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Abstract

Variation of volatile organic compound (VOC) concentration and composition in an active landfill were monitored by a devel-
oped static chamber for 2 years. The landfill gas from 82 sampling points including 70 points on working face, 8 points on
geomembrane (GMB), and 4 points on final cover were analyzed for VOCs by GC-MS. Twenty-eight types of VOCs were
detected, including terpenes, sulfur compounds, aromatics, hydrocarbon, oxygenated compounds, aldehyde compounds, and
halogenated compounds. Terpenes were the dominant VOCs recorded in the spring, autumn, and winter seasons, whereas sulfur
compounds dominated in the summer season. Limonene, ethyl alcohol, and acetone were identified as the main VOCs emitted
from the waste working face of the landfill. Limonene dominated the terpenes with a maximum concentration of43.29 ug m™ in
the autumn season. Limonene was also the dominant VOC escaping from the defects of geomembrane temporary cover reaching
an average concentration 38 pg m °. The defects of geomembranes can be a great emission source of VOCs. Emission rate of
limonene was 2.24 times higher than that on the working face. VOC concentrations on the final cover can be 166 times less than
those obtained on the working face. VOC emitted from the landfill did not represent a health threat for human health. However,
concentrations of methyl mercaptan and ethanethiol on the working face were 3.4-22.8 times greater than their odor threshold,
which were the main compounds responsible for odor nuisance. Results obtained from CALPUFF model indicated that methyl
mercaptan and ethanethiol would not be a nuisance for the residents around the landfill. However, these compounds are harmful
to the workers on the landfill.
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Introduction

Landfill gas generated by wastes decomposition is generally
composed of 50-60% methane, 40% carbon dioxide, and less
than 1% volatile organic compounds (VOCs) (Kreith 1995).
VOCs have become a growing environmental concern due to
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their possible impact on human health and contribution to
odor formation (Fielder et al. 2001; Shin et al. 2002; Dincer
et al. 2006; Hamoda 2006; Xie et al. 2015a, 2015b; Avaliani
etal. 2016). Guo et al. (2017) detected 71 volatile compounds
in a landfill site in China through collecting air samples and
GC-MS analysis. The main VOCs released from landfills are
oxygenated compounds, hydrocarbons, halogenated com-
pounds, aromatics, sulfur compounds, and terpenes (Keller
1988; Shin et al. 2002; Shafi et al. 2006; Duan et al. 2014;
Gonzalez et al. 2013; Lu et al. 2015). Duan et al. (2014)
reported that limonene, butane, toluene, and
trichlorofluoromethane were recognized as the most abundant
compounds on the waste working surface of a landfill in
Beijing, China. The samples were collected with a specially
designed sampler (SOC-01; National Key Laboratory of Odor
Pollution Control of EPA-China) at a height of approximately
1.5 m above the working surface of the landfill. Ethyl alcohol,
a-piene, hydrogen sulfide, dimethyl sulfide, limonene, methyl
mercaptan, dimethyl disulfide, and diethyl sulfide were
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reported as the major odor-causing compounds on the waste
working face of a typical flat sanitary landfill in northern
China by Lu et al. (2015) in a 2-year-long case study by
collecting air samples at a height of 1.5 m above the surface.
The samples were analyzed by GC-MS. Furthermore, their
results showed that odor pollution was the most serious in
the spring and autumn seasons, whereas lower odor
concentrations were detected in the summer and winter
seasons. Di et al. (2013) found that the odorous gases emitted
from municipal solid waste were mainly composed of aromat-
ic gases, which accounted for 49% of the total VOC concen-
trations by using the human sensing technologies and GC-
MS. Gonzalez et al. (2013) identified 42 VOCs following
the European Standard EN 13725 (EC 2003) for the determi-
nation of odor concentrations, which included alkanes (19—
62 pg m ), aldehydes (65-98 ng m>), ketones (78—
129 pg m?), alcohols (67-78 nug m 2), esters (25—
33 ug m ), BTEX (83-106 pg m ), halogenated com-
pounds (16-39 pg m ), terpenes (1.4-2.4 pg m>), and re-
duced sulfur compounds (2.6-4.2 pg m>) from a landfill
located on the island of Mallorca (Balearic Islands, Spain).
Liu et al. (2016) used a wind tunnel system to investigate
the VOC emission rates from the working face of a landfill
in Beijing, China. They showed that oxygenated compounds
appeared to be the major compounds. Saldarriaga et al. (2014)
investigated the VOC concentration in the air inside a
composting pile and found that monoaromatic hydrocarbons
represented a higher risk to health because of their
concentrations and persistence. In addition, waste bins are
also an important source of VOCs. Controlled field
experiments were carried out by Agapiou et al. (2016) to
monitor the emissions of three plastic commercial household
waste bins. It is found that VOC emissions are strongly de-
pendent on the waste material. Terpenes and di-limonene play
a prominent role in the “pre-compost” odor. Statheropoulos
et al. (2005) investigated VOC evolution in urban waste dis-
posal bins in different situations. The results indicated that the
most prominent VOCs were decane, acetic acid ethyl ester,
limonene, nonane, ethanol, benzene, 1,2,4-trimethyl, and
undecane. High levels of alkanes, alkylbenzene, and terpenes
are responsible for undesirable odors.

Toxicological relevance of VOCs is related to their high
volatility and solubility. VOCs enter the organism through
inhalation and absorption through the skin and affect primarily
the central and peripheral nervous systems (Vallejo and Baena
2007). The effect of VOCs on the human organ is not a simple
sum of the single compound but can sometimes include syn-
ergy or antagonism of the VOC compounds (Lazarus et al.
2008). VOC exposure can not only cause acute irritation of
human organs, headache, and difficulty focusing (Blount et al.
2006) but also can lead to carcinogenicity and damage to the
liver, kidneys, and central nervous system in the long term. In
particular, VOC emissions from landfill can increase the levels

of carcinogenic benzene to be greater than the air quality limits
(5 ug m for the annual average concentration) established
for human health protection (EEA—European Environment
Agency 2008). Besides, some types of VOCs such as cyclic
alkenes and sulfur-containing VOC are responsible for the
unpleasant smell and odor nuisance (Zou et al. 2003).

Static chamber techniques have been most widely used to
measure concentration and emission rate of landfill gas
(Gallego et al. 2014; Obersky et al. 2018). Obersky et al.
(2018) used the static chamber method to measure the flux
of the molecular and isotope species at the landfill cover
surface to determine emission rates of CH4 and CO,.
Gallego et al. (2014) used a self-designed cylindrical flux
chamber to measure VOC surface emissions in a closed in-
dustrial landfill in Spain. The static chamber measurement
approach is inexpensive, simple, and highly sensitive at de-
tecting even small fluxes (Schroth et al. 2012). The drawback
of static flux chambers is that it may be influenced by the
increase in pressure due to chamber installation, leading to
the underestimation of pollutant’s emission rates (Hudson
and Ayoko 2008).

This paper presents the outcome of a field investigation
conducted to evaluate VOC migration through the waste
working face, the geomembrane temporary cover, and final
cover system at a landfill in Hangzhou, China. This landfill
received much higher amounts of waste than anticipated (e.g.,
1,903,408 tons in 2016) and prompted a major investigation
on potentially high amount of VOCs generated due to the high
contents of food waste present in the waste stream and grow-
ing concern of the communities located near or downstream of
the landfill about odor pollution. The Gaussian dispersion
model was then used to assess the diffusion distance of the
VOCs with high emission rates.

Materials and methods
Landfill description

The landfill in Hangzhou is the first standardized valley-type
municipal solid waste (MSW) landfill constructed in China.
Satellite image of the landfill is shown in Fig. 1. It is located in
the city of Hangzhou, east of China (see Fig. 1). The residen-
tial areas are 3—5 km away from the site. The landfill site has
often been complained of olfactory nuisances. The second
stage of the landfill went into service in 2007 after the closure
of the previous first landfill. The landfill currently accommo-
dates about 6000 tons of MSW per day. The amount of waste
received is increasing every day, reaching a peak of 7200 tons
in October 2016. Food waste generally constitutes about 60%
of the total weight in the MSW (Zhan et al. 2017). The work-
ing face is about 3000 m?. The final cover system consists of a
0.3-m gravel (gas collection layer), 0.4 m compacted clay liner
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Fig. 1 Location and satellite image of the landfill. (a) working face; (b1) temporary black HDPE covers; (b2) temporary green HDPE covers; (¢) final
cover system

@ Springer



Environ Sci Pollut Res (2019) 26:18162-18180

18165

(CCL), 1.5-mm high-density polyethylene (HDPE)
geomembrane, geotextile, 0.6 m CCL, and a 0.2-m loamy soil
as a vegetative soil layer. The temporary cover of the landfill
only consists of a 1.5-mm HDPE geomembrane.

Several measures were taken to control odor and gas emis-
sions from this landfill which included covering the
compacted waste with a temporary 1.5-mm HDPE
geomembrane liner except for the working face (i.e., the open
cell), collecting landfill gas for power generation, and equip-
ping the leachate treatment facilities such as the regulating
reservoir and the aeration tank with a gas collection system
(Ding et al. 2012).

In Hangzhou, the spring consists of March, April, and May.
Summer consists of June, July, and August. Autumn consists
of September, October, and November. Winter consists of
December, January, and February. The meteorological condi-
tions during sampling are shown in Table 1. Average temper-
ature in Hangzhou in summer is the highest. It can reach about
28 °C. The temperature in winter is the lowest with approxi-
mately 7 °C. The total precipitation is 525 mm in winter,
which is about 10 times less than that in spring, summer,
and autumn. The wind roses for this landfill in four seasons
during the year 2015-2016 can be seen in Fig. 2. Wind direc-
tions were dominant by east direction in spring and summer. It
is indicated from Table 1 that the average wind speeds for the
two seasons were 1.68 m/s and 1.78 m/s, respectively. The
wind direction in autumn was not fixed. It mainly consisted
of northeast wind and southwest wind (see Fig. 2). The aver-
age wind speed in autumn was 2.0 m/s (see Table 1). Wind
directions in winter were dominant by northeast and northwest
direction (see Fig. 2). The average wind speed in winter was
1.9 m/s (see Table 1).

Gas sampling

The static chamber, Tedlar bags, and pump were used to col-
lect landfill gas from selected locations. The volume of the
Tedlar bag is 0.5 L. Both the pump (GP-2000) and Tedlar bags
were provided by Huibin Instrument Company in Shanghai,
China. The chamber used in this study was in-house made,
consisting of a glass cylinder and a steel pedestal (see Fig. 3).
The chamber is 550 mm high and with a diameter of 400 mm.
Once the chamber was placed on the sampling location, the

groove in the steel pedestal was filled with water to keep the
chamber sealed. All of the valves were then shut off to allow
gas to accumulate in the chamber. The landfill gas was sam-
pled every 10 min for the duration of 30 min. Samples were
transported to the laboratory and analyzed within 24 h by GC-
MS. The 82 sampling points were positioned on the landfill
slope, the road side, and the sides of gas collection wells. They
are distributed on the waste working face (70 points), the
geomembrane temporary cover (8 points), and the final cover
system (4 points). The sampling process was conducted se-
quentially. Two sampling chambers were used at the same
time. Sampling on the working face takes 2 days. Sampling
on the temporary cover and final cover usually takes 1 day,
respectively. Therefore, it takes 4 days for one sampling cam-
paign in a single season when sampling at the three places was
conducted at the same season.

The gas emission rate was determined by the following
Egs. (1) and (2) (Senevirathna et al. 2006):

VCiin = VC, + j SAt (1)
, VAC

;_vac )
I =S5 (2)
where

AC = Ct+AFCz (3)

where Vis the volume of the chamber (m3), tis time (min), &4¢
is the time interval during the two samples, C, is the gas con-
centration at time ¢ (mg/m°) in the chamber, C, , ., is the gas
concentration at ¢ + 2¢ (mg/m3 ), S is the area of the chamber
base (m?), and /' is the gas flux (mg/m*/h).

The gas flux j at temperature 7'should be corrected accord-
ing to the environment temperature 7 (°C):

/ 273

‘:. —_— 4
A ()

Take the determination of benzene flux for example. When
the chamber was placed and everything is ready, one gas sam-
ple was obtained immediately. Concentration of benzene at
this time was C,. The gas was sampled every 10 min until
four samples were obtained. The concentrations C} ¢, C,p, and
C3o represent the ones at 10 min, 20 min, and 30 min,
respectively. The interval time was chosen to be 10 min

Table 1 Meteorological conditions during sampling campaigns

Time Wind speed (m/s) Average air Relative humidity (%) Total precipitation (mm) Atmospheric pressure (Pa)
temperature (°C)

Spring 16815 171 £5.7 73.8 +20.1 6013 10,093.6 £ 61.3

Summer 178+ 1.4 284 +4.5 76.7 £ 15.7 5584 10,001.4 + 45.7

Autumn 20+ 1.4 193 £6.0 82.1 £ 14.5 5470 10,116.1 + 69.0

Winter 19+13 7.6+54 71.61 £20.4 525 10,205.0 + 58.8
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Fig. 2 Wind roses for landfill site in the four seasons from July 2015 to June 2016: (a) spring; (b) summer; (¢) autumn; (d) winter

to avoid pressure build-up in the chamber. Benzene flux
can then be determined by Eq. (2). Temperature during
sampling can be obtained by the thermometer. The final
benzene emission flux can be obtained through Eq. (3)
with the real-time temperature.

GC-MS analysis
Process of GC-MS analysis

The gas samples collected from the static chamber were first
pre-concentrated by cryogenic liquid nitrogen to 1 mL in

@ Springer

ventilation, in accordance with EPA TO14 (US-EPA 1999).
The gas composition was determined by gas
chromatography—mass spectrometry (GC-MS). The gas sam-
ples were analyzed using a gas chromatography (GC) (Agilent
7890N; Agilent, USA) equipped with a mass selective detector
(Agilent 5975 inert MSD; Agilent, USA) and a thermal
desorber (Tekmar, Aerotrap 6000, USA). The cryo trap capil-
lary was a 22-cm part of a 0.53-mm id, AT-Q, Q-PLOT column
(Alltech Associates), which was used to enhance trapping of
VOCs and consequently the chromatographic resolution.
Liquid nitrogen was used as cryogen. A 20-s heating pulse
was adopted for flash desorption of trapped analytes in the
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GC column. The heating time was short enough to prevent
extensive deterioration of the cryo trap column. The carrier
gas is helium, which is provided at 1.0 mL/min for a purity
0f 99.999%. The odor samples were desorbed for 5 min at
250 °C using helium with a flow rate of 35 mL/min. Helium
was carried through a 100-mg Tenax™ TA cryogenic internal
trap. The standard sorbent tubes are made of glass, which are
based on 2,6-diphenylene oxide. The trap was desorbed for
5 min at 250 °C. The split ratio was 1:50. The inlet temperature
was 250 °C. Ton source temperature was 230 °C. Quadrupole
temperature was 150 °C. The temperature program for odors
was initial oven temperature 30 °C, hold for 2 min; and then
increase the temperature from 30 °C to 125 °C at 10 °C/min,
hold for 30 min. The GC column HP-5 (30 m % 0.32 mm X
0.25 um) was set for three different temperature ranges, from
28 °C to 60 °C at an increasing rate of 5 °C/min, from 60 °C to
200 °C at an increasing rate of 5 °C/min, and at 200 °C for
5 min. Electron ionization (EI) was selected as ionization mode
at 70 eV. The source temperature was 180 °C. The collection
electric current was 200 pA. The source and analyzer vacuum
pressure were 1 x 10 Pa and 1 x 10°¢ Pa, respectively.

Internal standard method was used to quantify the concen-
tration of VOCs. Chromatographic peaks were identified with
the help of NIST98 library and enhanced by G170BA substance
database. The limit of detection (LOD) is three times the signal-
to-noise ratio (SNR). Limit of quantity (LOQ) is 10 times of the
SNR. The linear equation of the method was obtained through
the relation between concentration of each VOCs and its peak
area. R* of each VOCs was greater than 0.998.

Chemicals and consumables

The chemicals used in this study included diethyl ether,
methylbenzene, benzene, and n-hexadecane (Sinopharm
Chemical Reagent Co., Ltd., China). Purity of the used
chemicals was analytical reagent (AR). The standard solution
was obtained by adding 0.2 uL n-hexadecane into 1 mL diethyl
ether. Then, methylbenzene was added into the solution by
microsyringe. The standard solution was then stored in the
refrigerator below 4 °C.

Gaussian dispersion model

The Gaussian dispersion model is used internationally as the
core model to analyze landfill gas diffusion (Tagaris et al.
2003; Guarriello 2007; Ubeda et al. 2010):

1 1 (zH)* 1 (z+ H)?
et 1) 52) o 1232
(5)

where C is the gas concentration; y and z are the horizontal and
vertical distance, respectively; ¢ is the emission intensity of

odor gas (g/s); u is the speed of wind (m/s); z is the vertical
distance above the ground (m); and H is the effective stack
height (H = h + Ah, where i = physical stack height and Ah =
plume rise, m). o, and o, are functions of distance and atmo-
spheric stability, which are the Pasquill-Gifford plume spread
parameters based on stability class (Pasquill 1961). Six classes
of atmospheric stability or turbulence, known as the Pasquill
Stability or Turbulence Classes, A through F, have been de-
scribed. This is dependent on five classes of wind speed, three
daytime levels of insolation, and two classes of night-time
cloudiness (Pasquill 1961).
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Fig. 3 Static chamber used for monitoring of landfill gas: (a) schematic
of static chamber (mm); (b) static chamber on the working face
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Since VOC emissions from landfills are ground-level
sources, which is z=0 and H=0 in Eq. (5). Therefore, Eq.
(5) can be reduced to Eq. (6)

q 1y
C=—2 exp[-22 6
2nuoy,0, exp ( 2 05) (6)

CALPUFF model

The dispersion of the odor emission from landfill can also be
evaluated by the CALPUFF model (California Puff Model).
CALPUFF is an air quality model utilized to process chemical
transportation and the dispersion of air pollutants emitted from
stacks, landfills, vehicles, and ponds. CALPUFF Model is a
multi-layer, multi-species non-steady-state puff dispersion
model, which considers the effect of time, space variations,
and meteorological conditions on pollutant transport, transfor-
mation, and removal. It is able to treat stagnation, multiple-
hour pollutant build-up, recirculation, and causality effects
which are beyond the capabilities of steady-state models.
CALPUFF can be applied on scales of tens to hundreds of
kilometers. The algorithms for subgrid scale effects (such as
terrain impingement) and longer-range effects, such as pollut-
ant removal due to wet scavenging and dry deposition, chem-
ical transformation, and visibility effects of particulate matter
concentrations, are included in the model (US EPA 2015).
CALPUFF model is one of the three models recommended
by the national guidelines of China (HJ2.2-2008). Therefore,
dispersion of methyl mercaptan and ethanethiol was also cal-
culated by the CALPUFF model.

CALPUFF includes three major components: CALMET,
CALPUFF, and CALPOST (Scire et al. 2000). CALMET is a
meteorological model that develops hourly wind and tempera-
ture fields on a three-dimensional gridded modeling domain.
The associated two-dimensional fields such as mixing height,
surface characteristics, and dispersion properties are also in-
cluded in the file produced by CALMET. Proceeding with an
analysis through CALPUFF requires CALMET’s processed
output data files. CALPOST processes the generated output
data files from CALPUFF and provides the simulation results.
The results obtained from the model were compared with that
from Gaussian dispersion model. Meteorological data was pro-
vided by meteorological station on the landfill.

Results and discussions

Composition and concentration of VOCs on working
face

A total of 28 VOCs from 50 points and 134 gas samples were
identified during July 2015 to April 2017. The experimental
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data over four seasons are listed in Tables 2 and 3 and shown
in Fig. 4. The detected compounds include hydrocarbon (e.g.,
butane, methylheptane, and heptane), aromatics (e.g., ben-
zene, toluene, ethylbenzene, and xylene), terpenes (e.g., lim-
onene and pinene), halogenated compounds (e.g.,
dichloropropane, trichloroethylene, and tetrachloroethylene),
oxygenated compounds (e.g., acetone, methyl acetate, and
ethyl alcohol), aldehyde compounds (e.g., nonanal, propanal,
and heptanal), and sulfur compounds (e.g., methyl mercaptan,
dimethyl sulfide, ethanethiol, dimethyl disulfide, and carbon
disulfide). The relative abundance of different chemical
groups exhibited a different trend, with terpenes > sulfur com-
pounds > oxygenated compounds > aromatics > hydrocar-
bon > aldehyde compounds > halogenated compounds in
spring and winter, sulfur compounds > oxygenated com-
pounds > aromatics > hydrocarbon > terpenes > aldehyde
compounds > halogenated compounds in summer, terpenes >

oxygenated compounds > sulfur compounds > hydrocarbon >
aromatics > aldehyde compounds > halogenated compounds
in autumn. Terpenes, sulfur compounds, and oxygenated com-
pounds dominated VOC concentration in spring, autumn, and
winter. However, the results slightly changed in summer with
sulfur compounds, oxygenated compounds, and aromatics
dominating VOC concentration. Concentrations of oxygenat-
ed and sulfur compounds are mostly affected by the degrada-
tion stages of waste (Chiriac et al. 2011; Fang et al. 2012). In
the summer, degradation of waste is faster than that in other
seasons. Therefore, concentration of oxygenated and sulfur
compounds increases in summer. Greater concentrations of
VOCs were detected in summer. Temperature in summer is
the highest and atmospheric pressure is the lowest among the
four seasons, which makes faster decomposition of wastes and
higher emission rate of sulfur compounds.

Composition and concentration of VOCs are mainly func-
tion of the waste composition and the process of waste degra-
dation on the working face (Chiriac et al. 2011). Limonene
and ethyl alcohol are the indicators of fresh waste. Besides,
limonene is the major component of compost process
(Agapiou et al. 2016). The emission of aromatics and haloge-
nated compounds is mainly influenced by waste composition
such as plastic packaging and aerosol propellants because
these compositions are usually inherent substances of
MSWs. In contrast, oxygenated and sulfur compounds are
the intermediates and end products of waste in degradation
processes (Chiriac et al. 2011; Fang et al. 2012). It is indicated
in Table 3 that limonene dominated VOCs throughout the four
seasons followed by ethyl alcohol and acetone.

Terpenes
Limonene dominated the terpenes with a maximum concen-

tration of 43.29 pug m > in the autumn season. Limonene is
one of the major causes of odor nuisance (Pierucci et al. 2005;
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Table 2 Concentration of . 5

different types of VOCs in four VOCs Concentration” (ug m ~)

seasons

Spring Summer Autumn Winter

Sulfur compounds 10.21 £ 1.76 12.41 £ 1.08 5.82+£287 10.85 + 2.65
Hydrocarbons 4.83 +1.09 4.84 £ 0.50 473 £2.59 497 = 1.16
Aldehyde compounds 251 +0.64 229 +£0.24 226+ 1.18 2.52+0.73
Oxygenated compounds 10.03 £ 1.95 10.10 + 1.38 9.39 £4.89 1029 +£ 2.11
Aromatics 7.32 £ 1.40 7.02 £ 1.44 5.61 £2.78 7.25 + 1.54
Halogenated compounds 1.60 = 0.43 1.37 £0.38 1.55+0.95 0.56 £ 0.27
Terpenes 18.02 + 2.06 3.11 £ 0.80 43.50 + 12.60 19.74 + 2.42
*Mean + SD

Sadowska-Rociek et al. 2009; Fang et al. 2012). The average
concentrations for limonene were 17.78 ugm >, 2.90 pg m >,
and 19.56 pug m° in the spring, the summer, and the winter,

respectively. Limonene concentration range detected on other
landfills is 0.1-162 ug m > (Zou et al. 2003; Davoli et al.
2003).

Table 3 Composition and

concentration of VOCs in four VOCs Concentration® (g m )
seasons
Spring Summer Autumn Winter

Methyl mercaptan 2.54 +£0.82 3.19+£0.34 0.47+0.20 277 +£0.93
Dimethyl sulfide 2.84 +0.78 372 £0.51 0.36+0.23 322+ 1.15
Ethanethiol 0.53 £ 0.32 031 +0.12 0.28+0.17 0.45+0.25
Dimethyl disulfide 248 +0.74 3.12 £ 0.55 2.81+1.42 2.61 +091
Carbon disulfide 1.77 + 0.60 2.08 £0.22 1.90+1.10 1.78 + 0.70
Butane 125 +£0.27 1.27 £0.15 1.12+0.60 1.23 £0.21
Ethyl butane 0.52 +£0.23 0.55+0.14 0.43+0.33 0.52 £ 0.20
2-Methylheptane 1.41 £ 0.50 1.27 £ 0.02 1.37+0.84 1.27 £0.20
3-Methylheptane 1.59 £ 0.62 1.72 £ 037 1.73+1.01 1.72 £ 037
Heptane 0.06 £ 0.02 0.04 £ 0.01 0.09+0.14 0.05 £ 0.01
Heptanal 1.89 £ 0.63 1.79 £ 0.27 1.87+0.98 1.95 +£0.74
Nonanal 0.54 + 0.15 0.45 +0.08 0.35+0.20 0.49 +0.14
Propanal 0.08 + 0.04 0.05 = 0.02 0.05+0.03 0.07 = 0.08
Ethyl alcohol 5.03 £1.45 533 £ 1.06 4.43+236 522+ 1.55
Acetone 4.67 = 1.06 449 +0.78 4.62+2.51 4.80 = 0.98
Methyl acetate 0.34 +£0.13 0.28 £ 0.06 0.34+0.20 0.27 £ 0.10
Benzene 0.09 +£0.23 0.04 £ 0.01 0.04+0.03 0.04 +0.01
Toluene 1.44 £0.28 1.44 +£0.25 1.34+£0.66 1.41 £0.29
Ethylbenzene 0.53 +£0.18 0.40 £ 0.09 0.36+0.19 0.49 +0.12
Xylene 2.58 +0.84 282+ 1.16 2.53+1.40 2.75 +0.96
3-Ethyltoluene 0.83 +0.28 0.67 £0.14 ND 0.81 +0.30
4-Ethyltoluene 021 £0.08 0.13 +£0.02 ND 0.14 £ 0.04
Tetrachloroethylene 0.42 +0.11 0.37 £ 0.08 0.31+0.18 0.35 + 0.09
Trichloroethylene 0.53 +0.17 045 +0.12 0.57+0.42 0.56 + 0.27
Dichloropropane 0.64 £ 0.33 0.56 £ 0.28 0.66+0.45 0.59 £ 0.38
Pinene 0.20 £ 0.08 0.18 £ 0.04 0.17£0.10 0.16 £ 0.05
Naphthylene 0.05 £ 0.03 0.03 £ 0.01 0.05+0.03 0.03 £ 0.01
Limonene 17.78 + 2.08 2.90 £+ 0.08 43.29+12.49 19.56 + 2.42
#Mean = SD

ND, not detected
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Limonene is a compound representative of the emissions
from fresh or green waste (Davoli et al. 2003; Sadowska-
Rociek et al. 2009) or the intermediate products of aerobic
reaction (Eitzer 1995). Apart from fresh food and green waste,
air fresheners and fragrant household detergents are other
sources of direct terpene emissions (Zou et al. 2003).
Limonene can be produced by linalyl acetate and neryl ace-
tate. Linalyl acetate is found in cocoa, celery, grape, kelp,
peach, linalyl, and jasmine. Neryl acetate is edible essence
specified by GB 2760-2011 in China (MHPRC 2011) and is
widely used in essence preparation of fruits. Therefore, limo-
nene can be generated during the process of food waste deg-
radation. The high content of food waste (i.c., about 60%) in
Hangzhou landfill is the main cause of the high concentration
of limonene. The significant high level of limonene detected
in the autumn can be attributed to the large amount of waste
generated from the traditionally large consumption of citrus
fruits in Hangzhou during that period of the year. Wang and
Wu (2008) and Wu and Wang (2015) indicated that even small
amounts of citrus fruits can contribute to high limonene
emission.

Sulfur compounds

Composition and concentration of sulfur compounds are
shown in Tables 2 and 3 and Fig. 4. Sulfur compounds com-
prise 10.7-30.2% of VOCs detected on the working face. The
highest concentration of sulfur compounds was found in the

34.02%
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(©

12.77%

2.09%
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summer, which was 1.22 and 2.13 times greater than that
recorded in spring and autumn, respectively. Sulfur com-
pounds were dominated by methyl mercaptan and dimethyl
sulfide in spring, summer, and winter, whereas dimethyl di-
sulfide and carbon disulfide tend to be the most abundant
compounds in autumn. Methyl mercaptan and dimethyl sul-
fide are commonly known as odor-causing pollutants in land-
fills due to the fact that they usually have extremely low odor
thresholds. The mean concentration of dimethyl sulfide and
methyl mercaptan is 0.01-6.32 ug m > and 0.47-3.19 pg m >,
respectively, which is 3.4-22.8 times greater than its odor
threshold (Talaiekhozani et al. 2016). Concentrations of di-
methyl sulfide and methyl mercaptan in Hangzhou landfill
detected by Ding et al. (2012) were 1.56-5.30 pg m > and
4.64-18.52 ug m >, respectively. It is indicated that the con-
centration of VOCs decreased after 5 years of attempt to re-
duce odor nuisance caused by VOC:s, but there is still a need to
take some new measures to reduce VOCs emission due to the
fact that concentration of methyl mercaptan and dimethyl sul-
fide are still several times greater than the odor threshold.
Sulfur compounds in the working face were mostly emitted
during the process of food waste degradation and fermentation
for more than 1 year (Wu et al. 2010; Zhang et al. 2013; Zhan
et al. 2017). The emission of methyl mercaptan, dimethyl
sulfide, dimethyl disulfide, and carbon disulfide from industry
or waste-treating facilities is limited by the Ministry of
Environmental Protection of China under GB 14554-1993
(Emission Standards for Odor Pollutants) (NEPAC 1996).
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Fig. 4 Types and percentages of VOCs on working face of the landfill in (a) spring, (b) summer, (¢) autumn, (d) winter
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concentration for all samples. The average concentrations of

oxygenated compounds in the four seasons were
10.03 pg m >, 10.10 pg m >, 9.39 pg m >, and 10.29 ug m™>

in the spring, summer, autumn, and winter, respectively.
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Fig. 6 Defects on temporary HDPE cover at the landfill site

Ethyl alcohol and acetone were dominant VOCs in this
group (Table 3). The emission of oxygenated compounds
was mainly influenced by the temperature and the degree of

Table 4 Wind speed and emission rates of methyl mercaptan and
ethanethiol in four seasons

Seasons Spring Summer Autumn Winter
Wind speed (m/s) 1.68 1.79 1.98 1.88
Emission rates  Methyl mercaptan 0.585 0.615 4.38 0.483
(ughs) Ethanethiol 0.171 038 018 0378

waste degradation. Ethyl alcohol dominated oxygenated com-
pounds with mean concentration 5.03 pg m ° in the spring,
5.33 pug m ° in the summer, 4.43 pg m " in the autumn, and
5.22 ug m > in the winter. High ambient temperature and
fermentation state were responsible for the highest average
concentration of ethyl alcohol in the summer. The presence
of ethyl alcohol is due to the consequence of microbial alcohol
formation from waste substrate during the storage period un-
der nearly anaerobic conditions at low pH (Staley et al. 2006).
Significant amounts of acetone were also observed in the four
seasons. Acetone may come from fruit wastes at the early
stage of its aerobic decomposition (Wu and Wang 2015).
According to Allen et al. (1997) and Scaglia et al. (2011),
ethyl alcohol and acetone are representative compounds of
fresh waste.

Hydrocarbons

Hydrocarbons were found to be important fractions of the
VOC components with the following average concentrations
in the four seasons: 4.83 ug m > in the spring, 4.84 g m " in

Fig. 7 VOC concentration on 100 g 3
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the summer, 4.73 ug m> in the autumn, and 4.97 ug m ™ in
the winter (Table 2). Alkanes usually predominate during the
early phases of landfill activity when aerobic processes are
still dominant and methane production is limited (Parker
et al. 2002). 3-Methylheptane dominated hydrocarbon with
average concentrations of 1.59—1.73 ug m >, followed by 2-
methylheptane with average concentration of 1.27—
1.41 pug m > and butane with average concentration of 1.12—
1.27 ug m . The detected hydrocarbons are shorter chain
alkanes (< C10). This is because wastes are mostly under aer-
obic conditions on the working face. Therefore, alkanes with

low molecular weight and low solubility tend to dominate this
period (Duan et al. 2014).

Aromatics

Aromatics were also detected and comprised an important part
of the VOCs. The percentages of aromatics were 10.77% in
the spring, 14.1% in the summer, 5.81% in the autumn, and
10.25% in the winter. The highest percentage of aromatics
was found in summer. This result indicates that temperature
is the main variable affecting aromatic concentration since
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high temperature tends to cause rapid biological degradation
of organic matter (Zou et al. 2003). Xylene dominated VOCs
with an average concentration ranging from 2.53 to
2.82 ug m >, whereas Ding et al. (2012) showed that toluene
dominated VOCs with an average concentration 1.92—
60.04 pg m™> at the landfill in 2009. Benzene is a known
carcinogen. When the human body is exposed to 1 pg/m’ of
benzene, there is a lifetime risk of 4 x 107° for leukemia
(WHO 1987). However, the detected average benzene con-
centration was 25 times less than the carcinogen standard.
This indicates that benzene is not a threat for human health
on the landfill.

Variation of VOC concentration on final landfill cover

The comparison of VOC concentration on the working face
and the final cover system recorded in July 2015 and August
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2016 is shown in Fig. 5a and b, respectively. The July 2015
sampling campaign included collection of 6 gas samples from
2 sampling points on the final cover system and 36 gas sam-
ples from 12 sampling points on the working face. The August
2016 sampling campaign included 8 gas samples from 2 sam-
pling points on the final cover system and 32 gas samples
from 8 sampling points on the working face. The average
concentration of limonene on the working face is 20 and 86
times greater than that on the final cover in July 2015 and
August 2016, respectively. The average concentration for eth-
yl alcohol on the working face is 120 and 166 times greater
than that on the final cover in July 2015 and August 2016,
respectively. The VOC concentration on the working face was
2-166 times greater than that on the final cover. In July 2015,
the concentrations of limonene and ethyl alcohol on the work-
ing face were 20 and 120 times greater than that recorded on
the final cover system. In August 2016, the concentrations of
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Fig. 9 Concentration profile of methyl mercaptan in four seasons simulated by Gaussian dispersion model with class F
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limonene and ethyl alcohol on the working face were 85 and
166 times greater than that on the final cover. Toluene and
xylene were not detected in both July 2015 and August
2016. It is indicated that methyl acetate dominated VOCs on
the final cover with average concentration of 0.24 ug m >,
followed by enanthaldehyde with an average concentration
of 0.12 pg m > in July 2015. 3-Methylheptane and butane
dominated VOCs on the final cover with average concentra-
tion of 0.058 g m > and 0.053 pug m >, followed by methyl
acetate and enanthaldehyde with average concentration of
0.046 pg m > and 0.042 ug m . This indicated that there
are still VOCs emitted from the final cover. This is due to
the fact that gas collection efficiency in China’s landfill sys-
tems is relatively low, usually around 20% (Chen et al. 2010;
Sun et al. 2015). Furthermore, VOCs can transport through
geomembrane by diffusion (McWatters and Rowe 2009,
2010; Jones and Rowe 2016).
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VOC composition and concentration on holes
of temporary GMB cover

A 1.5-mm HDPE geomembrane was used to prevent direct
exposure of fresh waste to the ambient air and prevent landfill
gas emission to the atmosphere. HDPE geomembranes can be
an efficient barrier against landfill gas emission if they are
void of defects (Bouazza and Vangpaisal 2006, 2007;
Bouazza et al. 2008; Abuel-Naga and Bouazza 2009).
However, the geomembrane used in the landfill had several
holes caused during its placement on the waste and during
landfill activities (Fig. 6). Eight sampling points were located
on the positions where defects on the geomembrane were
identified. Twenty-four gas samples were collected from these
locations. Concentrations of VOCs emitted from holes in the
HDPE geomembrane cover are shown in Fig. 7. It can be seen
that limonene dominated VOC emissions with an average
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Fig. 10 Concentration profile of ethanethiol in four seasons simulated by Gaussian dispersion model with class F
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concentration of 38 pg m >, which is 6.3 times greater than
that of ethyl alcohol. The emission rate of limonene on the
holes of temporary HDPE cover was 2.2 times greater than
that on the working face. Comparison between Fig. 5b and
Fig. 7 indicates that concentration of limonene emanating
from the holes on the geomembrane cover is 5 times greater
than that on the working face, while concentration of ethyl
alcohol is 1.5 times greater than that on the working face.
This is because limonene is the intermediate products of aer-
obic reaction (Eitzer 1995). Aerobic bacteria is accumulated in
the holes of HDPE cover due to high content of oxygen
around the holes, while it is anoxic under the intact HDPE
cover without a hole.

Dispersion of methyl mercaptan and ethanethiol

The above results show that concentration of methyl mercap-
tan and ethanethiol were 3.4-22.8 times greater than their odor
threshold values. The odor threshold values of methyl mer-
captan and ethanethiol are 1.1 ppb and 0.19 ppb
(Talaiekhozani et al. 2016). The diffusion distance of methyl
mercaptan and ethanethiol away from the working face can be
determined by Egs. (5)—(6). The diffusion distance here is the
distance between the working face and the point where odor
concentration is lower than its odor threshold. Table 4 shows

£
H

)

(¢) Autumn

wind speed and emission rates of methyl mercaptan and
ethanethiol in the four seasons. The diffusion distance of
methyl mercaptan and ethanethiol in the four seasons for dif-
ferent atmospheric stability determined by Gaussian model is
shown in Fig. 8. The concentration profiles of methyl mercap-
tan and ethanethiol in the four seasons with class F are shown
in Fig. 9 and Fig. 10, respectively. The origins of the coordi-
nates in both Fig. 9 and Fig.10 stand for the working face on
the landfill. Class F represents the most stable condition for
atmosphere. It is indicated from Fig. 8 that diffusion distance
of methyl mercaptan and ethanethiol varies for different atmo-
spheric stability classes. The diffusion distance increases with
the increase of the class of the atmospheric stability. In spring,
the diffusion distances of methyl mercaptan and ethanethiol
for the cases with class A—B are 2.0 and 1.7 times less than
that for class E-F, respectively. It is also indicated from
Chemel et al. (2012) that clear sky and calm weather condi-
tions favor odor pollution events. The emission rate and met-
rological conditions in the four seasons also have effects on
the diffusion of VOCs. For methyl mercaptan, the diffusion
distance is the longest in autumn for all atmospheric class
stability class. This is due to the fact that the emission rate of
methyl mercaptan is the greatest in autumn, which is almost
10 times greater than that in winter. It demonstrates that emis-
sion rate is an important factor that influences the diffusion

(d) Winter

Fig. 11 Dispersion of ethanethiol simulated by CALPUFF model in four seasons
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distance of VOCs. Odor nuisance can be reduced by reduce
VOC emission and increase landfill gas recovery. It is reported
that metrological conditions with high temperature, low air
temperature, and high humidity will result in high landfill
gas emission rate (Duan et al. 2014; Liu et al. 2015). For
ethanethiol, its diffusion distance is the shortest in autumn
for all atmospheric class stability class. This is due to the fact
that the wind speed in autumn is the greatest. Besides, the
difference among the emission rate of ethanethiol in four sea-
sons is small. Diffusion distance of ethanethiol is approxi-
mately 1.3 times greater than that of methyl mercaptan of all
atmospheric stability class in spring, summer, and winter. This
is due to the extremely low odor threshold of ethanethiol.
Odor threshold of methyl mercaptan is 5.8 times greater than
that of ethanethiol. Diffusion distance of both methyl mercap-
tan and ethanethiol are within 500 m. The results indicate that
methyl mercaptan and ethanethiol would be a nuisance for the
people working on the landfill but not be a nuisance for the
residents living around the landfill.

Dispersion of ethanethiol and methyl mercaptan simulated
by CALPUFF model is shown in Fig. 11 and Fig. 12, respec-
tively. It is indicated that the diffusion distance of both
ethanethiol and methyl mercaptan are within the landfill
boundary. The concentration of both ethanethiol and methyl
mercaptan outside the landfill are lower than the odor

(c) Autumn

threshold. It indicates that people living near the landfill
would not be bothered by ethanethiol and methyl mercaptan.
Besides, diffusion distance simulated by CALPUFF model is
within 100 m, which is smaller than that simulated by
Gaussian model. This is due to the simplified treatment of
turbulence and meteorology in Gaussian model. Gaussian
models have been shown to consistently overpredict concen-
trations in low wind conditions (Sokhi et al. 1998; Holmes and
Morawska 2006). Furthermore, the Gaussian plume equation
assumes that there is no interaction between plumes, which
can become significant within urban environments (Holmes
and Morawska 2006).

Conclusions

The temporal concentrations of VOCs in landfill in Hangzhou,
China were monitored by the developed static chamber. The
landfill gas from 82 sampling points including 70 points on
working face, 8 points on geomembrane, and 4 points on final
cover was obtained and analyzed for VOCs by GC-MS.
Gaussian dispersion model and the CALPUFF model were
used to analyze the diffusion distance of methyl mercaptan
and ethanethiol. The main conclusions are drawn as follows:

(d) Winter

Fig. 12 Dispersion of methyl mercaptan simulated by CALPUFF model in four seasons
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1. Hydrocarbon, aromatics, terpenes, halogenated com-
pounds, oxygenated compounds, aldehyde compounds,
and sulfur compounds were detected in the landfill with
average concentration ranging from 0.56 to 43.50 ug m .
The most abundant compounds were terpenes, sulfur
compounds, hydrocarbon, and oxygenated compounds.

2. Terpenes dominated VOCs with percentage of 34.02%,
59.06%, and 37.79% recorded in the spring, autumn,
and winter seasons, while sulfur compounds dominated
VOCs with percentage of 30.18% in the summer season.
Limonene, ethyl alcohol, and acetone were the dominant
VOC:s recorded on the working face of the landfill. This is
due to the fact that the wastes on the working face were
fresh since limonene and ethyl alcohol are the indicators
of fresh waste and limonene is the major component of
compost process. Methyl mercaptan and ethanethiol are
the main VOC compounds responsible for odor nuisance.
The concentration of methyl mercaptan and ethanethiol
were 3.4-22.8 times higher than their odor threshold.

3. Limonene was the main VOC escaping from the holes
present in the geomembrane temporary cover with aver-
age concentration of 38 g m >, which is 2.14 times great-
er than that on the working face. Emission rate of limo-
nene from defects of the temporary cover was found to be
2.24 times more than that on the working face. This indi-
cates that the construction quality of geomembranes plays
an important role in mitigating landfill gas emission.

4. The VOC concentrations on the final cover can be up to
166 times less than those obtained on the working face.
This may be due to the degradation of waste below the
final cover was nearly completed. Methyl acetate,
enanthaldehyde, methylheptane, and butane dominated
VOCs emitted from the final cover system.

5. Methyl mercaptan and ethanethiol would be a nuisance
for the people working on the landfill. The diffusion dis-
tance for both of the gases simulated by CALPUFF model
and Gaussian model is within 100 m and 500 m, respec-
tively. This indicates that people living near the landfill
would not be bothered by ethanethiol and methyl mercap-
tan. The correlations between metrological conditions and
the emission and diffusion of VOCs should be further
investigated.

6. This study provides important information and database
in assessing the effect of the landfill gas emission on the
atmosphere and the environment in the Hangzhou region
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