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A B S T R A C T

Wastewater generated during pesticide synthesis is a potential source of high concentrations of volatile organic
compounds (VOCs) emissions, which would cause adverse effects on human health and the environment. Here,
we provided a comprehensive study on concentrations, health risks, and olfactory effects of VOCs emitted from a
pesticide wastewater storage tank. A total of 21 VOCs were identified, their concentrations ranged from 0.63 to
5023.83 μg/m3. Chlorinated compounds such as trichloroethylene (mean=2581.29 μg/m3) and di-
chloromethane (mean= 2309.55 μg/m3) presented the highest concentrations. Both the cumulative chronic
toxicities (514) and cancer risks (1.67× 10−3) of VOCs were up to three orders of magnitude higher than the
occupational safety limits. Trichloroethylene contributed the greatest to the cumulative chronic toxicities
(88.41%) and cancer risks (74.91%). Benzene was another compound with a high cancer risk of 3.32×10−4.
Regarding olfactory effects, triethylamine and diethylamine were the dominant contributors with a relative
olfactory perception importance of 39.93% and 34.26%, respectively. The results of fuzzy synthetic evaluation
revealed that benzene, diethylamine, trichloroethylene, dichloromethane, and triethylamine were the priority
compounds caused the overall pollution levels, health risks, and olfactory effects.

1. Introduction

VOCs emissions from anthropogenic activities are detrimental to
human health and the environment (Gu et al., 2019). Wastewater sto-
rage and treatment systems are recognized as significant sources of
VOCs (Gallego et al., 2016; Jiang et al., 2017). As listed in Table S1,
previous studies focused on the emission of specific compounds re-
leased from municipal wastewater treatment processes, such as BTEX
(benzene, toluene, ethylbenzene, and xylenes), dimethyl sulfide and
chloroform, with mean concentrations less than 100 μg/m3 (Lehtinen
and Veijanen, 2011; Widiana et al., 2017). The estimated risks of these
pollutants were within acceptable levels in most cases (Yang et al.,
2014). Compared with municipal sewage, pesticide wastewater con-
tains a wide spectrum of toxic and hydrophobic compounds (e.g.
chlorinated compounds, biocides and aromatics) (Lin et al., 2012). The
VOCs strip off from pesticide wastewater storage or treatment processes
may have more harmful compositions and higher levels. However, little

was known about these VOCs and their associated health risks until
now.

With the improvement of public environmental awareness, intoler-
ance and complaints of malodorous VOCs are increasing (Hayes et al.,
2014). The accurate identification of sensorially relevant odorants in
VOCs emissions constitutes the cornerstone for odor mitigation. How-
ever, olfactory effects varied among individual compounds due to dif-
fering odor detection thresholds (ODT) (Blazy et al., 2015). The sen-
sorial importance of odorants in a gaseous mixture can be evaluated by
odor activity values (OAV, the ratio of a single substance's chemical
concentration to its ODT) (Fisher et al., 2018). This cost-effective ap-
proach has been widely applied to identify the key odorants in sewers
(Sivret et al., 2016), landfills (Fang et al., 2012), and sludge composting
plants (Han et al., 2018). Nevertheless, the odor-causing compounds
volatilized from pesticide wastewater are much less understood.

China is the world's leading producer of pesticides with production
reaching approximately 2.94 million tons in 2017 (Duan, 2018; Grung
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et al., 2015). Pesticide residues and some biocides are being increas-
ingly discharged into wastewater storage or treatment systems, creating
a new environmental threat (Heeb et al., 2012). To date, studies re-
garding deleterious VOCs emissions from pesticide wastewater are
lacking. It is an important knowledge gap to understand the pesticides
contamination status in China and the related health risks as well as
olfactory effects, which motivate our study.

In this work, the species and concentrations of VOCs emitted from
the wastewater storage tank in a pesticide plant were determined by
Fourier Transform Infrared (FTIR) spectrometer. The US EPA's models
coupled with Monte Carlo simulation were applied to assess the ex-
posure risks of health-related VOCs. The olfactory effects and odor
contributions of individual compounds were estimated based on their
concentrations and ODTs. Key VOCs that required priority control were
screened using the fuzzy synthetic evaluation system.

2. Materials and methods

2.1. Samples collection and analysis

Sixteen sampling campaigns were performed randomly from the
wastewater storage tank located in HuaSha pesticide plant in central
China from Sep to Nov 2017. A description of the sampling site is
provided in the Supporting Information (SI). Air samples were collected
at a height of 1.5m with the vacuum pump method, based on the lung
principle (Wu et al., 2017). The ambient air was directly drawn into a
10 L Tedlar bag (Dalian Hede, China) which was placed into a tightly
closed pressure vessel through Teflon tubes. Duplicate air samples were
collected at each sampling campaign. After sampling, the bags were
transported to the lab within 48 h for analysis.

The species and concentrations of VOCs were detected using a FTIR
spectrometer (MultiGas™2030, MKS Instruments, Inc., USA), equipped
with a 5.11m effective path length of gas cell. An LN2-cooled MCT
detector was used. The flow rate of air samples entering the spectro-
meter was maintained at 1000ml/min by a mass flow controller (S49-
33M/MT, Metron, Beijing). After the system stabilized for at least 1 h,
spectra and concentration of each compound were continuously ac-
quired and processed (Wang et al., 2017). The features and spectral
analysis process of the analyzer were summarized in the SI.

2.2. Health risk assessment

In this study, 16 health-related VOCs were selected based on the
following principles: a) with detection frequency above 60%; b) clas-
sified in the 1, 2A and 2B groups by the International Agency for
Research on Cancer (IARC); and c) with confirmed reference con-
centration (RfC) and inhalation unit risk (IUR) values (Dai et al., 2017).

The inhalation exposure concentrations (ECi), hazard quotients
(HQi) for chronic toxicities and cancer risks (CRi) of health-related
VOCs were calculated as follows:

= × × ×EC C ET ED EF AT/i i (1)

= ×HQ EC RfC µg mg/( 1000 / )i i i (2)

= ×CR EC IURi i i (3)

=HI HQi (4)

=CR CRtotal i (5)

where Ci is the concentration of the specific compound i (μg/m3), ET is
the daily exposure time (hours/day), ED is the exposure duration (year),
EF is the annual exposure frequency (days/year), AT is the average life
time (hours), HQi is the hazard quotient, CRi is the cancer risk, HI is the
sum of chronic toxicities, and CRtotal is the total cancer risks. The values
of RfCi (mg/m3) and IURi ((μg/m3)−1) are taken from the US EPA
Integrated Risk Information System (IRIS) (https://www.epa.gov/iris)

and the Risk Assessment Information System (RAIS) (https://rais.ornl.
gov/), see Table S2.

When HQi < 1, there is no chronic toxicity; when HQi > 1,
chronic health hazards will occur after long-term exposure. The CRi
predicted to be less than 1.0×10−6 is defined as “negligible risk”,
larger than 1.0×10−4 and 1.0× 10−3 are considered as “un-
acceptable risk” and “significant risk”, respectively (Zhang et al., 2018).

To develop the probability distributions of risks of health-related
VOCs, Monte Carlo simulations were performed using Crystal Ball
software (v11.1.2.4), incorporating the entire range of input data (Dai
et al., 2017). Independent runs with 10,000 iterations were completed
based on the 95% confidence interval to test the stability and con-
vergence of the output (Dai et al., 2017). The probability distributions
of concentrations of health-related VOCs were determined using the
Anderson-Darling goodness-of-fit test (Table S3). Most VOCs con-
centrations were best fitted to lognormal distribution. The RfCi and IURi
were fitted to triangular distribution (Zhang et al., 2018). The values of
RfCi and IURi recommended by the US EPA were assigned to the most
likely and maximum values, and the lowest risk zero was assumed to be
the minimum. The triangular distribution was also used to describe the
input parameters e.g. ET, ED, and EF. The AT followed a normal dis-
tribution (Zhang et al., 2018). The values of the input parameters are
listed in Table S4.

2.3. Sensitivity analysis

Sensitivity analysis was conducted to estimate the contribution of
each input variable to the risk assessment results. The rank correlation
coefficients between input and output variables were presented. The
higher the absolute value of the coefficient, the greater the impact on the
estimated risk (Tong et al., 2018). A positive coefficient indicated that
the input variable was positively related to the assessment result, while a
negative coefficient showed the opposite effect (Du et al., 2014).

2.4. Olfactory effect analysis

To estimate the olfactory effect and to identify irritating VOCs, the
sensorial rank of different odorants was implemented using the odorant
prioritization matrix outlined by Sivret et al., (2016). The OAV and
detection frequency of specific odorants were compared against the
matrix. The rank levels of odorants were assigned as K (key odorant), H
(high priority), M (moderate priority), L (low priority) and N (negli-
gible). The OAV of specific odorant and its relative olfactory perception
importance were calculated using the following equations:

=OAV C ODT/i i i (6)

=SOAV OAVi (7)

=P OAV SOAV/i i (8)

where Ci is the concentration of specific compound i (μg/m3), ODTi is its
odor detection threshold (μg/m3), SOAV is the summed OAV of the
mixture odorants and Pi is the odor contribution of compound i (Wu
et al., 2017).

2.5. Key compounds prioritization methodology

The fuzzy synthetic evaluation system was used to screen and
prioritize the key compounds based on pollution levels, olfactory ef-
fects, diffusibility, and health impacts (Cheng et al., 2018). Eight factors
including chemical concentration (F1), OAV (F2), detected frequency
(F3), attention-degree (F4), vapor pressure (F5), threshold limit value
index (TLVI, the ratio of chemical concentration to threshold limit
value, F6), carcinogenicity (F7), and mean lethal dose (LD50, F8) were
considered to obtain the fuzzy synthetic index (FSI) (Cheng et al., 2018;
Khan and Sadiq, 2005).
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where i referred to the certain compound and wj,i was the weight
coefficient for factor Fj,i. The F1,i and F2,i were factors associated with
pollution level and olfactory effect, the F3,i, F4,i, and F5,i were related to
diffusibility, the F6,i, F7,i, and F8,i represented health impact of the
compound. In this study, we assigned the pollution level, olfactory ef-
fect, and diffusibility with equal weights of 0.2, while the health impact
of the compound was assigned with a higher weight of 0.4. The set of
weight coefficients was (w1,i, w2,i, w3,i, w4,i, w5,i, w6,i, w7,i, w8,i) = (0.2,
0.2, 0.2/3, 0.2/3, 0.2/3, 0.4/3, 0.4/3, 0.4/3). The related character-
istics of the VOCs and the criterion for the fuzzy synthetic evaluation
system are provided in the SI (Tables S5 and S6).

3. Results and discussion

3.1. Identification of VOCs

A total of 32 air samples were collected from the headspace of the
pesticide wastewater storage tank, 21 VOCs were detected with con-
centrations ranging from 0.63 to 5023.83 μg/m3 (Fig. 1). The major
compounds with detection frequency of 100% and relatively high
concentrations were trichloroethylene (TCE, mean= 2581.29 μg/m3),
dichloromethane (DCM, mean= 2309.55 μg/m3), diethylamine (DEA,
mean=1608.81 μg/m3), 2-ethoxyethanol (2-EE, mean= 1315.45 μg/
m3), 1,2,4-trimethylbenzene (1,2,4-TMB, mean= 1138.20 μg/m3), and
benzene (mean=384.48 μg/m3).

The identified VOCs were divided into five categories: chlorinated
compounds, oxygenated compounds, nitrogenous compounds, aro-
matics, and sulfur compounds. Chlorinated compounds had the greatest
concentration proportion of the total VOCs (40.34%), followed by
oxygenated compounds (27.37%), nitrogenous compounds (16.79%)
and aromatics (15.13%). TCE and DCM accounted for 93.50% of the

total concentration of chlorinated compounds, DEA had the highest
concentration among nitrogenous compounds (73.92%), 2-EE and me-
thyl isobutyl ketone (MIBK, mean= 929.88 μg/m3) were the dominant
oxygenated compounds (63.26% in total).

Wastewater storage and treatment processes are important sources
of VOCs emissions with BTEX and some volatile sulfur compounds (e.g.
methyl mercaptan, dimethyl sulfide) being the most common compo-
sitions (Fisher et al., 2018; Gruchlik et al., 2013; Widiana et al., 2017).
The species of VOCs detected in the storage tank were significantly
different from those in municipal wastewater treatment systems (Table
S1). In addition, concentrations of most VOCs in this work were several
orders of magnitude higher than those reported in previous studies
(Table S1). For example, the highest concentrations of TCE and DCM
detected in this study were 5023.83 and 4667.46 μg/m3, respectively,
while Niu et al. observed concentrations of DCM released from urban
wastewater pump stations in the range of ND-14.69 μg/m3 (Niu et al.,
2014). The highest concentration of TCE reported by Yang et al. in a
municipal WWTP was 0.59 μg/m3 (Yang et al., 2014). Such significant
differences in the species and concentrations of VOCs between this area
and other wastewater treatment systems may be attributed to the
sources of raw wastewater, and emission characteristics of different
compounds.

The storage tank's influent was primarily by-products of the pesti-
cide synthesis processes using large amounts of chlorinated solvents,
alcohols and ketones as reagents, intermediates, and cleaning agents
(Tabernacka et al., 2014; Zhang et al., 2011). Due to improper disposal
practices, significant amounts of chlorinated and oxygenated com-
pounds were discharged into the storage tank, thus potentially con-
tributing the excessive atmospheric emissions by diffusive volatilization
driven by the concentration gradients between the aqueous and air-
phase (Atasoy et al., 2004; Capelli et al., 2009). DEA is also an im-
portant organic intermediate that is used to produce pesticides (Grant
et al., 2015), resulting in high concentrations of the respiratory irritant
being released into the atmosphere.

Moreover, the emission of compounds from the water-phase to the
air-phase could possibly be determined by their physicochemical
properties such as Henry's coefficients (Hi). In general, a substance with

Fig. 1. Boxplot of the 21 VOCs con-
centrations. The box represents the
upper/lower quartiles and median. The
square inside the box indicate the mean.
The whiskers represent the min and max,
respectively. The dash line indicates the
detection frequency of each compound.
Abbreviation: 1,2,4-TMB: 1,2,4-
Trimethylbenzene; MIBK: Methyl iso-
butyl ketone; MeOH: Methanol; EF: Ethyl
formate; MEK: Methyl ethyl ketone; n-
PA: n-propanol; MP: Methyl propionate;
Formal: Formaldehyde; 2-EE: 2-
Ethoxyethanol; COS: Carbonyl sulfide;
DEA: Diethylamine; TEA: Triethylamine;
CTC: Carbon tetrachloride; CB:
Chlorobenzene; TCM: Trichloromethane;
DCM: Dichloromethane; TCE:
Trichloroethylene.

K. Yang, et al. Ecotoxicology and Environmental Safety 184 (2019) 109665

3



Hi value over 0.01 is considered volatile, and the higher the value of Hi,
the more volatile the substance is (Mudliar et al., 2010). The Hi values
for some of the VOCs detected in this study such as benzene, MIBK,
triethylamine (TEA), methyl ethyl ketone (MEK) and TCE were over
0.01 at 25 °C (Table S7), which enhanced the potential of these com-
pounds transferring from the water-phase to air-phase.

3.2. Health risk assessment of VOCs

The high concentrations of VOCs in the ambient air of the pesticide
wastewater storage tank may pose serious health threats to nearby
workers. The estimated exposure risks (mean, median, the 5th and 95th
percentile) of these health-related VOCs are shown in Tables 1 and 2. In
this study we used the median risks to represent the most likely sce-
narios (Jahne et al., 2015), the 95th percentile (peak) risks were used to
provide the upper-bound estimates of potential risks (Durmusoglu
et al., 2010).

3.2.1. Chronic toxicity
Among the 16 VOCs, both the median and peak chronic toxicities of

1,2,4-TMB, SO2, DEA, triethylamine (TEA), and TCE exceeded the ac-
ceptable risk value (HQ=1), indicating that these compounds require
attention. TCE showed the greatest median HQ (84.8), followed by TEA
(4.62), SO2 (4.42), DEA (3.73), and 1,2,4-TMB (1.61). The peak risks of
8 VOCs were larger than the benchmark of 1. TCE still presented the
highest peak HQ, with a value up to 414, followed by DEA (15.7), TEA
(15.1), 1,2,4-TMB (5.43), benzene (4.15), 2-EE (1.86), SO2 (1.48), and
DCM (1.17).

At the storage tank site, workers were exposed to the mixture of
VOCs, cumulative risks were calculated to evaluate simultaneous ex-
posure to all health-related VOCs (Wu et al., 2018). The sum of the
median and peak HQs (HIs) were 101 and 514, respectively, both were
hundreds of times greater than the acceptable risk value. TCE was the
major contributor to both the median (83.68%) and peak (88.41%) HIs
(Fig. S1).

3.2.2. Cancer risk
Table 2 shows the assessed cancer risks for benzene, formaldehyde,

TCE, DCM and carbon tetrachloride (CTC). The median CRs for TCE
(2.76×10−3), benzene (9.03×10−5), and CTC (3.27× 10−5) were
greater than the acceptable risk level of 1.0× 10−6. The peak CRs for
all the 5 VOCs exceeded the US EPA benchmark, and the total cancer
risk (CRtotal) estimated at the upper-bound 95th percentile was up to
1.67×10−3, indicating significant risks for the workers. TCE ac-
counted for the greatest portion of both the median (68.95%) and peak
CRs (74.91%) with benzene being another important contributor to the
CRs (Fig. S2).

The health risks of air pollutants emitted from wastewater treatment
processes were reported in previous studies (Locateli Godoi et al., 2018;
Yang et al., 2014), however these studies were restricted to several
specific compounds and overlooked the actual risks induced by the total
components. This work involved a comprehensive investigation on the
species and concentrations of VOCs released from the pesticide waste-
water storage tank and emphasized the unacceptable chronic toxicities
and cancer risks caused by the hazardous air pollutants (HAPs). In this
study, the HIs and CRs values of health-related VOCs were 2–3 orders of
magnitude higher than the occupational health limits. Long-term ex-
posure to the HAPs, especially TCE, can lead to liver damage and dis-
orders of the central nervous system (Chung et al., 2008). Therefore,
measures should be established to control the emission of hazardous
VOCs so as to ensure the safety of workers near the storage tank.

3.2.3. Uncertainty and sensitivity analysis
Sensitivity analysis was conducted to evaluate the uncertainties of

input parameters that contributed to the output (i.e. the risk levels).
The Spearman rank correlation coefficients between the input and
output were shown in the form of tornado plots (Chen and Liao, 2006).
For chronic toxicities, the exposure concentrations for most VOCs, ex-
cluding SO2, 2-EE, and TEA, had the greatest positive impacts (ranging
from 53% to 85%) on the risks estimates, whereas the values of RfC
negatively influenced the risks the most (ranging from 36% to 59%)

Table 1
Chronic toxicities of the health-related compounds.

Compounds 5% Mean Median 95%

HQ 1,2,4-Trimethylbenzene 0.54× 100 2.22× 100 1.61× 100 5.43× 100

Benzene 0.17× 100 1.48× 100 0.95× 100 4.15× 100

Methyl isobutyl ketone 0.01× 100 0.04× 100 0.03× 100 0.10× 100

Methanol 3.93× 10−5 4.09× 10−4 2.89× 10−4 1.07× 10−3

Methyl ethyl ketone 1.93× 10−3 9.99× 10−3 7.17× 10−3 2.55× 10−2

Formaldehyde 1.43× 10−3 1.75× 10−2 1.16× 10−2 4.74× 10−2

2-Ethoxyethanol 2.52× 10−1 7.75× 10−1 5.74× 10−1 1.86× 100

SO2 1.93× 100 6.13× 100 4.42× 100 1.48× 101

Carbonyl Sulfide 1.71× 10−2 1.59× 10−1 1.21× 10−1 4.36× 10−1

Diethylamine 9.06× 10−1 5.71× 100 3.73× 100 1.57× 101

Triethylamine 1.97× 100 6.36× 100 4.62× 100 1.51× 101

NH3 4.02× 10−3 5.50× 10−2 1.77× 10−2 2.05× 10−1

Carbon Tetrachloride 4.12× 10−2 1.85× 10−1 1.32× 10−1 4.62× 10−1

Chlorobenzene 2.73× 10−3 1.31× 10−2 9.27× 10−3 3.33× 10−2

Dichloromethane 9.67× 10−2 4.55× 10−1 3.06× 10−1 1.17× 100

Trichloroethylene 1.24× 101 1.51× 102 8.48× 101 4.54× 102

HI 1.83× 101 1.75× 102 1.01× 102 5.14× 102

Table 2
Cancer risks of the health-related compounds.

Compounds 5% Mean Median 95%

Benzene 1.22× 10−5 1.20× 10−4 9.03× 10−5 3.32× 10−4

Formaldehyde 5.54× 10−8 6.87× 10−7 5.50× 10−7 1.78× 10−6

Carbon Tetrachloride 7.73× 10−6 3.74× 10−5 3.27× 10−5 8.26× 10−5

Dichloromethane 1.82× 10−7 9.19× 10−7 7.60× 10−7 2.20× 10−6

Trichloroethylene 3.50× 10−5 4.16× 10−4 2.76× 10−4 1.25× 10−3

Total 5.52× 10−5 5.75× 10−4 4.00× 10−4 1.67× 10−3
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(Fig. 2). For SO2, 2-EE, and TEA, the values of exposure duration (ED)
accounted for greater contributions (ranging from 53% to 56%) to the
risks estimates.

Similarly, the exposure concentrations of benzene, DCM, for-
maldehyde, TCE and CTC had a greater influence (> 50%) than other
parameters on cancer risks (Fig. 3). The values of IUR and ED also
showed relatively greater effects on the output results.

Uncertainties are inherent in risk assessment (Dai et al., 2017; Zhou
et al., 2011). In this study, the uncertainties mainly resulted from the
exposure concentration introduced by the limited sampling size. Mon-
itoring VOCs emissions from the pesticide wastewater storage tank is a
long and complex process. The influent and water qualities of the

storage tank vary dramatically according to the pesticide production
processes, which could exert significant influence on the concentrations
of VOCs. A longer monitoring period should be designed to increase the
accuracy of measurements of concentrations for exposure assessment.
Alternatively, values of RfC and IUR were determined by linear extra-
polation methods based on observable dose responses from animal or
occupational studies, also leading to potential uncertainties (Zhou
et al., 2011).

Notwithstanding, these uncertainties could not alter the ranking of
the health-related VOCs and the results of sensitivity analysis may serve
as useful indices in practice (Dai et al., 2017). Some measures such as
reducing the exposure time and duration, wearing protective masks,

Fig. 2. Sensitivity analysis of chronic toxicities for 16 VOCs.

Fig. 3. Sensitivity analysis of cancer risks for 5 VOCs.
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and strictly controlling the inflow of pesticide compounds would be
helpful to mitigate the adverse health impacts.

3.3. Olfactory effect analysis of VOCs

Many studies have demonstrated that the emission of unpleasant
odorous gases would lead to serious nuisance complaints (Gallego et al.,
2016, Locateli Godoi et al., 2018; Zhang et al., 2017). Thus, we assessed
the olfactory effect of each compound by its OAV and detected fre-
quency and then identified the sensorial relevant odorants.

The 95th percentile OAV values were chosen to represent the upper
bounds and to exclude the low frequency episodes/disturbances (Sivret
et al., 2016). The odorant priority ranking based upon the odorant
prioritization matrix is shown in Table 3. The key odorants were TEA
and DEA, with relatively higher 95th percentile OAV values (17.66 and
15.15) and detected frequencies (81.25% and 100%). The odor con-
tribution of TEA and DEA were 39.96% and 34.26%, respectively.
MIBK, 1,2,4-TMB, n-propanol, methyl propionate, and 2-EE also
showed high olfactory priority. However, TCE and DCM, the two
compounds with the highest chemical concentrations due to their high
ODT values (3.9 and 160), only received moderate and low olfactory
priority ratings, respectively.

From an olfactory effect point of view, odorants with key and high
priority rankings were the major contributors to odor complaints, and
would therefore influence the odor abatement processes. As the con-
centrations and appearances of these compounds varied, routine mon-
itoring programs were urgently needed.

3.4. Prioritization of VOCs

The fuzzy synthetic evaluation system was used to screen the key
compounds for priority control, the comprehensive appraisal results are
shown in Table 4. The most critical compounds were benzene
(FSI=3.00) and DEA (FSI=2.73), followed by TCE (FSI=2.47), DCM
(FSI=2.47), and TEA (FSI=2.47). These compounds showed high
chemical concentration, toxicity, olfactory effect, and public concern.
Benzene is the pollutant prioritized by both the US EPA and European
Commission, having been widely detected in wastewater treatment
processes (Chen et al., 2017; Yang et al., 2014). TCE is defined as
carcinogenic to humans by the IARC. With the highest chemical con-
centration detected in this work, it posed both the greatest chronic
toxicity and cancer risk to on-site workers, therefore, it was screened as

the key substance. DCM was another significant compound due to its
high concentration and toxicity (likely carcinogenic to humans), which
would cause adverse health effects after long-term exposure. DEA and
TEA were the greatest contributors to olfactory effect, also exhibiting a
high priority among the VOCs compounds.

The application of this system provided a scientific method to
simplify monitoring efforts and develop specific monitoring sensors.
The routine monitoring programs should target compounds with high
priority, while for substances with low priority, only periodical
screenings are needed to ensure that the significance of those com-
pounds does not increase (Sivret et al., 2016).

3.5. Implication for VOCs control strategies

In recent years, various VOCs-related emission standards have been
issued in China. However, most of the standards mainly focus on mass-
based control of different VOCs (Liang et al., 2017). As shown in this

Table 3
Rank of odorants based upon odor activity value and detected frequency.

Compounds ODT (ppm) 95th percentile OAV Detected frequency (%) Odorant ranking a) Pi (%)

1,2,4-Trimethylbenzene 0.12 2.45 100 H 5.55
Benzene 2.7 5.96× 10−2 100 L 0.14
Indene 0.21 0.51 62.5 L 1.15
Methyl isobutyl ketone 0.17 1.72 68.75 H 3.89
Methanol 33 1.90× 10−3 81.25 L 4.29× 10−3

Ethyl formate 2.7 1.75× 10−2 81.25 L 3.95× 10−2

Methyl ethyl ketone 0.44 0.39 75 L 0.89
n-propanol 0.094 1.60 56.25 H 3.63
Methyl propionate 0.098 2.64 75 H 5.97
Formaldehyde 0.5 3.00× 10−3 75 L 6.79× 10−3

2-Ethoxyethanol 0.58 1.02 100 H 2.30
Sulfur dioxide 0.87 1.48× 10−2 62.5 N 3.34× 10−2

Carbonyl sulfide 0.055 0.14 87.5 M 0.31
Diethylamine 0.048 15.15 100 K 34.26
Triethylamine 0.0054 17.66 81.25 K 39.96
Ammonia 1.5 0.60 81.25 M 1.36
Carbon tetrachloride 4.6 6.38× 10−3 68.75 N 1.44× 10−2

Chlorobenzene 10,533 2.86× 10−6 87.5 L 6.47× 10−6

Trichloromethane 3.8 4.71× 10−3 43.75 N 1.06× 10−2

Dichloromethane 160 6.84× 10−3 100 L 1.55× 10−2

Trichloroethylene 3.9 0.21 100 M 0.48

Odorant ranking: N: Negligible, L: Low, M: Moderate, H: High, K: Key.

Table 4
Prioritization of VOCs.

Rank Compounds Fuzzy synthetic index

1 Benzene 3.00
2 Diethylamine 2.73
3 Trichloroethylene a 2.47
4 Dichloromethane 2.47
5 Triethylamine 2.47
6 Methyl isobutyl ketone 2.40
7 Formaldehyde 2.40
8 Ammonia 2.27
9 1,2,4-Trimethylbenzene 2.20
10 Carbonyl sulfide 2.20
11 n-propanol 2.07
12 Trichloromethane 2.07
13 2-Ethoxyethanol 2.00
14 Methyl ethyl ketone 2.00
15 Carbon tetrachloride 2.00
16 Chlorobenzene 1.80
17 Sulfur dioxide 1.80
18 Ethyl formate 1.67
19 Indene 1.60
20 Methyl propionate 1.53
21 Methanol 1.53

a When different compounds had the same fuzzy synthetic indexes, they
were ranked by carcinogenicity and concentration.
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study, although some compounds were detected with relatively lower
concentrations, they would cause serious nuisance impacts and health
risks. Therefore, we recommended the mass-based control strategy
combined with health risk assessment and olfactory effect evaluation to
be the future direction of VOCs management in China.

This integrated study may also be valuable to the appraisal and
control of VOCs emitted from the investigated pesticide plant. First, as
high concentrations of VOCs were related to some harmful solvents and
intermediates during the pesticide synthesis processes, to reduce the
health risks of gaseous compounds, we suggested using more en-
vironmentally friendly raw materials. Moreover, to mitigate VOCs
emission, the pesticide wastewater storage and treatment facilities
should be installed indoors or sealed by the inverted membrane with
carbon steel skeleton. Last but not the least, the screened priority pol-
lutants should be emphasized when making decisions for the manage-
ment of VOCs. According to the physicochemical properties of these
pollutants and other compounds, combined treatment processes such as
chemical scrubbing-adsorption-biofiltration, could be applied to effec-
tively remove the waste gases.

4. Conclusions

The VOCs emissions from a pesticide wastewater storage tank were
explored. TCE, DCM, DEA, 2-EE, 1,2,4-TMB, and MIBK were detected
with relatively high concentrations. Chlorinated compounds were the
major category of concern. Both the significant chronic toxicities and
cancer risks were mainly attributed to TCE. Sensitivity analysis in-
dicated that the uncertainties in health risk assessment were mainly
produced by the concentrations of VOCs. TEA and DEA were the most
problematic pollutants causing odor impacts. Furthermore, five com-
pounds were screened to be given priority in the design and selection of
integrated VOCs abatement technologies. The results of this study may
provide useful information to comprehensively understand the char-
acteristics, exposure risks and olfactory effects of VOCs generated from
industrial wastewater storage or treatment systems, and support in-
tegrated countermeasures for the management of air pollutants.
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