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Elimination of volatile organic compounds (VOCs) in the e-waste dismantling industry by an integration technique of spray tower-electrostatic precipitation-photocatalysis was conducted to investigate its application
possibility for reducing formation of O3 and secondary organic aerosols (SOAs) as well as exposure risk. Results
revealed the average 5.4 × 102 μg m−3 of VOCs with the top two groups being aromatic hydrocarbons (AHs,
55.93%) and halogenated hydrocarbons (HHs, 33.33%), contributing to 1.3 × 103 and 3.0 × 104 μg m−3 of the
O3 and SOA (OFP and SOAFP) formation potential, respectively. Furthermore, 86.47% of OFP and 99.87% of
SOAFP were ascribed to AHs, in which toluene ranked ﬁrst (35.30% and 48.07%). The highest removal eﬃciency (76.92%) for VOCs by the integrated technique resulted in excellent prevention eﬃciencies of OFP
(71.54%) and SOAFP (80.62%). Occupational cancer risk assessment found that HHs (62.63%) and AHs
(36.93%) were the top two contributors. After the treatment by the integrated technique, 55.44% of the total risk
index was reduced with the accumulation of few low-concentrated and more toxic AHs (e.g. 6.6 μg m−3 benzene
on average). All results suggest that controlling AH and HH emissions from the e-waste dismantling source could
eﬃciently prevent atmospheric secondary pollution and human exposure risk to industrial emission.

1. Introduction
Volatile organic compounds (VOCs) consist of a diversity of organic
species which are critical for increasing the O3 atmospheric concentration and the formation of secondary organic aerosols (SOAs)
(Kumar et al., 2018; Suarez-Bertoa et al., 2015; Wu and Xie, 2017; Wu
et al., 2017; Ziemann and Atkinson, 2012). The formed O3 and SOAs
may aﬀect the climate and have adverse eﬀects on the ecosystem
(Trivitayanurak and Adams, 2013; Wu et al., 2017). Apart from the
important role in atmospheric chemistry, VOCs can also have direct and
indirect negative eﬀects on human health (Kumar et al., 2018). Given
the signiﬁcantly adverse eﬀects on both the atmospheric environment
and public health, ambient VOC measurements and their source apportionment are currently the subjects of grave concern among environmental scientiﬁc research (Huang et al., 2014; Kumar et al., 2018;
Wu and Xie, 2017; Zhang et al., 2017; Zheng et al., 2009). Industrial
processes (Kwon et al., 2015; Tsai et al., 2008; Wu and Xie, 2017; Zheng
et al., 2013), biomass burning (Wang et al., 2014a), fossil fuel
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combustion (Wang et al., 2018), solvent usage (Kumar et al., 2018;
Wang et al., 2014b) and vehicular exhaust (Kumar et al., 2018; Wu and
Xie, 2017; Zheng et al., 2009) are known as the top ﬁve anthropogenic
sources of VOCs. However, to date, the understanding of VOC emission
from those representative sources, including the e-waste dismantling
industry, is still incomplete.
In 2017, the global generation of e-waste waste was approximately
65.4 million tons (Breivik et al., 2014). Furthermore, greater than 70%
of this e-waste is delivered to China, where its recycling is recognized as
an important resource management strategy due to its huge economic
contribution. However, safety concerns arise because these materials
contain heavy metals and chemical products that are hazardous to
human health and the environment (Guo et al., 2015; Lu et al., 2016;
Xiao et al., 2016; Zhou et al., 2014). In our previous studies, VOC
emission from e-waste dismantling processes was found to be a predominant contributor of anthropogenic VOCs in some locations (An
et al., 2014; Chen et al., 2016a; Liu et al., 2017). Moreover, these
emitted VOCs are important precursors for O3 and SOAs (Shao et al.,

Corresponding author.
E-mail address: antc99@gdut.edu.cn (T. An).

https://doi.org/10.1016/j.jenvman.2018.07.034
Received 22 February 2018; Received in revised form 7 June 2018; Accepted 12 July 2018
0301-4797/ © 2018 Elsevier Ltd. All rights reserved.

Please cite this article as: Liu, R., Journal of Environmental Management (2018), https://doi.org/10.1016/j.jenvman.2018.07.034

Journal of Environmental Management xxx (xxxx) xxx–xxx

R. Liu et al.

microporous nickel foam (1000 mm × 1250 mm), coating with commercial TiO2. In the photocatalysis (PC) reactor, 128 UV-lamps with a
maximum wavelength at 254 nm and a minor emission at 185 nm were
installed parallel with the vertical distance between two lamps being
200 mm. The UV-lamp was placed 10 cm away from the photocatalytic
medium. Detailed parameters of the equipment are supplied in Table
S1. The ﬂow rate of the waste gas through the integrated equipment
was 60000 m3 h−1, leading to residence times of 0.72 and 4.9 s in the
spray tower and electrostatic precipitation-photocatalysis units, respectively.

2009b). Nevertheless, there is still lack of valuable data relating to O3
and SOA formation from VOCs discharged from e-waste dismantling
industry sources.
Since the O3 and SOA formation process involves a series of photochemical reactions between VOCs and other atmospheric pollutants
(Ding et al., 2017; Wu and Xie, 2017; Ziemann and Atkinson, 2012),
they can be theoretically avoided by eliminating VOCs. Unfortunately,
limited work has focused on VOC elimination in the e-waste recycling
industry to avoid O3 and SOA formation. In our early work, a middle
scale spray tower-electrostatic precipitation-photocatalysis integrated
technique demonstrated an excellent VOC elimination ability and subsequent risk reduction from the e-waste dismantling process (Liu et al.,
2017). Moreover, the characterization of this decontamination technology only focuses on VOC concentration control and risk reduction. If
these VOCs were directly emitted to the atmosphere, they would
quickly participate in thousands of photochemical reactions that ultimately form O3 and SOAs (Huang et al., 2017; Timonen et al., 2017;
Ziemann and Atkinson, 2012). Therefore, to alleviate the formation
potential of O3 and SOAs associated with industrial source VOC emissions, the reactivity-based control approach might be more efﬁcient
than traditional concentration-based emission control approaches
(Avery, 2006; Luecken and Mebust, 2008).
Thus, in this work, the industrial scale spray tower-electrostatic
precipitation-photocatalysis integrated equipment with a large treatment capacity of 6.0 × 104 m3 h−1 was applied for e-waste dismantling
emitted waste gas treatment. Firstly, the emission proﬁle of VOCs from
the e-waste dismantling process, as well as their contributions to O3 and
SOA formation, were evaluated to understand their quantitative relationship. Then, the ability to prevent these secondary pollutants
forming from VOCs by the integrated large-scale reactor was measured.
The elimination of VOCs to protect the formation of O3 and SOAs were
discussed in detail. Overall, the main objective of this study was to
determine whether, and how, the elimination of VOC emissions aﬀects
the formation of O3 and SOAs, as well as their quantitative contribution
percentage variations in the e-waste recycling industry. In addition,
organics associated with VOCs have already been proven toxic, posing
various threats to humans (Rohr, 2013; Su et al., 2014). Moreover, our
previous work indicated that the exposure of e-waste recycling emitted
VOCs in the work environment might lead to chronic health eﬀects,
such as cancer (Chen et al., 2016b). Thus, occupational cancer risk of
the workers exposed to VOCs was also investigated during the 180-day
operation period before and after the treatment by the integrated
technique.

2.2. Sampling and analytical procedure
VOCs were collected at the inlet and outlet of the spray tower unit,
as well as at the outlet of the integrated reactor, at regular time intervals of 60 days with 2.7-L SUMMA canisters (ENTECH Instruments Inc.,
Silonite™), which were pre-cleaned ﬁve times using high-purity nitrogen and pre-evacuated using a canister cleaner before sampling.
After sampling, identiﬁcation and quantiﬁcation of VOCs were performed with a pre-concentrator (Entech 7100A, Entech Instruments
Inc., CA, USA) working in line with a gas chromatography-5975C mass
spectrometer device (7890A GC-5975C MS, Agilent Technology, USA)
based on the methods recommended by the US Environmental
Protection Agency (USEPA) TO-15. Detailed sampling and analytical
procedures and information are provided in supporting information (SI)
and Table S2, as well as in our previous works (An et al., 2014; Chen
et al., 2016a, 2017).
2.3. O3 and SOA formation calculation
The maximum incremental reactivity (MIR) value expresses the O3
formation potential (OFP) from diﬀerent VOC species. OFP is used to
describe the maximum contribution of VOC species to O3 formation
under optimum reaction conditions and to determine key species and
sources for O3 formation based on both emissions and reactivity (Ou
et al., 2015; Wang et al., 2018; Wu et al., 2017). OFP can be calculated
by multiplying the emission by the corresponding MIR value using Eq.
(1).

OFPi = Ci × MIRi

(1)

where OFPi is the O3 formation potential of VOC species i; Ci is the
concentration of the compound (μg m−3); and MIRi is the maximum
incremental reactivity of species i (Table S3).
SOA formation potential (SOAFP) was calculated using the secondary organic aerosol potential (SOAP, toluene weighted mass contributions) method (Derwent et al., 2010; Zhang et al., 2017). SOAPi is
the SOA formation potential parameter for species i, in which toluene is
set to equal 100. The SOAPi value from Derwent et al. is preferred to
serve as a data source for detected VOC species (Derwent et al., 2010),
as shown in Table S3. SOAFP (ug m−3) can be calculated by Eq. (2).

2. Experimental
2.1. Equipment description
The experiment was performed on the roof of an e-waste dismantling building with twenty e-waste dismantling workshops from
July 2015 to January 2016 in a small town in southern China, where
printed circuit boards from television waste were manually dismantled
by electric heating furnaces. The furnace usually oﬀers an environmentally friendly alternative for processing due to the low incubation period (2 min) and heating temperature (260 °C). More information on e-waste and dismantling techniques can be found in our
previous research (An et al., 2011, 2014; Zhang et al., 2011). To eﬃciently prevent the formation of both O3 and SOAs, as well as reduce
the risk from VOCs, an integrated reactor using spray tower-electrostatic precipitation-photocatalysis was designed (Fig. 1). The spray
tower unit (6000 mm in height and 3200 mm in diameter) was artiﬁcially divided into four parts with each part ﬁlled to 500 mm height
with commercial raschig rings. For the electrostatic precipitation unit, a
total of 28 electrostatic dust collectors were equipped in a hermetically
sealed stainless-steel box (13000 mm × 2500 mm × 2500 mm). Subsequently, the photocatalysis reactor consisted of 20 pieces of

SOAFPi =

∑ (VOCi × SOAPi )
× FACtoluene
100

(2)

where VOCi is the mass concentration of a VOC source for species i (μg
cm−3); and FACtoluene is the fractional aerosol coefﬁcient of toluene (%),
which was chosen as 5.4% in this study.
2.4. Occupational exposure cancer risk evaluation
The occupational exposure risk (Ei) for each VOC was calculated as
an individual concentration divided by its time-weighted average
(TWAi) (Eq. (3)), as listed in Table S4. The reference data were obtained
from previous research (An et al., 2014; Chen et al., 2016a; Liu et al.,
2017).
2
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Fig. 1. Schematic diagram of integrated spray tower-electrostatic precipitation-photocatalysis reactor. (1–3: Sampling points; 4: Spray tower; 5: Electrostatic precipitation, 6: Photocatalysis, 7: Centrifugal pump).

Ei =

Ci
TWAi′

technique due to the decomposition of phenol resin (An et al., 2014; Liu
et al., 2017) and chlorinated ﬁre retardants, such as Dechlorane Plus
(Qiu et al., 2007; Xiao et al., 2013).
Meanwhile, a high contribution to OFP and SOAFP from AHs was
observed. About 1.3.11 × 103 μg m−3 on average of OFP (Fig. 2b) were
ascribed to AHs emitted during the e-waste dismantling process, accounting for 86.47% of the total OFP (Fig. 2d), which was signiﬁcantly
higher than OVOCs (2.1 × 102 μg m−3 or 9.10%), AlHs (39 μg m−3 or
2.43%) and HHs (28 μg m−3 or 2.00%). Fanizza et al. also reported that
the highest contributors to O3 production in Rome were alkenes and
AHs (Fanizza et al., 2014). Although the emission concentration of
OVOCs was about 7.41 and 1.42 times lower than that of HHs and AlHs,
respectively, its OFP contribution was approximately 7.45 and 5.35
times higher than the latter two species, suggesting the important role
of OVOCs in O3 formation in present work. The potentially high contribution of OVOCs to OFP may be due to its high OH radical loss rate
and the subsequent chemical reactivity (Liu et al., 2015b; Shao et al.,
2009a). Thus, besides AHs, low-concentrated OVOCs should also be
paid attention to for their contribution to O3 pollution in the e-waste
recycling region.
Similar to OFP, AHs also contributed to 99.87% of the total SOAFP,
with a concentration of 3.0 × 104 μg m−3 (Fig. 2d), revealing its absolutely dominant function for SOA formation during the e-waste

(3)

3. Results and discussion
3.1. VOC emission proﬁles and contributions to O3 and SOA formation
In the present study, a total of 39 VOCs was identiﬁed and quantiﬁed during three sampling intervals, including ﬁfteen aromatic hydrocarbons (AHs), ten halogenated hydrocarbons (HHs), ten aliphatic
hydrocarbons (AlHs) and four oxygenated VOCs (OVOCs) (Table S5).
Fig. 2a shows the variation of their concentrations during the three
sampling intervals of six months. As expected, AHs were still the most
dominant group from the e-waste dismantling process with concentrations ranging from 1.3 × 102 to 6.4 × 102 μg m−3 (3.0 × 102 μg m−3,
on
average),
followed
by
HHs
(53–3.8 × 102 μg m−3,
2
−3
1.8 × 10 μg m , on average), AlHs (12–72 μg m−3, 35 μg m−3, on
average) and OVOCs (6.3–55 μg m−3, 24 μg m−3, on average). The
corresponding percentages accounted for 55.93% (AHs), 33.33% (HHs),
6.51% (AlHs) and 4.23% (OVOCs) (Fig. 2d). This conclusion is consistent with our previous work on the pollution proﬁles of VOCs, which
indicated that AHs and HHs were the two predominant groups from the
e-waste dismantling processes using the electric heating furnace

Fig. 2. Concentration of (a) VOC emission; (b) OFP; (c) SOAF and (d) corresponding percentage before treatment.
3
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Fig. 3. Top ten VOC species in VOC emission (a), OFP (b) and SOAFP (c) before treatment.

have also been reported to largely contribute to the formation of O3
(Wu and Xie, 2017; Zheng et al., 2009) and SOAs (Liu et al., 2015a;
Wang et al., 2013). In this study, about 14.89% of OFP and 9.11% of
SOAFP also originated from three xylenes (Fig. 3b–c), ranking the
second and third species among all detected VOCs, thus conﬁrming
their importance in facilitating O3 and SOA formation. Although the
emission concentration percentage of several HHs were relatively high,
such as bromomethane (13.05%), 1,2-dichloropropane (12.40%) and
chloroethane (4.83%), its OFP and SOAFP were not in the top ten, indicating their small contribution to O3 and SOA formation in this work.
On the contrary, the OFP contribution of methyl methacrylate was
found to be ranked as second (8.28%) among all detected VOCs
(Fig. 3b), even though its concentration was not in the top ten, again
proving the high O3 formation devotion from low-concentrated OVOCs
during the TV e-waste dismantling process by electric heating furnaces
method.

dismantling process in this study. After considering the emission data of
VOCs, it can be concluded that the higher emission of AHs leads to the
higher formation potential of both O3 and SOA during the e-waste
dismantling process. Thus, our results are strongly consistent with
previous work (Ou et al., 2015).
The dependence of the top ten VOCs with high emission concentrations for OFP and SOAFP are discussed and displayed in Fig. 3. As
seen from the ﬁgure, these ten VOCs accounted for 73.07%, 84.98%
and 94.73% of the total VOCs, OFP and SOAFP, respectively, half of
which were ascribed to AHs, again conﬁrming the signiﬁcant contribution of AHs to secondary atmospheric pollutant formation in this
study. Further observations reveal the highest contributor was toluene
among these ten compounds, accounting for 26.06% of the emission
concentration, 35.30% of OFP and 48.07% of SOAFP. Some studies also
reported the high contribution of toluene to the formation of O3 and
SOA in China (Guo et al., 2012; Wu et al., 2017). In addition, xylenes
4
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respectively, indicating their residual potentially negative eﬀect on the
atmospheric environment, especially for AHs. For SOAFP, about
44.74% of SOA generation can be eﬃciently prohibited from AHs after
the treatment, which is higher than AlHs (30.03% on average) and
OVOCs (−6.60% on average), suggesting an excellent and eﬃcient
prevention ability of the applied integrated technique for SOA formation. However, there was still about 926.07 g of SOA formation per hour
from the e-waste dismantling process, which may signiﬁcantly inﬂuence regional climate change, suggesting further eﬃciency promotion
of the integrated technique should be done.
For the top ten VOCs after the treatment (Fig. 3), toluene was still
found as the most predominant contributor to concentration (26.96%),
OFP (31.07%) and SOAFP (46.06%). Further observations indicated
that the increase in the toluene concentration percentage of 0.90%
resulted in the decrease of its contribution to OFP and SOAFP (4.23%
and 2.01%, respectively) after the treatment, indicating the enhanced
contribution of OFP and SOAFP from other VOCs, especially for other
AHs. For example, the concentration percentage of p-xylene rose 2.30
times (from 2.42% to 5.56%) after treatment by the integrated technique, leading to the promoted contribution of 1.65 times to OFP (from
4.52% to 7.45%) and 2.16 times to SOAFP (from 3.00% to 6.47%). The
other two xylenes, as well as 1,3,5-trimethylbenzene, also showed a
similar a phenomenon. Galval et al. have also reported the signiﬁcant
contribution of xylenes to OFP in industrialized urban areas of Brazil
(Galvao et al., 2016).
Overall, the strategy of controlling industrial source emitted VOCs,
especially for AHs, to eﬃciently prevent both O3 and SOA formation
was practicable in the e-waste dismantling industry using the integrated
technique, which could be applied to other industries.

Fig. 4. Eﬃciency of VOCs removal (a), O3 (b) and SOA (c) formation prevention by the integrated technique.

3.2. Prevention of O3 and SOA formation from VOC abatement by
integrated technique
Activated carbon adsorption has been established as the most popular technique for low-concentrated VOC removal in industry (Jeon and
Jeon, 2017; Li et al., 2008). However, the high cost of direct VOC recovery after adsorption and secondary hazardous production from the
ineﬃcient desorption recovery process signiﬁcantly limits its wider
application. Alternatively, in our previous research (Chen et al., 2016a,
2016b, 2017; Liu et al., 2017), the photocatalysis-based integrated
technology has shown excellent elimination ability for VOCs from the ewaste dismantling process. Thus, in this study, the integrated reactor
for spray tower-electrostatic precipitation-photocatalysis is continuously applied for VOC elimination to prevent O3 and SOA formation.
Fig. 4a shows the removal eﬃciency (RE) of four VOC groups after
treatment by the integrated technique during a 180-day operation.
After the ﬁrst 60 days, about 55.70% of AHs, 70.14% of HHs, 40.83% of
AlHs and 25.01% of OVOCs were removed, which then increased to
71.96%, 80.58%, 89.59% and 65.54%, respectively, after continuous
treatment for an extra two months, possibly due to the signiﬁcant decrease in the inlet VOC concentration (Fig. 2a). However, after another
60 days operation, REs for AHs, HHs, AlHs and OVOCs decreased to
2.00%, 51.00%, 27.00% and −12.00%, respectively, even with a similar VOC supply. In this study, due to a very high ﬂow rate of
6.0 × 104 m3 h−3, the signiﬁcantly decreased eﬃciency may be attributed to the faster generation and accumulation of recalcitrant,
strongly bound reaction intermediates on the catalyst surface, resulting
in catalyst deactivation (Einaga et al., 2002; Guo et al., 2008;
Lewandowski, 2003; Lewandowski and Ollis, 2003; Sun et al., 2010),
which suggests the necessary regeneration or replacement of the catalyst in the reactor after about six months of continous treatment.
Furthermore, the percentage of four VOC groups varies accordingly
after the treatment (Fig. S1), leading to the diﬀerent prevention eﬃciencies of the integrated technique toward O3 and SOA formation
(Fig. 4b–c and S2-S3). In the case of OFP, the highest prevention eﬃciency for O3 formation was found to be for HHs, ranging from 70.63%
to 74.48%, followed by AlHs (from 35.50% to 88.58%), AHs (from
−0.49% to 67.43%) and OVOCs (from −12.42% to 55.65%). This
trend is highly consistent with the concentration elimination eﬃciency,
indicating that the removal of VOC emission can eﬃciently prohibit O3
formation. However, after the treatnment both AHs (87.00%) and
OVOCs (10.13%) were still the two dominant contributors to O3 formation with their percentage increasing 0.53% and 1.03%,

3.3. Occupational cancer risk reduction from VOC abatement by integrated
technique
Besides the possibly negative eﬀect on the atmospheric environment
(O3 and SOA formation), the potential cancer risk of exposure to VOCs
through inhalation by the workers in the dismantling workshop is simultaneously measured based on the previously reported assessment
method (An et al., 2014; Chen et al., 2016a), as well as available reference values (Table S4). The average Ei values of the four VOC groups
from the inlet were all below 0.1 (Fig. 5a–b), suggesting that all VOCs at
the current concentration level pose little cancer threaten to the dismantling workers during the e-waste dismantling process. However,
about 2.0 × 10−2 of the Ei value was obtained for HHs (Fig. 5a), accounting for 62.63% of the total risk index (Fig. S4). Furthermore, its
contribution to cancer risk was more than two times higher than AHs
(9.4 × 10−3), which was signiﬁcantly diﬀerent from the OFP and
SOAFP trends. These results suggest that HHs should be simultaneously
controlled to prevent human health threat, along with AHs, in the ewaste recycling industry. However, surprisingly, AlHs and OVOCs show
negligible cancer risk (Fig. 5b). For individual species (Fig. 5c), bromomethane (62.02%) and benzene (32.86%) were the two highest
percentage contributors to total Ei values, which is inconsistent with
their concentration ranking (Fig. 3a), again implying the low emission
concentration VOCs would lead to high occupational cancer risk in this
study. As benzene and bromomethane are in the list of International
Agency for Research on Cancer carcinogens, these two high risk VOCs
should be paid much attention on in the e-waste dismantling process.
Fortunately, after the treatment by the integrated technique, the
risk indexes for all VOCs decreased to diﬀerent degrees. As shown in
Fig. 5a–b, the highest risk reduction was found for AlHs (70.75%),
followed by HHs (64.34%), AHs (52.23%) and OVOCs (34.42%).
Meanwhile, the top two contributors to the risk index were still HHs
and AHs. However, their content gap signiﬁcantly decreased from
25.70% to 5.48% (Fig. S4). The possible reason may be due to the
obviously increased risk percentage of benzene (8.76%) and the decreased risk of bromomethane (11.91%) (Fig. 5c–d). Previous research
5
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Fig. 5. Occupational cancer risk before and after the treatment by integrated technique.

health. Thus, a detailed investigation of the toxic eﬀects of these intermediates to human beings should be conducted to comprehensively
assess the safety prevention ability of the integrated technique in the
near future.

has proven that photocatalytic decomposition of AHs with more branches can deﬁnitely generate benzene (Dhada et al., 2016; Pei and
Leung, 2015; Sun et al., 2010), leading to its increased concentration
content from 3.00% to 3.27% (Fig. 3a) and a corresponding risk contribution from 32.86% to 41.62%. The risk evaluation results indicate
that after treatment by the integrated technique, even though the total
risk index of generated VOCs during the e-waste dismantling process is
signiﬁcantly reduced, low-concentrated and more toxic compounds
(e.g. 6.6 μg m−3 of benzene) may still accumulate in the reactor and
then discharge with the high-speed ﬂow, further threatening workers'

4. Conclusions
During the e-waste dismantling process, highly concentrated VOCs
were produced, and AHs and HHs were identiﬁed as two dominant
groups. Meanwhile, much higher O3 and SOA pollution was found due
6
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to AHs, while HHs contributed to the highest occupational cancer risk.
Fortunately, all these pollutants could be eﬃciently prevented and reduced by a self-designed integrated technique of spray tower-electrostatic precipitation-photocatalysis during a 180-day operation of a
large-scale application, revealing that reduced VOC emissions from ewaste dismantling sources might facilitate the prevention of O3 and
SOA formation, as well as reduce potential risk. This study can provide
an efﬁcient approach to the targeted prevention of secondary atmospheric pollutant formation and improve the protection of human
health from the industrial sources of VOCs.

Guo, T., Bai, Z., Wu, C., Zhu, T., 2008. Inﬂuence of relative humidity on the photocatalytic oxidation (PCO) of toluene by TiO2 loaded on activated carbon ﬁbers: PCO
rate and intermediates accumulation. Appl. Catal. B Environ. 79, 171–178.
Huang, B., Lei, C., Wei, C., Zeng, G., 2014. Chlorinated volatile organic compounds (ClVOCs) in environment - sources, potential human health impacts, and current remediation technologies. Environ. Int. 71, 118–138.
Huang, G., Brook, R., Crippa, M., Janssens-Maenhout, G., Schieberle, C., Dore, C.,
Guizzardi, D., Muntean, M., Schaaf, E., Friedrich, R., 2017. Speciation of anthropogenic emissions of non-methane volatile organic compounds: a global gridded data
set for 1970–2012. Atmos. Chem. Phys. 17, 7683–7701.
Jeon, M.J., Jeon, Y.W., 2017. Characteristic evaluation of activated carbon applied to a
pilot-scale VSA system to control VOCs. Process Saf. Environ. 112, 327–334.
Kumar, A., Singh, D., Kumar, K., Singh, B.B., Jain, V.K., 2018. Distribution of VOCs in
urban and rural atmospheres of subtropical India: temporal variation, source attribution, ratios, OFP and risk assessment. Sci. Total Environ. 613–614, 492–501.
Kwon, E.E., Oh, J.I., Kim, K.H., 2015. Polycyclic aromatic hydrocarbons (PAHs) and
volatile organic compounds (VOCs) mitigation in the pyrolysis process of waste tires
using CO2 as a reaction medium. J. Environ. Manag. 160, 306–311.
Lewandowski, M., 2003. Extension of a Two-Site transient kinetic model of TiO2 deactivation during photocatalytic oxidation of aromatics: concentration variations and
catalyst regeneration studies. Appl. Catal. B Environ. 45, 223–238.
Lewandowski, M., Ollis, D.F., 2003. A Two-Site kinetic model simulating apparent deactivation during photocatalytic oxidation of aromatics on titanium dioxide (TiO2).
Appl. Catal. B Environ. 43, 309–327.
Li, Y.X., Chen, J.Y., Sun, Y.H., 2008. Adsorption of multicomponent volatile organic
compounds on semi-coke. Carbon 46, 858–863.
Liu, C., Ma, Q.X., Chu, B.W., Liu, Y.C., He, H., Zhang, X.Y., Li, J.H., Hao, J.M., 2015a.
Eﬀect of aluminium dust on secondary organic aerosol formation in m-xylene/NOx
photo-oxidation. Sci. China Earth Sci. 58, 245–254.
Liu, R.R., Chen, J.Y., Li, G.Y., An, T.C., 2017. Using an integrated decontamination
technique to remove VOCs and attenuate health risks from an e-waste dismantling
workshop. Chem. Eng. J. 318, 57–63.
Liu, Y., Yuan, B., Li, X., Shao, M.Z., Lu, S., Li, Y., Chang, C.C., Wang, Z.F., Hu, W.W.,
Huang, X., He, L., Zeng, L.M., Hu, M., Zhu, T., 2015b. Impact of pollution controls in
Beijing on atmospheric oxygenated volatile organic compounds (OVOCs) during the
2008 Olympic Games: observation and modeling implications. Atmos. Chem. Phys.
15, 3045–3062.
Lu, S.Y., Li, Y.X., Zhang, J.Q., Zhang, T., Liu, G.H., Huang, M.Z., Li, X., Ruan, J.J., Kannan,
K., Qiu, R.L., 2016. Associations between polycyclic aromatic hydrocarbon (PAH)
exposure and oxidative stress in people living near e-waste recycling facilities in
China. Environ. Int. 94, 161–169.
Luecken, D.J., Mebust, M.R., 2008. Technical challenges involved in implementation of
VOC reactivity-based control of ozone. Environ. Sci. Technol. 42, 1615–1622.
Ou, J., Zheng, J., Li, R., Huang, X., Zhong, Z., Zhong, L., Lin, H., 2015. Speciated OVOC
and VOC emission inventories and their implications for reactivity-based ozone
control strategy in the Pearl River Delta region, China. Sci. Total Environ. 530–531,
393–402.
Pei, C.C., Leung, W.W.F., 2015. Photocatalytic oxidation of nitrogen monoxide and oxylene by TiO2/ZnO/Bi2O3 nanoﬁbers: optimization, kinetic modeling and mechanisms. Appl. Catal. B Environ. 174, 515–525.
Qiu, X., Marvin, C.H., Hites, R.A., 2007. Dechlorane plus and other ﬂame retardants in a
sediment core from Lake Ontario. Environ. Sci. Technol. 41, 6014–6019.
Rohr, A.C., 2013. The health signiﬁcance of gas- and particle-phase terpene oxidation
products: a review. Environ. Int. 60, 145–162.
Shao, M., Lu, S.H., Liu, Y., Xie, X., Chang, C.C., Huang, S., Chen, Z.M., 2009a. Volatile
organic compounds measured in summer in Beijing and their role in ground-level
ozone formation. J. Geophys. Res. Atmos. 114.
Shao, M., Zhang, Y.H., Zeng, L.M., Tang, X.Y., Zhang, J., Zhong, L.J., Wang, B.G., 2009b.
Ground-level ozone in the Pearl River delta and the roles of VOC and NOx in its
production. J. Environ. Manag. 90, 512–518.
Su, F.C., Mukherjee, B., Batterman, S., 2014. Modeling and analysis of personal exposures
to VOC mixtures using copulas. Environ. Int. 63, 236–245.
Suarez-Bertoa, R., Zardini, A.A., Platt, S.M., Hellebust, S., Pieber, S.M., El Haddad, I.,
Temime-Roussel, B., Baltensperger, U., Marchand, N., Prévôt, A.S.H., Astorga, C.,
2015. Primary emissions and secondary organic aerosol formation from the exhaust
of a ﬂex-fuel (ethanol) vehicle. Atmos. Environ. 117, 200–211.
Sun, L., Li, G.Y., Wan, S.G., An, T.C., 2010. Mechanistic study and mutagenicity assessment of intermediates in photocatalytic degradation of gaseous toluene.
Chemosphere 78, 313–318.
Timonen, H., Karjalainen, P., Saukko, E., Saarikoski, S., Aakko-Saksa, P., Simonen, P.,
Murtonen, T., Dal Maso, M., Kuuluvainen, H., Bloss, M., Ahlberg, E., Svenningsson,
B., Pagels, J., Brune, W.H., Keskinen, J., Worsnop, D.R., Hillamo, R., Rönkkö, T.,
2017. Inﬂuence of fuel ethanol content on primary emissions and secondary aerosol
formation potential for a modern ﬂex-fuel gasoline vehicle. Atmos. Chem. Phys. 17,
5311–5329.
Trivitayanurak, W., Adams, P.J., 2013. Does the POA-SOA split matter for global CCN
formation? Atmos. Chem. Phys. 13, 10561–10601.
Tsai, J.H., Lin, K.H., Chen, C.Y., Lai, N., Ma, S.Y., Chiang, H.L., 2008. Volatile organic
compound constituents from an integrated iron and steel facility. J. Hazard. Mater.
157, 569–578.
Wang, H.L., Xiang, Z.Y., Wang, L.N., Jing, S.G., Lou, S.R., Tao, S.K., Liu, J., Yu, M.Z., Li,
L., Lin, L., Chen, Y., Wiedensohler, A., Chen, C.H., 2018. Emissions of volatile organic
compounds (VOCs) from cooking and their speciation: a case study for Shanghai with
implications for China. Sci. Total Environ. 621, 1300–1309.
Wang, H.L., Lou, S.R., Huang, C., Qiao, L.P., Tang, X.B., Chen, C.H., Zeng, L.M., Wang, Q.,
Zhou, M., Lu, S.H., Yu, X.N., 2014a. Source proﬁles of volatile organic compounds

Acknowledgments
This work was ﬁnancially supported by NSFC (41731279, 41425015
and U1401245), Team Project from the Natural Science Foundation of
Guangdong Province, China (S2012030006604), the Cooperation
Projects of the Chinese Academy of Science with Foshan Government
(2012HY100101), Science and Technology Project of Guangdong
Province, China (2013B091500084 and 2012A032300017), Pearl River
S&T Nova Program of Guangzhou (201506010077) and Guangdong
Special Branch Plan of Science and Technology for Innovation leading
scientists (2016TX03Z094).
Appendix A. Supplementary data
Supplementary data related to this article can be found at https://
doi.org/10.1016/j.jenvman.2018.07.034.
References
An, T.C., Huang, Y., Li, G.Y., He, Z.G., Chen, J.Y., Zhang, C.S., 2014. Pollution proﬁles
and health risk assessment of VOCs emitted during e-waste dismantling processes
associated with diﬀerent dismantling methods. Environ. Int. 73, 186–194.
An, T.C., Zhang, D.L., Li, G.Y., Mai, B.X., Fu, J.M., 2011. On-site and oﬀ-site atmospheric
PBDEs in an electronic dismantling workshop in south China: gas-particle partitioning and human exposure assessment. Environ. Pollut. 159, 3529–3535.
Avery, R.J., 2006. Reactivity-based VOC control for solvent products: more eﬃcient
ozone reduction strategies. Environ. Sci. Technol. 40, 4845–4850.
Breivik, K., Armitage, J.M., Wania, F., Jones, K.C., 2014. Tracking the global generation
and exports of e-waste. Do existing estimates add up? Environ. Sci. Technol. 48,
8735–8743.
Chen, J.Y., Huang, Y., Li, G.Y., An, T.C., Hu, Y.K., Li, Y.L., 2016a. VOCs elimination and
health risk reduction in e-waste dismantling workshop using integrated techniques of
electrostatic precipitation with advanced oxidation technologies. J. Hazard. Mater.
302, 395–403.
Chen, J.Y., Liu, R.R., Gao, Y.P., Li, G.Y., An, T.C., 2017. Preferential puriﬁcation of
oxygenated volatile organic compounds than monoaromatics emitted from paint
spray booth and risk attenuation by the integrated decontamination technique. J.
Clean. Prod. 148, 268–275.
Chen, J.Y., Zhang, D.L., Li, G.Y., An, T.C., Fu, J.M., 2016b. The health risk attenuation by
simultaneous elimination of atmospheric VOCs and POPs from an e-waste dismantling workshop by an integrated de-dusting with decontamination technique.
Chem. Eng. J. 301, 299–305.
Derwent, R.G., Jenkin, M.E., Utembe, S.R., Shallcross, D.E., Murrells, T.P., Passant, N.R.,
2010. Secondary organic aerosol formation from a large number of reactive manmade organic compounds. Sci. Total Environ. 408, 3374–3381.
Dhada, I., Sharma, M., Nagar, P.K., 2016. Quantiﬁcation and human health risk assessment of by-products of photo catalytic oxidation of ethylbenzene, xylene and toluene
in indoor air of analytical laboratories. J. Hazard. Mater. 316, 1–10.
Ding, X., Zhang, Y.Q., He, Q.F., Yu, Q.Q., Wang, J.Q., Shen, R.Q., Song, W., Wang, Y.S.,
Wang, X.M., 2017. Signiﬁcant increase of aromatics-derived secondary organic
aerosol during fall to winter in China. Environ. Sci. Technol. 51, 7432–7441.
Einaga, H., Futamura, S., Ibusuki, T., 2002. Heterogeneous photocatalytic oxidation of
benzene, toluene, cyclohexene and cyclohexane in humidiﬁed air: comparison of
decomposition behavior on photoirradiated TiO2 catalyst. Appl. Catal. B Environ. 38,
215–225.
Fanizza, C., Incoronato, F., Baiguera, S., Schiro, R., Brocco, D., 2014. Volatile organic
compound levels at one site in Rome urban air. Atmos. Pollut. Res. 5, 303–314.
Galvao, E.S., Santos, J.M., Reis, N.C., Stuetz, R.M., 2016. Volatile organic compounds
speciation and their inﬂuence on ozone formation potential in an industrialized urban
area in Brazil. Environ. Technol. 37, 2133–2148.
Guo, J., Zhang, R., Xu, Z., 2015. PBDEs emission from waste printed wiring boards during
thermal process. Environ. Sci. Technol. 49, 2716–2723.
Guo, S., Hu, M., Guo, Q.F., Zhang, X., Zheng, M., Zheng, J., Chang, C.C., Schauer, J.J.,
Zhang, R.Y., 2012. Primary sources and secondary formation of organic aerosols in
Beijing, China. Environ. Sci. Technol. 46, 9846–9853.

7

Journal of Environmental Management xxx (xxxx) xxx–xxx

R. Liu et al.

Pollut. 212, 464–471.
Zhang, D.L., An, T.C., Qiao, M., Loganathan, B.G., Zeng, X.Y., Sheng, G.Y., Fu, J.M., 2011.
Source identiﬁcation and health risk of polycyclic aromatic hydrocarbons associated
with electronic dismantling in Guiyu town, South China. J. Hazard. Mater. 192, 1–7.
Zhang, Z.J., Wang, H., Chen, D., Li, Q.Q., Thai, P., Gong, D.C., Li, Y., Zhang, C.L., Gu,
Y.G., Zhou, L., Morawska, L., Wang, B.G., 2017. Emission characteristics of volatile
organic compounds and their secondary organic aerosol formation potentials from a
petroleum reﬁnery in Pearl River Delta, China. Sci. Total Environ. 584–585,
1162–1174.
Zheng, J.Y., Shao, M., Che, W.W., Zhang, L.J., Zhong, L.J., Zhang, Y.H., Streets, D., 2009.
Speciated VOC emission inventory and spatial patterns of ozone formation potential
in the Pearl River Delta, China. Environ. Sci. Technol. 43, 8580–8586.
Zheng, J.Y., Yu, Y.F., Mo, Z.W., Zhang, Z., Wang, X.M., Yin, S.S., Peng, K., Yang, Y., Feng,
X.Q., Cai, H.H., 2013. Industrial sector-based volatile organic compound (VOC)
source proﬁles measured in manufacturing facilities in the Pearl River Delta, China.
Sci. Total Environ. 456, 127–136.
Zhou, X.Y., Guo, J., Zhang, W., Zhou, P., Deng, J.J., Lin, K.F., 2014. Occurrences and
inventories of heavy metals and brominated ﬂame retardants in wastes from printed
circuit board production. Environ. Sci. Pollut. Res. Int. 21, 10294–10306.
Ziemann, P.J., Atkinson, R., 2012. Kinetics, products, and mechanisms of secondary organic aerosol formation. Chem. Soc. Rev. 41, 6582–6605.

from biomass burning in Yangtze River Delta, China. Aerosol Air Qual. Res. 14,
818–828.
Wang, H.L., Qiao, Y.Z., Chen, C.H., Lu, J., Dai, H.X., Qiao, L.P., Lou, S.R., Huang, C., Li, L.,
Jing, S.G., Wu, J.P., 2014b. Source proﬁles and chemical reactivity of volatile organic
compounds from solvent use in Shanghai, China. Aerosol Air Qual. Res. 14, 301–310.
Wang, S.Y., Wu, D.W., Wang, X.M., Fung, J.C.H., Yu, J.Z., 2013. Relative contributions of
secondary organic aerosol formation from toluene, xylenes, isoprene, and monoterpenes in Hong Kong and Guangzhou in the Pearl River Delta, China: an emissionbased box modeling study. J. Geophys. Res. Atmos. 118, 507–519.
Wu, R.R., Xie, S.D., 2017. Spatial distribution of ozone formation in China derived from
emissions of speciated volatile organic compounds. Environ. Sci. Technol. 51,
2574–2583.
Wu, W.J., Zhao, B., Wang, S.X., Hao, J.M., 2017. Ozone and secondary organic aerosol
formation potential from anthropogenic volatile organic compounds emissions in
China. J. Environ. Sci. 53, 224–237.
Xiao, K., Wang, P., Zhang, H.D., Shang, H.T., Li, Y.M., Li, X.H., Ren, D.W., Chen, W.H.,
Zhang, Q.H., 2013. Levels and proﬁles of Dechlorane Plus in a major E-waste dismantling area in China. Environ. Geochem. Health. 35, 625–631.
Xiao, X., Hu, J.F., Peng, P.A., Chen, D.Y., Bi, X.H., 2016. Characterization of polybrominated dibenzo-p-dioxins and dibenzo-furans (PBDDs/Fs) in environmental
matrices from an intensive electronic waste recycling site, South China. Environ.

8

