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Abstract: The petrochemical industry is regarded as the main source of anthropogenic VOCs emis-
sions in China. As one of the main sources of unorganized emissions, circulating water is scarcely
studied and reported. In this research, six circulating water systems (LC2X, HGLY, YJ, XJ, LC4X and
LC5X) of a typical petrochemical enterprise were selected as targets to characterize VOCs emitted
from such unorganized emissions. The results showed that there was a great difference in the VOCs
disorganized emissions from the six circulating water systems, among which the main VOCs of
HG2X, HGLY and YJ were oxygen-containing VOCs (OVOCs), accounting for about 48.0–81.2%.
The main compounds of XJ, LC4X and LC5X were alkynes (89.1%), aromatic hydrocarbons (69.7%)
and alkane (50.1%), respectively. TVOCs ranged from 276.0 to 23,009.6 µg·m−3. Based on POC
test results, VOCs emissions of the circulating water system were 1237.5 tons, indicating further
control was needed. As for their ambient impact, XJ had higher OFP contribution, and the OFP
values of the six systems ranged from 823.3 to 145,739.0 µg·m−3, among which the major contributors
were aromatic hydrocarbons (0.2–85.1%), OVOCs (0.1–77.2%) and alkynes (1.7–97.6%). In addition,
aromatic hydrocarbons showed the largest contribution of the potential of SOA generation, which
was more than 88.0%. As far as control was concerned, the replacement of an open cooling tower to
closed cooling tower combined with regular POC detection will be an efficient way to control VOCs
from such sources.

Keywords: petrochemical industry; volatile organic compounds (VOCs); emission characteristic;
ozone formation potential (OFP); secondary organic aerosol (SOA)

1. Introduction

Volatile organic compounds (VOCs), the collective term for organic compounds with
a boiling point lower than 250 ◦C under standard atmospheric pressure, are important
participants in atmospheric chemical reactions and major precursors for the formation of
PM2.5 and O3 [1–4]. In addition, VOCs also have a certain impact on human health [5–7]. In
recent years, China has successively issued relevant plans to put forward relevant require-
ments for VOCs management, put forward comprehensive rectification plans for key VOCs
emission industries, such as petrochemicals, and pointed out the strengthening of fugitive
emission control [8–10]. As a pillar industry of the national economy, the petrochemical
industry is also the main anthropogenic VOCs emission source and has become the largest
anthropogenic emission sub-source in China [11–14]. In view of this, researchers have paid
more attention to VOCs pollution emissions of petrochemical enterprises. At present, the
research mainly focuses on the emission characteristics of VOCs in the ambient air, inside
and outside the factory area of petrochemical enterprises [15–20]. In addition, studies have
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shown that the unorganized VOCs emissions of petrochemical enterprises are as high as
14.4% of the anthropogenic emissions [21], and the emitted VOCs have the characteristics
of high concentration, large emissions and strong activity, which easily produce O3 and sec-
ondary aerosol pollution and are harmful to human health [22,23]. Among those organized
and unorganized sources, a circulating cooling water system is regarded as one of the most
important sources contributing to VOCs emission amounts in the petrochemical industry.
However, VOCs characterizations, including species, releasing behaviors and impact on
environment from circulating cooling water system, are scarcely reported [19].

Based on those mentioned above, about six circulating cooling water systems were
selected in a typical petrochemical enterprise in North China as the targets. VOCs were
sampled at the cooling tower sites and then analyzed for the component determination.
In addition, the releasing processes, impact on surrounding environment and control
measures were also discussed with the purpose to understand more about VOCs from such
sources for better control.

2. Materials and Methods
2.1. Sampling

VOCs from six circulating cooling water systems related to refining processes (HG2X,
LC4X, LC5X), chemical product transportation (HGLY), organic product manufacture (YJ)
and rubber manufacture (XJ) were passively collected by negative pressure through the
Summa containers, and the inner wall was polished and silanized. The sampling sites
were downwind of the wastewater treatment facility and the sample collection time was
about 10 min. During the sampling period, a restrictor valve was used to ensure a uniform
sampling speed. In addition, water samples were also collected. Two bottles of water
samples were collected at the inlet and outlet of the cooling tower of each circulating
cooling water system. The water samples were stored at 3–4 ◦C and sent to the testing unit
for POC (purgeable organic carbon) testing.

2.2. Analysis Methods

The samples in the Summa containers were analyzed according to the TO-15 method
recommended by the US EPA, and the qualitative and quantitative VOCs were analyzed
by a three-stage cold-trap preconcentration two-dimensional GC-MS/FID system. The
VOCs samples were first passed through an automatic pre-concentrator (Entech 7100)
for pretreatment. After removing water and CO2, VOCs were trapped in the third-stage
cold trap. The system was heated up rapidly to vaporize the components enriched in
the cold trap and VOCs were frequently brought into the GC-MS/FID system (Agilent
7890A/5975C) for separation and quantification. The carrier gas was high-purity helium
(purity > 99.999%). The standard gases included TO-15 mixed custom standard gas contain-
ing 63 compounds (Scott Gases, Philadelphia, PA, USA), mixed standard gas containing
56 ozone precursors (PAMS) (Spectra gases, Branchburg, NJ, USA) and internal standard
gas containing (bromochloromethane,1,4-difluorobenzene, D5-chlorobenzene,1-bromo-4-
fluorobenzene) (Spectra gases, Branchburg, NJ, USA). High-concentration samples were
diluted by using Summa container pressure combined with dilution injection to avoid
possible contamination. More information about the analysis can be seen elsewhere [24].
Meanwhile, for the POC analysis, they were thawed at room temperature and placed in
a glass dish. Then the samples were dried at low temperature and wrapped with tin foil
after removing the inorganic carbon with HCl (1 mol·L−1). Finally, Perkin Elmer Elemental
analyzer was employed for the POC determination.
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2.3. Emission Amount Calculation

In order to further study the current VOCs emission amount in this research, the
formula cited from the “Guidelines for the Investigation of VOCs Pollution Sources in the
Petrochemical Industry” issued by the Ministry of Environment is shown as follows.

Eww =
n

∑
i=1

Qi × (EVOCsini − EVOCsouti)× t × 10−3 (1)

where Eww is the amount of volatile organic compounds emitted by the wastewater collec-
tion or treatment facility, kg·a−1; Qi is the wastewater flow of the ith collection or treatment
facility, m3·h−1; EVOCsini is the fugitive volatile organic compound concentration in the
influent of the ith collection or treatment facility, mg·L−1; EVOCsouti is the concentration
of fugitive volatile organic compounds in the effluent of the ith collection or treatment
facility, mg·L−1; t is the annual operating time of each section of the wastewater collection
and treatment system, h·a−1; n is the number of wastewater collection and treatment
system facilities.

2.4. Environmental Impact Assessment

The effect of VOCs on atmospheric chemical reactivity can be measured by the Ozone
Formation Potential (OFP) [25,26]. The Maximum Increment Reactivity (MIR) is used to
measure the ozone generation potential (OFP) of VOCs, which reflect the ability of different
components of VOCs to participate in atmospheric chemical reactions [27]. The formula is
as follows:

OFPi = MIRi × VOCsi (2)

where OFPi is the ozone formation potential of species i, MIRi is the ozone generation
coefficient of species i in the maximum ozone increment reaction and VOCsi is the emission
concentration of species i.

In addition, Secondary Organic Aerosol (SOA) is an important component of PM2.5.
In order to study the contribution of VOCs emitted from circulating water systems to
secondary organic aerosols, the aerosol formation coefficient method (FAC method) was
used to estimate the secondary organic aerosol generation potential of VOCs released from
the circulating water system. The calculation formula is as follows:

SOAp = VOCi × FACi/(1 − FVOCr) (3)

In the formula, SOAp is the SOA formation potential of VOCs compounds, g·m−3;
FACi is the formation coefficient of SOA, %; FVOCr is the fraction of VOCs compounds
participating in the reaction, %, where FVOCr and FACi are obtained from relevant litera-
ture [28,29].

3. Results and Discussion
3.1. VOCs Emission Characteristics

VOCs is mainly caused by the leakage of VOCs containing materials into the circulating
water during the heat-exchange process of the heat exchanger. Studies show that the
corrosion of the circulating water heat exchanger is the most important factor that brings
organic materials into the circulating water. When the circulating water containing VOCs
entered the cooling tower, VOCs were released into the atmosphere under the stripping
action of the cooling tower fan. The volatilization of VOCs in this process could be divided
into three stages, which were the volatilization of static open surface, air stripping and
falling system. In most cases, during the cooling process of the cooling tower, air entered
from the bottom of the cooling tower at a high speed. During the falling and cooling
process of the circulating water, the organic matter in the circulating water volatilized into
the air and was taken away by the air in the process of surface flash evaporation and heat
evaporation. During the cooling process of circulating water, the temperature difference
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of circulating water needs to be reduced by about 10 degrees and VOCs in the circulating
water will be directly released through the air duct, which contributed to a large percentage
of total VOCs emissions. While, in this research, the production process associated with
each set of circulating water is different, the VOCs emission is also quite different. The
results showed that the TVOCs emission concentrations of HG2X, HGLY and YJ were
relatively low, which were 660.4 µg·m−3, 377.9 µg·m−3 and 276.0 µg·m−3, respectively. The
TVOCs emission concentrations of LC4X and XJ were 1254.9 µg·m−3 and 1942.7 µg·m−3,
respectively, 4–7-times that of YJ. The TVOCs emission concentration of LC5X was the
highest, reaching 23,009.6 µg·m−3, which was 83-times that of YJ emission concentration.

As shown in Figure 1, OVOCs were the major emission types with the largest propor-
tion of HG2X, HGLY and YJ, accounting for 48.0%, 69.2% and 82.1%, respectively. The VOCs
emission composition of XJ was the same, mainly alkenes, accounting for 89.1%. Aromatic
hydrocarbons were the main compounds in LC4X, accounting for nearly 70%, followed
by alkanes and oxygen-containing VOCs, accounting for 11.6% and 11.8%, respectively.
The VOCs emission composition of LC5X was mainly composed of alkanes and alkenes, of
which the proportions were relatively close, accounting for 50.1% and 48.4%, respectively.
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Figure 1. VOCs components of six circulating cooling water systems.

The main components of VOCs emitted by each circulating water system were also dif-
ferent. The main VOCs components of HG2X were butyraldehyde, p/m−xylene, o−xylene,
ethanol and 1,2−dichloromethane. Ethane accounted for 67.8% of the total emissions;
ethanol was the primary pollutant of HGLY, accounting for 27.3%, followed by butyralde-
hyde, acetone, etc.; for YJ, the VOCs components are mainly vinyl acetate and ethanol,
accounting for 28.7% and 22.2%; 1,3−butadiene and styrene were the primary pollutants
of XJ and LC4X, accounting for 88.1% and 67.7%, respectively, and the remaining compo-
nents accounted for less than 7.0%; isobutane, 1−Butene, trans−2−butene, butane and
cis−2−butene were the main VOCs components of LC5X, accounting for 98.1% of the
total emissions. The reason for the difference is mainly due to the different production
processes at the front end of the circulating water connection and the different materials
of the heat exchangers in each circulating water field, resulting in different VOCs compo-
nents discharged from the circulating cooling water system. In addition, compared with
the studies in other industries, VOCs were also different in terms of concentration and
components [30–33].

As for the VOCs emission amount, the consumption of total circulating cooling water
and the POC values shown in Table 1 were used for calculation according to Formula (1).
Based on the investigation, the total flow of the six circulating cooling water systems
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was about 27,485.4 m3·h−1 and the average annual operating time of each system was
8040 h. As a result, the total amount of VOCs emitted from the circulating cooling water
systems was 1237.5 tons, which accounted for about 43% of the total emission amount
of the petrochemical enterprise. Though these circulating cooling water systems show
high contributions, they were often ignored or underestimated [34]. In addition, according
to the “Guidelines for the Investigation of VOCs Pollution Sources in the Petrochemical
Industry”, if the relative difference (RD) ≥ 10%, there might be an obvious leakage from
the organic materials into the circulating cooling water system. As shown in Table 1, the
RD values of HG2X, YJ and LC5X all exceeded 10% and LC5X showed the highest value
45.5%, indicating there might be a serious leakage related to the refining processes, but the
specific leakage units still need to be identified.

Table 1. POC test results of circulating water system.

Sampling Location Outlet (mg·L−1) Inlet (mg·L−1) Relative Difference (%)

HG2X 1.1 1.6 31.3
HGLY 8.1 8.8 7.95

XJ 1.5 1.6 6.25
YJ 0.1 1.8 94.4

LC4X 2.1 2.2 4.55
LC5X 3.0 5.5 45.5

3.2. Environmental Impact Assessment

The ozone formation potential of VOCs in the circulating water system is shown in
Figure 2. The OFP value of LC5X was the largest, which was 145,739 µg·m−3; the second
is XJ, whose OFP value was 21,603 µg·m−3; the OFP values of HG2X, LC4X and HGLY
ranged from 1176 to around 3175 µg·m−3; YJ showed the smallest OFP value relatively,
which was just 823.3 µg·m−3.
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The contribution ratio of VOCs species in the six circulating water systems is shown
in Figure 2. Aromatic hydrocarbons were the compounds that contributed the most to
O3 formation in HG2X, with a contribution rate exceeding 60.0%, followed by oxygen
containing VOCs (36.5%), in which the high contribution rate components were mostly
p/m−xylene (33.9%), butyraldehyde (26.6%) and o−xylene (18.9%). For HGLY, oxgen
containing VOCs yielded the largest proportion of OFP and alkenes took the second place,
with proportions of 50.9% and 32.6%, respectively. Propylene, butyraldehyde and ethanol
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were the components with high contribution rates of O3 formation, accounting for 27.1%,
19.2% and 12.7%, respectively. For YJ, the oxygen-containing VOCs showed that the largest
proportions of OFP (30.0%), butyraldehyde (28.6%) and ethanol (10.8%) were also the
key active components in YJ. For XJ and LC5X, olefins showed the largest contribution to
the formation of O3, with a contribution rate more than 90.0%. The proportion of highly
reactive olefins, such as 1,3−butadiene, 1−butene, trans−2−butene and cis−2−butene,
was relatively high, in which 1,3−butadiene (96.7%) yielded the highest contribution rate in
XJ. Meanwhile, LC5X was mainly composed of 1−butene (36.9%), trans−2−butene (33.4%)
and cis−2−butene (20.0%), which was similar to HG2X.The compounds that contributed
the most to O3 formation in LC4X were aromatic hydrocarbons (85.1%) followed by styrene
with a proportion up to 76.0%, which was the key factor of active ingredients in LC4X.
Generally, for the control of O3 formation, the main compounds to be controlled were
aromatic hydrocarbons in HG2X and LC4X, oxygen-containing VOCs in HGLY and YJ and
olefins in XJ and LC5X. In addition, compared with the studies in other industries, OFPs
were also different, which were rather larger than others reported [30–33].

The SOA generation potential of VOCs in the circulating cooling water system is
shown in Figure 3. The results showed that the SOA generation potential of HG2X was the
highest, followed by LC5X, HGLY, LC4X, XJ and YJ. The SOA values of LC5X, HGLY, LC4X,
XJ and YJ were 229.1, 216.9, 179.4, 42.9 and 31.0 µg·m−3, respectively. The SOA value of
HG2X was 1467.9 µg·m−3, which was about 6~47 times of the other values in the remaining
five circulating cooling water systems. Aromatic hydrocarbons were the components
with the largest contribution rate to SOA generation in the six circulating cooling water
systems, and the contribution rate to SOA in HG2X, HGLY, YJ, XJ and LC5X all exceeded
90.0%, except LC4X, which was just about 88%. For HG2X, the VOCs species with a
higher contribution rate to SOA generation were mainly o−xylene (37.1%), p/m−xylene
(36.8%) and ethylbenzene (13.2%). For HGLY, cumene (25.7%), −,3,5−trimethyl −benzene
(21.1%) and m−ethyltoluene (20.3%) were the major species with higher contri−bution
rates. The species with higher contribution rates to SOA generation were mainly m-ethyl
toluene and 1,3,5−trimethylbenzene in YJ and XJ, with contribution rates higher than
25.0%.P/m−xylene (11.9~13.6%) and o−xylene (11.8~12.2%) were the species with higher
contribution rates in LC4X and LC5X, and 1,2,3−trimethylbenzene (15.4%) was the species
with the highest contribution rate in LC4X. Generally, for SOA generation control, the main
compounds that need to be controlled in the six circulating water systems were mainly
aromatic hydrocarbons.
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3.3. Control Measures for VOCs

As mentioned above, VOCs in the circulating cooling water system mainly originated
from the leakage of organic materials caused by corrosion of relevant heat exchangers
and entered into the circulating water system, released into the air in the cooling tower
unit. According to the emission amount calculation, VOCs emission from the circulating
water cooling tower cannot be underestimated, and control measures must be taken for
better control. Generally, the heat exchanger unit should be overhauled regularly to reduce
corrosion, so as to reduce organic materials entering the circulating cooling water system.
This approach is the most economical and feasible. In addition, POC detection can also be
carried out regularly at the water inlet and outlet of the cooling tower to determine whether
the RD value is greater than 10% as the basis for regular leak detection. Meanwhile, most of
the existing petrochemical enterprises’ circulating cooling water systems are equipped with
open cooling towers, which are characterized by economic operation, but the disadvantage
is that direct contact of circulating water with air would lead to the release of VOCs into the
atmosphere. Therefore, changing the open cooling tower to a closed cooling tower could
also be a possible way, in which the direct contact of circulating water with air is banned
and the escape of VOCs is prevented. However, it should be pointed out that although
VOCs escape is eliminated, the leakage of VOCs from organic materials to circulating
cooling water systems cannot be prevented. As far as this study is concerned, HG2X, YJ
and LC5X with serious leakage should be checked one by one in the short term to find
specific leakage units and repair them. In the medium term, POC detection of these six
circulating water systems should be carried out regularly to find potential leakage units in
time and repair them. In the long term, the replacement of open cooling mode to closed
cooling mode could be considered, and POC detection could be carried out regularly at the
inlet and outlet of the cooling tower to detect and repair the leakage in time for the purpose
of completely eliminating VOCs from the circulating cooling water system.

4. Conclusions

In this research, VOCs from circulating cooling water systems in a typical petrochemi-
cal enterprise were firstly studied. The results indicated that VOCs varied in a rather wide
range in terms of concentration and components. Oxygen containing VOCs, alkenes and
alkanes were dominated, which might be related to the detailed refining, transportation,
chemical and organic product manufacture processes. During the cooling process of circu-
lating water, VOCs in the circulating water will be directly released through the air duct,
which contributed to a large percentage of total VOCs emission. In addition, combined
with the POC test results, it was calculated that the VOCs emissions of the circulating water
system from the enterprise were 1237.5 tons, contributing to 40% of total emissions, which
should not be underestimated. As for their impact on the environment, high OFP and
SOAp values suggested a significant contribution to O3 and SOA formation. As a result,
the replacement of the open cooling tower to be a closed cooling tower combined with
regular POC detection will be an efficient way for VOCs control from such sources.
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