
et al., 2012). In the present study, aldehyde emissionswere significantly
correlated (F-Snedecor, pb0.001)with temperature. Due to the great fa-
milial contribution of these compounds to the total emission rate (45%),
total emission rate also correlated significantly (F-Snedecor, p b 0.001)
with temperature. Nonetheless, the rest of VOC emission rates did not
correlate with temperature.
3.3. Calculation of average TVOC emissions from the landfill

The average TVOC emission from the studied landfill per unit of time
can be calculated using the three procedures presented in Section 3.1.
Total VOC emissions were 237±48, 222±46 and 77±17gday−1 for
Global, Tributary area and Kriging procedures, respectively. The spatial
distributions of TVOC emissions in the studied landfill for the three
data processing methodologies, Global, Kriging, and Tributary area, are
presented in Fig. 4. The Global figure shows the averaged global emis-
sion TVOC value, which has been obtained averaging all the experimen-
tal TVOC emission values for each one of the five sampling points. The
Table 9
Correlation coefficients (r2) of the emission rates of the different aldehydes (n=15). Bold
values correspond to significant correlations (F-Snedecor, p b 0.001).

Aldehydes Decanal Heptanal Hexanal Nonanal Octanal

Benzaldehyde 0.459 0.396 0.228 0.313 0.377
Decanal 0.845 0.260 0.901 0.779
Heptanal 0.512 0.812 0.777
Hexanal 0.145 0.232
Nonanal 0.822
Kriging figure shows the triangle-linear interpolated values using the
average values for each one of the five sampling points, and with zero
values at the outside of the emission area considered. The Tributary
area figure presented has been also obtained using the average values
at the five sampling points. These last two figures are presented only
to visualize the different methods used, as all the possible combinations
of the data obtained at each individual sampling point were used in the
statistical calculation. As it should be expected, the total emission from
the lastly filled bucket (South) (years 1988–1995) is higher than the
one from the older section in the landfill (North andNorth-East buckets,
years 1982–1988), as can be seen in Kriging and Tributary area graphics
plotted in Fig. 4.
4. Conclusions

The evaluation of atmospheric emissions of a wide range of VOC
from a closed industrial landfill has corroborated the good performance
of the presented self-designed flux chamber. VOC sampling usingmulti-
sorbent tubes and analysis through TD–GC/MS is a very versatile meth-
od for the analysis of these compounds at very low levels, being satisfac-
tory sensitive, selective and reproducible. At the same time, surface
emission rates of sixty VOChave been determined for a closed industrial
landfill, generating a valuable database that can be useful in future stud-
ies related to industrial landfill management. The analysis of the results
through Global and Tributary area methodologies presented consider-
ably similar values, with total VOC emissions of 237 ± 48 and 222 ±
46 g day−1, respectively; however, Kriging obtained values were lower,
77±17gday−1. The total emission from the lastly filled bucket is higher
than the emission from the older section in the landfill, as it could be
expected.
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Fig. 4. Spatial distribution of TVOC emissions in the studied landfill. A) Global, B) Kriging,
C) Tributary area.
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