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Volatile organic compounds (VOCs), important precursors of ozone (O3) and fine particulate
matter (PMys), are the key to curb the momentum of O3 growth and further reducing PM; s
in China. Container manufacturing industry is one of the major VOC emitters, and more
than 96% containers of the world are produced in China, with the annual usage of coatings
of over 200,000 tons in recent years. This is the first research on the emission character-
istics of VOCs in Chinese container manufacturing industry, including concentration and
ozone formation potential (OFP) of each species. The result shows that the largest amounts
of VOCs are emitted during the pretreatment process, followed by the paint mixing process
and primer painting process, and finally other sprays process. The average VOC concentra-
tions in the workshops, the exhausts before treatment and the exhausts after treatment
are ranging from 82.67-797.46 , 170-1,812.65 , 66.20-349.63 mg/m?, respectively. Benzenes,
alcohols and ethers are main species, which contribute more than 90% OFP together. Based
on the emission characteristics of VOCs and the technical feasibility, it is recommended to
set the emission limit in standard of benzene to 1.0 mg/m?, toluene to 10 mg/m?, xylene to
20 mg/m3, benzenes to 40 mg/m?, alcohols and ethers to 50 mg/m3, and VOCs to 100 mg/m3.
The study reports the industry emission characteristics and discusses the standard limits,
which is a powerful support to promote VOCs emission reduction, and to promote the co-
ordinated control of PM; s and O3 pollution.
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Introduction

In recent decade, China has confronted with extreme atmo-
spheric pollution events such as smog caused by fine particu-
late matter (PM,s) and photochemical smog pollution char-
acterized by ozone (O3) (Guo et al., 2014; Shao et al., 2009;
Xue et al., 2014), and great efforts have been made to allevi-
ate the pollution. From 2015 to 2018, the 95th percentile con-
centrations of sulfur dioxide (SO,), inhalable particles (PM),
PM,5 and carbon monoxide (CO) in prefecture-level cities
have significantly declined year by year, while O3-8h-90per
in 2018 rose by 12.7% compared with that of 2015. O3 has be-
come the only pollutant that has deteriorated in recent years
(CNEMC (China National Environmental Monitoring Centre)
2019). The key to curb the momentum of O3 growth and fur-
ther to reduce PM;;s is to strengthen emissions reductions
for its important precursor volatile organic compounds (VOCs)
(Atkinson, 2000; Liu et al., 2010; Tang et al., 2012; Zhang et al.,
2014; Zhao et al., 2013).

In human gathering areas, the emissions of anthro-
pogenic VOCs are larger than that of natural sources, al-
though the latter far exceed the former on a global scale
(Guenther et al., 1995; Steinfeld and Pandis, 1998). In China, the
emissions of anthropogenic VOCs are growing rapidly, with
industrial sources contributing the most (Cai and Xie, 2007;
Klimont et al.,, 2002; Niu et al., 2016; Wei et al.,, 2008;
Zheng et al, 2017). In recent years, numerous researches
have been carried out on VOCs emission inventory and it did
help people understand the general trend of VOCs emissions
(Bo et al., 2008; Fu et al., 2013; Zhou et al., 2017). However, the
inventory is generally calculated by emission factors, some of
which are derived from foreign studies. The emission factors
may cause significant errors even if they have been localized,
because complex process makes emissions vary widely. Fur-
ther, the studies of emission inventory can only explore the
overall situation but not the details of VOC emissions. Focus-
ing on the VOC emission characteristics, including composi-
tion and concentration, is the best way to reveal the details
of their emissions. Several studies have worked on the in-
dustries with large VOC emissions to investigate the concen-
tration and distribution of VOCs from various sources, such
as petroleum refining, automobile manufacturing, shipbuild-
ing, furniture manufacturing, electronics manufacturing, au-
tomobile manufacturing, footwear, pharmaceuticals, packag-
ing and printing industries (Celebi and Vardar, 2008; Fan et al.,
2019; He et al., 2016; Liu et al., 2019; Mo et al., 2015a, 2015b;
Wang et al.,, 2019, 2013; Xia et al., 2017; Zhang et al., 2019, 2017).
Besides, ozone formation potential of different VOCs species
and their effects on the atmospheric environment were also
studied by the maximum incremental reactivity (MIR) values
(Liang et al., 2017; Ou et al., 2015; Wu and Xie, 2017; Yue et al,,
2017; Zhang et al., 2014).

In addition to the above industries, the container manufac-
turing industry also uses large quantities of organic solvents,
but it is rarely noticed by researchers. China is the largest con-
tainer manufacturer, accounting for more than 96% of global
container production. It is necessary to conduct research in
the emission characteristics and the ozone formation poten-
tial for the reduction of VOCs and Os pollution in China.

To the best of our knowledge, this is the first effort in char-
acteristics of VOC emissions in the container manufacturing
industry. We conducted on-site monitoring of eight container
manufacturing companies, and analyzed the concentration
of VOCs from the workshop, exhaust before and after treat-
ment. Then we calculated the species ozone formation po-
tential (OFP) according to MIR value, and identified the key
VOCs species in the container manufacturing industry. Finally,
we made recommendations on national emission standards
of VOCs for the container manufacturing industry based on
the above results. This study would be valuable for better un-
derstanding the key VOCs species in container manufacturing
industry contributing to O3 pollution and for supporting na-
tional emission standards.

1. Methodology
1.1.  Description of the study area and sampling

In this study, we selected eight most representative compa-
nies from CIMC, Shengshi Group, Xinhuachang Group and
Shanghai Haoyu Group. The target of monitoring was VOCs
during the production of standard containers after water-
based reformation. The study was conducted in the sum-
mer of 2017 and 2018. Each site was composed of about 20
monitoring points, including unorganized emission sampling
points and organized emission sampling points. Unorganized
emission sampling points included the workshops of pre-
treatment, primer painting, intermediate paint spraying, in-
ner paint spraying, exterior paint spraying, drying, asphalt
paint spraying and paint mixing. Organized emission sam-
pling points included inlets and outlets of exhaust funnel. The
above composed 158 sampling points (Table S1).

The samples were taken by three types of sorbent tube ac-
cording to Chinese standard HJ 734-2014. The sorbent tubes
were aged by aging device or thermal desorber with aging
function before use. After aging, the sorbent tubes were sealed
with a sealing cap immediately and placed in a sealed bag.
The sorbent tubes were stored in the dark below 4 °C and used
within one week. And 20% adsorption sampling tubes were re-
quired for blank inspection before use. The sampling flow of
sampling pump (EM-300, Shenzhen Guoji, China) is in range
of 20-200 mL/min and the error of £5%. When sampling, the
sampling pump flow rate was 50-100 ml/min, the sampling
time was 6-10 min. Two parallel samples were set for each
sampling point. Then the samples were sealed and stored in
a refrigerator at —20 °C and analyzed within one week.

1.2.  VOC analysis

The sorbent tube samples were analyzed by an automated
thermal desorption-gas chromatography mass spectrometry
analysis system (Turbo Matrix TD, Perkin Elmer, America and
GCMS-QP2010 Ultra, Shimadzu, Japan) with a thermal desorp-
tion autosampler. The initial temperature of the thermal des-
orber was set to room temperature. The adsorption tubes were
desorbed at 270 °C for 3 min and the desorption flow rate was
30 mL/min. The desorbed gas entered the focused cold trap at
—3 °C for re-adsorption, and then the focused cold trap was
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Fig. 1 - Average concentration and standard deviation of various workshops.

rapidly heated to 300 °C for secondary desorption of 3 min.
Finally, the desorbed gas entered the GCMS for detection.

The initial temperature of carrier gas in GCMS was 35 °C,
and the temperature was raised to 140 °C at a rate of 6 °C/min,
then raised to 220 °C at a rate of 15 °C/min for 3 min. The col-
umn flow rate was 1.5 mL/min. Mass spectrometry was per-
formed in full scan mode with a scan range of 33-180 amu (0-
6 min) and 33-270 amu (6 min'fin). The species of VOCs were
identified by relative retention times and mass spectra of com-
pounds, and the concentrations were calculated by external
standard method, according to the Chinese standard HJ 734-
2014 and HJ 644-2013. The calibration curves were built us-
ing standard solution (24 compounds and 35 compounds, from
ANPEL Laboratory Technologies Inc.) with 10 different weights
(10 levels: 400, 800, 1200, 1600, 2000, 4000, 8000, 12,000, 16,000
and 20,000 ng). The calibration curves were justified with R
over 0.995.

1.3.  Estimation of ozone formation potential (OFP)

The OFP is calculated by MIR value (Carter, 1996), and the for-
mula is as follows:

OFP;= VOC; x MIR;

where, OFP; (mg/m?) is the ozone formation potential of
species i, VOC; (mg/m?3) is the emission of the species i, MIR; is
the maximum increment reactivity of species i. The MIR val-
ues are taken from the research of Venecek et al. (2018), which
are shown in Table S2.

2. Results and discussion
2.1. VOC emission characteristics
2.1.1. VOC concentrations of indoor air in workshops

Container manufacturing industry has a high degree of indus-
trial concentration in China. In this study, eight companies

are selected from four group, which have occupied about 90%
of the market share of global container manufacturing indus-
try. And the companies we selected are distributed in the “Bo-
hai Rim”, “Yangtze River Delta” and “Pearl River Delta” regions
with the highest concentration ration of industry. Therefore,
the companies monitored in this study are well representative
in the industry and geography. Besides, the container manu-
facturing industry has unified the implementation of water-
based coatings in the form of industry self-discipline conven-
tions since 2016. At present, the production of standard con-
tainer has completed the water-based reformation basically,
so this study mainly focused on the production waste gas of
water-based containers.

The average VOC concentrations of indoor air in vari-
ous workshops of eight container manufacturing companies
were analyzed and summarized (Fig. 1), ranging from 82.67 to
797.46 mg/m?’. The VOC concentration of pretreatment work-
shops was the highest due to using solvent-based coatings.
The diluents for solvent-based coatings are usually organic
solvents such as toluene, xylene, and isopropanol, while the
diluent for water-based coatings is water. Therefore, the con-
centrations of emitted VOCs when using solvent-based coat-
ings are much higher than that using water-based coatings.
Although the container manufacturing industry has under-
gone water-based reformation, it is still impossible to replace
the solvent-based coating with water-based paint in the pre-
treatment section, for the container has high requirements for
anti-corrosion and anti-rust.

The indoor VOC concentration of the paint mixing room for
all coatings was also high (360.63 mg/m?, Fig. 1). Because the
ready-to-use paint is only used within a week, the paint max-
ing room is generally small and has no exhaust gas collection
device. The air in paint mixing room can only exchanges at
a low rate through the doors and windows, which may make
VOCs gathering in the room.

The VOC concentrations of each full container load (FCL)
spraying workshops, including primer painting workshop, in-
termediate paint spraying workshop, inner paint spraying
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Fig. 2 - Average concentration and standard deviation of various exhaust.

workshop and exterior paint spraying workshop, were similar
(Fig. 1), because water-based paint with the same magnitude
of VOCs content are used in each FCL spraying process. And
the air in these workshops can circulate naturally, for there is
no obvious separation in the FCL spraying workshops. Besides,
it is found that the VOC concentration of the primer painting
workshop is slightly higher, which might be due to the high
VOC content of the primer and the large amount of use. The
amount of the primer is about twice that of the inner paint,
intermediate paint and exterior paint.

Compared with the process at normal temperature, the
VOCs remaining in the inside of the container and the coat-
ing on the surface of the steel in FCL spraying process are re-
leased in a larger amount when heated, which lead to an in-
crease in the VOC concentration of drying workshop. The as-
phalt paint spraying workshop had a low VOC concentration
of 82.95 mg/m3. Only the underframe needs to be coating by
asphalt paint, and the amount of asphalt paint is small, re-
sulting in a lower VOC concentration of this workshop.

Compared to electronics manufacturing (43.01-
322.34 mg/m3) (He et al, 2016), furniture manufacturing
(9.18-181.58 mg/m?) (Zhang et al., 2019), automobile manu-
facturing (11.20-317.51 mg/m?3) (Wang et al., 2019; Xia et al.,
2017) and printing (19.1-958.4 mg/m3) (Liu et al., 2019), the
concentrations of workshop in the container manufactur-
ing ranged from 82.67 to 797.46 mg/m? with a mean of
276.3 mg/m3, which indicates that container manufacturing
is an industry of high VOCs emission. Further comparison
of similar workshops in different industries was conducted.
As for the primer painting workshop, the concentration of
furniture manufacturing (37.15 mg/m?) (Zhang et al., 2019)
after process improvement is much lower than that of con-
tainer manufacturing (269.81 mg/m?3). As for the asphalt paint
spraying workshop, the concentration of automobile man-
ufacturing (249.07 mg/m?3) (Wang et al., 2019) is higher than
that of furniture manufacturing (145.54 mg/m?) (Zhang et al.,
2019) and container manufacturing (110.04 mg/m?3). In terms
of drying, the concentrations of automobile manufacturing
(186.43-317.51 mg/m3) (Wang et al., 2019), furniture manu-
facturing (181.58 mg/m?3) (Wang et al., 2019) and container
manufacturing (200.56 mg/m3) are within a certain range.

The standard deviation of VOC concentration of workshop
is large, the possible reasons are as follows. First, the com-
panies we monitored belong to different groups around the
country, and each company use diverse brands of various
types of coatings because of the diversified orders of cus-
tomers. There are big differences in the VOC content of each
coating, even for the same brand of coatings. Second, the size
of the workshops in each company and the amount of single
spraying of the same process are diverse. Third, the produc-
tion lines of the companies are unique. Some companies use
one coating and one baking technology, while some use two
coatings and one baking technology.

2.1.2. VOCs concentration of exhaust

The average VOC concentrations of exhaust from each work-
shop are demonstrated in Fig. 2. The VOC concentrations
of exhaust before treatment varied significantly, ranging
from 170.85 to 1812.65 mg/m?, while the VOC concentrations
of exhaust after treatment were in the range of 65.92 to
349.45 mg/m’. The VOC concentrations of exhaust from each
workshop corresponded to the VOCs concentrations of each
workshop. The pretreatment exhaust had the highest con-
centration, followed by the primer exhaust. The VOC concen-
trations of the intermediate paint exhaust, the inner paint
exhaust, the exterior paint exhaust and the asphalt paint
exhaust were similar, including before and after treatment.
There was no separate data of drying exhaust and paint mix-
ing exhaust in this study, for drying workshop exhaust in
some companies are incorporated into the exhaust of other
workshops. The eight companies monitored in this study have
different treatment technologies, mainly including activated
carbon adsorption, catalytic combustion, adsorption + cat-
alytic combustion and activated carbon adsorption + pho-
tocatalytic. According to the VOC concentrations of exhaust
from the beginning to the end of treatment, it is found that the
treatment efficiency ranged from 54% to 70%, except for the
treatment efficiency of the pretreatment exhaust of 80%. In
Gao’sresearch (Gao et al., 2015), the treatment efficiency of wa-
ter spray-solution absorption, water spray-activated carbon
adsorption, activated carbon adsorption-catalytic combustion
separately ranged from 2.7% to 19.6%, from —167.4% to 57.5%,
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Fig. 3 - Proportions of species from various workshops, exhaust before treatment, and exhaust after treatment. W means
workshop, E means exhaust, B means before treatment, A means after treatment.

and from —3.8% to 66.5%. Comparing with Gao’s study, it was
found that the overall average treatment efficiency (65.4%) in
this study is higher, but there is still great potential for emis-
sion reduction.

The standard deviation of VOC concentrations of the ex-
haust is also large, and the possible reasons are similar with
those of the workshop. And there are three additional possi-
ble reasons. First, the setting of exhaust pipes is different in
each company. some companies set separate exhaust pipes
for different painting links and drying links, and some dis-
charge painting exhaust and drying exhaust through the com-
mon exhaust pipe. Second, the companies use various treat-
ments with different treatment efficiency, which make a dif-
ference to VOC concentration. Third, the size of the exhaust
pipes and the air volume of the fan are different. Under the
same conditions, the greater the air volume, the lower the con-
centration of VOCs in the pipeline.

2.2.  Composition of VOC emission

A total of 278 VOCs species were detected and classified into
alkanes, alkenes, benzenes, alcohols and ethers, aldehydes,
ketones, esters, and others for general analysis. The propor-
tions of species from various workshops, exhaust inlets, and
exhaust outlets are shown in Fig. 3. The average concentra-
tions and standard deviation of five most abundant species
of workshops in each category were shown in Table S3, and
a part of them are shown in Table 1. As shown in Fig. 3,
benzenes, alcohols and ethers were the main species, and
the proportion of the sum of them exceeded 80% in all kinds
of sources. Among them, the proportion of benzenes was be-
tween 11% and 63%, and the proportion of alcohols and ethers
was between 29% and 85%. Five most abundant species in
benzenes include toluene, ethylbenzene, p-xylene, o-xylene,
m-xylene, m-ethylbenzene, p-ethylbenzene, o-ethylbenzene,

and the benzene species were basically identical in differ-
ent sources. However, little benzene was detected in the
monitoring of this study, because it has been banned from
being used in coating products internationally for its car-
cinogenic. Toluene, xylene, etc. are used in large quantities
to replace pure benzene as diluent and additive in coatings.
Five most abundant species of alcohols and ethers were
concentrated in 1-methoxy-2-propanol, dimethoxymethane,
1-butoxy-2-propanol, 1-ethoxy-2-propanol, ethanol, iso-
propanol, 2-butoxyethanol, 2-propoxyethanol, 1-butanol.
Five most abundant species of esters were concentrated
in 1-methoxy-2-propyl acetate, butyl acetate, ethyl acetate,
methyl acetate, isopropyl S-(-)-lactate, 2-ethylhexyl acetate,
methyl formate, 2-methoxyethyl acetate. Taken as a whole,
five most abundant species in each source were similar.
Comparing the VOC species from the workshop, it can be
found that the concentration and proportion of benzenes in
the pretreatment workshop and the paint mixing room were
larger than those in other workshops. This is because solvent-
based coatings and their associated diluent, whose main com-
ponents are benzenes and alcohols, are still used in the pre-
treatment section. The concentration of benzenes in the paint
mixing room was lower than that in the pretreatment work-
shop, and higher than other workshops. It is presumed that
both the solvent-based paint and the water-based paint are
mixed in the paint mixing room. In the workshops such as
primer spraying, intermediate paint spraying, etc., alcohols
and ethers account for a relatively high proportion, mostly be-
tween 65% and 78%, for the main components of the water-
based paint were alcohols and ethers. This is consistent with
the conclusions of many studies (Fan et al., 2019; Wang et al.,
2019; Zhang et al., 2019). When using solvent-based solvents,
the VOC emissions of the solvent-use industry show the char-
acteristics of benzenes as the primary species. After the real-
ization of water-based solvent substitution, the species com-



Table 1 - Five most abundant species of workshops in each category and their average concentration and standard deviation (unit: mg/m?3).

Pretreatment workshop

Primer painting workshop

Intermediate paint spraying workshop

Inner paint spraying workshop

Species Mean=+sd Species Mean=+sd Species Mean+sd Species Meanz=+sd
Benzenes (42.62%) ® Benzenes (20.51%) Benzenes (12.56%) Benzenes (12.77%)

p-Xylene 104.56+120.11 p-Xylene 19.31+38.17 p-Xylene 8.57+13.07 p-Xylene 8.64+12.99
Ethylbenzene 47.79+50.12 o-Xylene 10.94+21.78 o-Xylene 5.01+8.78 o-Xylene 5+8.78
Toluene 46.97+68.16 Ethylbenzene 7.61+12.42 Toluene 3.47+1.88 Toluene 4.46+2.71
o-Xylene 42.65+51.66 Toluene 4.76+8.13 Ethylbenzene 2.8+294 Ethylbenzene 2.88+2.84
3-Ethyltoluene 12.22+424.86 m-Xylene 4.23+10.04 3-Ethyltoluene 1.38+2.46 3-Ethyltoluene 0.93+2.21

Alcohols and ethers (45.48%) Alcohols and ethers (69.97%) Alcohols and ethers (78.42%) Alcohols and ethers (77.16%)

Dimethoxymethane 278.16+486.02 Isopropyl alcohol 116.11+252.58 1-Methoxy-2-propanol 101.53+132.41 1-Methoxy-2-propanol 101.25+134.72
1-Methoxy-2-propanol 11.28+12.71 1-Methoxy-2-propanol 50.64+32.95 1-Butoxy-2-propanol 12.66+18.95 Isopropyl alcohol 11.54+25.98
bis(2-Chloroisopropyl) ether 3.39+6.42 Dimethoxymethane 13.33+22.4 Isopropyl alcohol 11.24+26.1 1-Ethoxy-2-propanol 10.93+28.92
Isopropyl alcohol 2.514+4.98 1-Butoxy-2-propanol 2.2942.69 2-Propoxyethanol 9.35423.01 1-Butoxy-2-propanol 8.21420.36
1-Butanol 1.79+4.11 2-Propoxyethanol 2.13+3.81 1-Ethoxy-2-propanol 8.76+23.18 Dimethoxymethane 6.05+9.71
Exterior paint spraying workshop Asphalt paint spraying workshop paint mixing room Drying workshop

Species Mean+sd Species Mean+sd Species Mean+sd Species Mean+sd
Benzenes (18.16%) Benzenes (34.2%) Benzenes (46.76%) Benzenes (32.27%)

p-Xylene 6.09+4.78 p-Xylene 10.99+16.75 p-Xylene 60.01+72.78 p-Xylene 28.01+49.86
Ethylbenzene 3.3+151 Toluene 5.31+6.98 Toluene 34.62+47.32 o-Xylene 14.73+29.69
o-Xylene 23 +1.62 o-Xylene 5.01+7.45 Ethylbenzene 26.46+32.13 Toluene 8.92+15.65
3-Ethyltoluene 1.05+1.96 Ethylbenzene 4.44+4.37 o-Xylene 25.38+32.79 Ethylbenzene 8.73+13.41
Toluene 5.05+8.02 m-Xylene 1.18+1.97 3-Ethyltoluene 5.03+5.66 3-Ethyltoluene 35+6.94

90€-96¢ (120T) YOI SIDNIIDS TYINIWNOYIANT 40 TVNUNO!

Alcohols and ethers (65.95%) Alcohols and ethers (49.88%) Alcohols and ethers (30.15%) Alcohols and ethers (50.17%)

1-Methoxy-2-propanol 47.57+61.87 Dimethoxymethane 26.87+56.41 Dimethoxymethane 148.8 + 177.52 1-Methoxy-2-propanol 45.294+65.8

Dimethoxymethane 9.38+13.98 1-Methoxy-2-propanol 9.26+15.35 1-Methoxy-2-propanol 12.49+11.3 Isopropyl alcohol 16.21+35.05
Isopropyl alcohol 6.22+12.65 1-Butoxy-2-propanol 1.05+1.26 Isopropyl alcohol 5.73+8.29 Dimethoxymethane 11.25+24.77
1-Butoxv-2-nronanol 2.38+5.06 2-Pronoxvethanol 0.94+1.92 1-Butanol 3.24+6.43 1-Rutoxv-2-nronanol 10.32421.86

a “Banzana
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Table 2 - Concentrations of volatile organic compounds (VOCs) species from low and high temperature drying of primers

in a container manufacturing company.

Species Concentration of low temperature drying (mg/m® Concentration of high temperature drying (mg/m?
1-Butanol — 0.50
1-Methoxy-2-propanol 10.05 16.09
Propanedial 2.64 8.32
2,3-Dimethylpentanal 0.77 4.15
2-Propoxyethanol 58.72 104.16
Ethylbenzene 1.75 2.50
p-Xylene 6.41 6.90
m-Xylene - 1.80
2-Butoxyethanol 3.22 7.72
1-Butoxy-2-propanol 34.78 94.66
Sec-butyl ether 0.67 2.86
2,2,4,6,6-Pentamethylheptane 76.13 161.09
2,2,4,4,6,8,8-Heptamethylnonane 10.13 24.58
bis(2-Chloroisopropyl) ether 2.59 6.83
2-(2-Hydroxypropoxy)—1-propanol —— 102.91
t-Butylacetic acid — 3.08
VOCs 207.85 548.15

position characteristics are changed to alcohols and esters as
the dominant species.

In addition, we found that the VOCs species emitted dur-
ing low-temperature drying and high-temperature drying are
basically coincident. As shown in Table 2, high-temperature
drying cause more VOCs to emit than low-temperature dry-
ing, and the concentration of VOCs during high-temperature
drying will be higher, which is in line with common sense that
high temperature can promote volatilization of VOCs.

The treatment efficiency of different types of species from
the exhaust were calculated. (Species with a concentration be-
low 3 mg/m?3 before treatment are not involved in the calcula-
tion of the treatment efficiency, because the values are aver-
age values and it will cause great deviations after calculate if
values are too small.) The results showed that the treatment
efficiency of each species was mainly between 50% and 85%.
The concentrations of benzenes before treatment ranged from
66.18 to 1127.24 mg/m? with a mean of 286.43 mg/m?, while
the concentrations ranged from 25.37 to 177.35 mg/m? with
a mean of 60.43 mg/m? after treatment. The concentrations
of alcohols and ethers before treatment ranged from 86.43 to
688.94 mg/m> with a mean of 260.93 mg/m?3, while the con-
centrations ranged from 22.86 to 143.69 mg/m3 with a mean
of 59.45 mg/m?> after treatment. Five most abundant species
from different types of exhausts before and after treatment
and their average concentrations and standard deviation are
shown in Table S4. All species from different types of exhausts
after treatment in the three main regions and their average
concentrations and standard deviation are shown in Table S5.
The main species changed little before and after treatment,
and the main species of various types of exhaust gas were
similar.

2.3.  Ozone formation potential (OFP) contribution

The calculation result of OFP is shown in Fig. 4. On the whole,
OFP values of VOCs from three sources were in the following

order: exhaust before treatment > workshops > exhaust af-
ter treatment. It can be found that the sources related to pre-
treatment show the highest OFP values, which may due to its
highest VOCs concentration and the high MIR values that its
species own. And the OFP values of the sources related to the
primer painting, the intermediate paint spraying, the inner
paint spraying, the exterior paint spraying workshop and the
asphalt paint, fluctuate within a certain range. There won’t be
much difference related to different paints for roughly similar
amounts and components.

In three-quarters of the sources, benzenes were the largest
contributor of OFP, which accounted for 50%—88%. Alcohols
and ethers gave the second largest OFP contribution, ranging
from 10% to 75%. The sum of the contribution of other cate-
gories, such as aldehydes, ketones, alkanes, was less than 10%.

In Fig. 5 and Table S6, we summarize the top 10 most
abundant OFP species and its concentration and proportion
for each source in the container manufacturing companies.
The top 10 most abundant OFP species are mainly ben-
zenes, alcohols and ethers, in addition to a small amount
of olefins, aldehydes, esters and ketones. The species with
high incidence are mainly toluene, m-ethylbenzene, o-xylene,
m-xylene, p-xylene, ethylbenzene, 1,3,5-trimethylbenzene,
1,2,3-trimethylbenzene, 1-methoxy-2-propanol, 1-butoxy-2-
propanol, dimethanol formal and 2-propoxyethanol. The top
10 most abundant OFP species contribute an average of 89.14%
of OFP, while contribute an average of 80.85% of VOCs. It can
be found that in the container manufacturing industry, the
contribution of species to concentration does not differ much
from the contribution to OFP. In some studies (Jing et al., 2018;
Liu et al., 2019), they found that aromatic hydrocarbons and
oxygen-containing VOCs are the most important emission
species and the most important contributors to OFP, which is
consistent with this study. The reason may be that the concen-
trations of benzenes, alcohols and ethers is much higher than
others in the monitoring results. At the same time, their MIR
values are high, especially for benzenes. Their average MIR are
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Fig. 5 - Proportion of concentration and OFP of top 10 most abundant OFP species emitted for the container manufacturing

companies.

5.64 and 2.80, respectively. The high MIR value of the benzenes
makes the contribution to OFP greater than the contribution
to concentration after calculation.

2.4. Advice on emission standards

Based on the study, several recommendations are made for
national emission standards and control strategies of VOCs for
the container manufacturing industry. According to the mon-
itoring results, benzenes, alcohols and ethers are the main
VOCs species in the container manufacturing industry with
large emissions and OFP, and should be included in the key
control targets. China has clearly stipulated that benzene-
containing solvents cannot be used due to toxic and carcino-

genic of benzene. But a small amount of benzene was de-
tected in this study, and it is recommended to set benzene
indicators separately and set limits by reference to other emis-
sion standards. Toluene, xylene and other benzenes are toxic
(Chang et al., 2007; Chen and Mei, 2010; Janasik et al., 2008),
while their emissions are large and MIR values are high. It is
recommended to establish toluene, xylene and benzenes in-
dicators. The alcohols and ethers are less toxic, but they also
need to be controlled separately for their large emissions and
OFP. Their concentration distribution interval table is shown
in Table S7, and the concentration distribution map is shown
in Fig. 6 (rank the concentration from high to low). The mon-
itoring results show that the average concentrations of ben-
zene, toluene, xylene, benzenes, alcohols and ethers, VOCs are
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0.015,30.04, 24.26 , 68.42 , 64.44 , 154.88 mg/m?3, respectively.
We compared the limits in the relevant standards at home and
abroad, and the results are shown in Fig. 7. Suggestions for set-
ting the standard limit are proposed from the following two
aspects. First, considering the technical feasibility and the ef-
fectiveness of the standard, at least 60% of the organized emis-
sion sources should reach the limit. Second, reference should
be made to the relevant standards at home and abroad. The
setting process of limit are shown in supplement information
I. It is recommended to set the emission limit of benzene to

1.0 mg/m3, toluene to 10 mg/m?3, xylene to 20 mg/m?3, benzenes
to 40 mg/m?3, alcohols and ethers to 50 mg/m3, and VOCs to
100 mg/m3.

In addition, it was found that the concentration of VOCs
emitted after the water-based reform was reduced. However,
it still did not reach the ideal state, compared with the cur-
rent national emission standards. The reason may be that the
water-based paint of domestic container manufacturing in-
dustry reduces the use of benzenes while increases the use
of alcohols and ethers due to technology limitations. It has
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reduced the toxicity, but actually it is closer to solvent-based
paints for high VOC contents. Therefore, VOCs concentrations
that we detected were not as low as expected, and the propor-
tions of alcohols and ethers are large.

3. Conclusions

This study focused on the characteristics of VOCs emitted
from container manufacturing industry in China. It showed
that VOCs concentrations of workshop ranged from 82.67 to
797.46 mg/m?* with a mean of 276.28 mg/m?. The VOCs con-
centrations of exhaust before treatment varied a lot, ranging
from 159.15 to 1812.65 mg/m?* with a mean of 513.33 mg/m>.
The VOCs concentrations of exhaust after treatment ranged
from 66.20 to 349.63 mg/m* with a mean of 138.01 mg/m?.
The sources related to pretreatment emit VOCs with the
highest concentration, followed by the paint mixing and
primer painting. The overall average treatment efficiency was
63.8%. Benzenes, alcohols and ethers were the main emit-
ting species and OFP contributors, accounting for more than
80% in all kinds of sources. For the exhaust after treat-
ment, the OFP contribution of benzenes was especially promi-
nent, ranging from 55% to 80%. The top 10 most abundant
OFP species with high incidence were mainly toluene, m-
ethylbenzene, o-xylene, m-xylene, p-xylene, ethylbenzene,
1,3,5-trimethylbenzene, 1,2,3-trimethylbenzene, 1-methoxy-
2-propanol, 1-butoxy-2-propanol, dimethanol formal and 2-
propoxyethanol. Overall, the VOCs emissions from the con-
tainer manufacturing industry should not be underestimated
and the government need to strengthen supervision.

Based on the relevant standards and monitoring results,
recommendations are made for emissions limits for standard
container production. It is recommended to set the emission
limit of benzene to 1.0 mg/m?3, toluene to 10 mg/m?3, xylene
to 20 mg/m3, benzenes to 40 mg/m?3, alcohols and ethers to
50 mg/m3, and VOCs to 100 mg/m3. It is recommended to
implement comprehensive control of VOCs and independent
control of some species with great harm. In this study, the
concentrations of VOCs emitted after the water-based reform
were not as low as expected, and there will be great emission
reduction of VOCs in the container manufacturing industry if
the above recommendations are implemented.
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