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Common volatile organic compounds (VOCs) in daily lie include benzene, toluene, formaldehyde,
alkanes, and other subslances. Once exposed to the air, these subslances will quickly volalifize from
liquid or solid to gas; they are widely used in paints. solvents, oil-based pens, nail polish, correc-
tion {luid, aromalics, joss paper, inseclicides, eleclric mosquito-repellent fluid and olher consumer
goods because of this characleristic. In order to reduce the impact ol VOCs on the environment,
Taiwan's Environmental Protection Administration (EPA) has formulated standards for the use of
VOCs and relevant punitive provisions to reduce environmenlal poliution. In this study, a refinery
plant in Kaohsiung, Taiwan, was selecled as a sampling sile. The VOCs in the almosphere around
the refinery plant were sampled by activaled carbon adsorption at a specific flow rale of 200 ml/min.
The concentrations of 12 kinds of VOCs were analyzed by gas chromatography and the corre-
lations among the 12 kinds of VOCs were explored by factor analysis with mullivariate stalistical
methods lo identify the major factors causing air pollution around the refinery planl. The results
show that acelone has a higher concentration in both the gasoline hydrodesulphurization factory
and the heavy oil cracking factory, followed by n-butanol, while the olher 10 kinds of VOCs have a
lower concentration among the 12 specified kinds of VOCs in these factories. It is concluded that
these two kinds of organic compounds are emitted from the waste solvent storage areas of bolh the
gasoline hydrodesulphurization factory and the heavy oil cracking factory; of the lwo, acetone has
a more frequent higher concentration ol emission. The presenl results of factor analysis using mul-
tivariate statistical methods also showed that one ol the three major factors comprised two organic
compounds: acetone and n-bulanol; it is called the “recurrent high concenlration emission factor”
it is reasonable lo conclude thal there is high concentration dependence belween acetone and
n-butanol among various VOCs emitted from the refinery planl The analysis results ol this study
will be uselul for assessing lhe pollulion emission potential of currently operating refinery plants
and the possible concentralion risks to local households in Taiwan
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1. INTRODUCTION the air pollution in their surrounding living environment;
In recent years, with the development of the economy they do not hesitate o resort to taking forceful actions
and impr()vcnjem of national in(j()rm:v pcop]c in Taiwan ngilin.\'l the fuactories involved VOCs emissions are not
increasingly demand the improved quality of living cnvi- only the culprt in the increased surface ozone concentra-

tion, but also the root cause of many respiratory tract and
circulatory system diseases and (umors

VOCs (Volatle Organic Compounds) encompass i very
wide range of chemicals, and many may cause acute or
chironic health effects, These chemicals arise from both
indoor and outdoor sources; thus, indoor and outdoor
VOC concentrations are olten correlated and somenmes
vary seasonally [6. 12, 14] The VOCs most commonly
meusured include benzene. toluene. xylene. cthylbenzene
“Author 1o whom carexpondence should be addressed a-pinene. and d-limonene [3, 5-7, 12, 13] Several studies

ronment. They are paying more and more attention to the
harmfulness of the substances contained in the exhaust gas
dischurged from tuctories, or in the oil cus emitted from
gusoline service stations, to their health. Particularly in
recent years. the proportion of respiratory diseases, espe-
ciully children’s asthma and upper respiratory tract allergy,
has increased significantly. People have protested against
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have focused on characterizing selected TAQ (indoor air
quality) parameters and evaluating the impacts of pollutant
exposure on children’s health |1, 16]. but relatively few
have provided comprehensive measurements of VOCs, the
emphasis of the present paper. VOCs come from a wide
ranges of sources such as houschold air fresheners, acorsol
sprays cans, cleaners and disinfectams. Painls and glucs
arc also able to release VOCs in the air. For the most part.
VOCs are present if you can smell a very strong chenical
scent coming from one of these products. While a sirong
smell is a sure sign of be careful, these chemicals can still
be present and cause damage cven at concentrations that
you cannot smell or perceive.

Multivariate monitoring methods that consider all avail-
able data simullaneously can extract key information about
the relationships and combined effects of air pollutants.
When failures occur in air quality management systems,
univariate monitoring methods are often inadequate to
identify causes because the signal-to-noise ratjo is very
low in each air pollutant measurement. But mullivariate
monitoring can improve the signal-lo-noise ratio through
averaging, resulting in a more realistic evaluation of the
environmental context. In chemomertrics area, multivari-
ate statistical techniques have become one of the most
active research arcas in modcling and analysis over the last
decade [2, 18]. However. 1o the authors’ knowledge, only
limited research on the effectiveness of multivariate mod-
els for the assessment and management of air pollution has
been conducted thus far [10, 13, 19].

Accordingly, in this study. 12 kinds ol VOCs emissions
were sampled by activated carbon adsorption at a specific
flow rate of 200 ml/min around a refinery plant in South-
ern Taiwan. The adsorption concentrations ol the 12 kinds

ol VOCs were analyzed by gas chromatography and their

emission polential in the aumospherce is also discussed. In
addition, factor analysis was carried out by using multi-
variate statistical methods 1o discover the major emission
factors affecting the atmospheric environmental pollution
around the refinery plant resulting Jrom the emission ol
the 12 kinds of VOCs, while achieving the purpose of pre-
venting air pollution in advance.

2. METHODOLOGY
2.1. Types and Selection Time of Gaseous

Organic Pollutants
This study utilized 12 kinds of VOCs emissions from
a refinery plant in Xinogang District. Kaohsiung City.
Taiwan: acelone (ACE), methyl ethyl ketone (MEK).
n-Hexane (HEX), chloroform (CHL). benzene (BEN), car-
bon tetrachloride (CTC). cyclohexane (CYC). n-Butanol
(BUT), 1,2-Dichloropropane (DIC), 1.4-Dioxane (DIO),
methyl isobutyl ketone (MIK), and toluene (TOL). From
January 2016 o July 2018. a 1otal of 120 monitoring data
were used to analyze the air quality around the rcfinery
plant. Tn addition, they were further used (o carry oul a
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factor analysis of multivariate statistics to undersiand the
correlations among these 12 kinds of VOCs and the pol-
lution trend of the swrrounding environment. All statisti-
cal analyses were caried out with SPSS for Windows,
version 18.0.

2.2. Study Area

Figure 1 shows the geographic location of this refinery
plant in Kaohsiung, Taiwan. Tt is located at the southern
tip of the second harbor at the Port of Kaohsiung with
an area of 307 hectares. It is currently the oil transporta-
tion, storage and refining center in Taiwan. Its main prod-
ucts include unleaded gasoline, aviation fuel, diesel oil,
low sulfur fuel oil, lubricaling oil, light cracking feed oil,
hydrogen, liquefied petroleum gas, etc.

2.3. VOCs Sampling Method

Three activated carbon adsorption tubes were laken Lo each
sampling pointin the refinery plant. The seals at both ends
ol each adsorption tube were opened, and air sampling was
carried out with two tubes at the same time, while the other
lube was taken as blank value (only the adsorption tube
was opened, but gas was not pumped into it). The sampling
pump flow was set at 100 mi/min; each sampling time was
about 100 minutes. The sealing caps on both ends of the
activated carbon adsorption wbe should be immediately
scaled after the sampling was done. Ambient and sunshine
lemperatures above 45 °C should be avoided when curry-
ing out sampling. Samples should be immediately sent 1o
the laboratory for a sample analysis.

2.4. Multivariate Statistical Analyses—Factor Analysis
For selecting the elements to be included in FA. a min-
imum of 70% of the samples needs to have measurable
levels of the element. Tn principle, FA actually groups
the elements whose concentrations fluctuate together from
one sample o another and separales these elements into
socalled “factors™ [8. l1]. Factor analysis is used lor
source apportioniment in environmental data. with the argu-
ment that those clements that fluctuate together have some
common charactenistics. Ideally, each extracted tactor rep-
resents a source affecting the samples. Factor analysis has
been performed using the Statgraphics Plus program puck-
age Statgraphics Manual 3.1, 1997. The initial compo-
nents weie rolated using the varimax method to obtain
final eigenvectors with more representatives ol individual
sources of variation. Although there are no well-defined
rules on the number of factors to be retained. usually cither
factors that are meaningful or factors with eigenvalues
larger than | are retained. In theory, irrelevant factors have
zero eigenvalues and eigenvalues less than | indicate that
factor contributes less than a single variable. The physical
meaning ol the factors must be interpreted by observing
which elements or variables display high (=0.25) loading
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Fig. 1.
within the lactor. Loadings less than 0.25 in absolule value
may be dominated by random errors.

3. RESULTS AND DISCUSSION

3.1. Sclecting the Results of Factor Analyses

This study used the 12 kinds ol VOCs collecled from the
refinery plant 1o perform the orthogonal rotation of the
Varimax Rotation method, in order to explain the char-
acteristics of various fuctors. According to the analysis
results, there are three common factors whose eigenvalues
are greater than 1, as shown in Table T and the scree plot
ol Figure 2. The cumulative explanatory variance ol the
three factlors is 64.106%. and their cigenvalues are 1.988.
1.530 und 1.186. respectively.

Table I Results Tacior analvsis and the variances,

Initial o ol Cumulative
Components cigenvalues total variance variance ¢
| 1 988 26,117 26117
2 1 530 21156 47.273
3 1186 16.833 4100
4 0953 10.913 75.021
3 0.909 9,558 84.579
6 0.811 9.t44 93,723
7 1) 530 3075 96.798
b 0503 1128 97,926
) 0417 1) 552 98 478
10 0202 0312 98.790
I 0 183 1),665 99.455
12 0.007 0,545 100.000
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3.2. Determination of Factors

The aforementioned eigenvalue greater than 1 can be used
to determine the number of major factors. Table 1T lists
the component mauwrix after orthogonal rolation that can
be used lo explain the characteristics of various faclors.
These 3 factors can be used 10 descript the difTerence
among the concentrations of various VOCs in the refinery
plant.

3.3. Explanation of Factors

Table 11 shows that there are three major factors allect-
ing the air quality and characleristics of the refinery plant.
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Table 1. Resulis factor analyses and he variance explained

Faclors

Pollutants I 2 3
BUT 0910 —0.138 -0.03
ACE 0.905 —0.257 0.07
BEN 0.262 0.758 0.009
HEX 0.032 0.751 0.289
TOL —0.040 0.673 ¢ 0.475
MIK 0.027 0.028 (1.746
MEK —0.001 —0,0003 0.854
CHL 0.083 0.044 0.733
CTC 0.091 0.003 0.628
DIC 0.001 0.116 —0.936
CYC 0.008 0.004 0.077

DI1O 0.0003 0.008 0.729

A complele description of the characteristics of these thice
factors is given below.

3.3.1. Factor 1

The first factor mainly comprised BUT and ACE, and the
lotal variance is 26.117%. as shown in Table 1. In addition,
Table 11 shows that BUT has the highest loading degree in
the first factor, which is 0.910, lollowed by 0.905 of ACE.
Sampling results of this study show that BUT and ACE
have higher concentrations in the waste solvent slorage
areas ol both the gasoline hydrodesulphurization factory
and the heavy oil cracking factory, and that their residence
time in the atmosphere is tonger; this means that the two
kinds ol organic compounds are often in a higher concen-
tration than the other 10 kinds of organic compounds in
the refinery plant. Currently, there are |1 distillation facto-
ries in the refinery plant, which can refine approximutely
300,000 barrels of crude oil per day. After the crude oil
is sent to a distillation factory for distillation. the results
of field sampling and analysis show that the BUT con-
centration in the armosphere is at the highest value for a
long residence time around the gasoline hydrodesulphur-
ization factory and the heavy oil cracking factory, while
the ACE concentration in the atmosphere also has a rel-
atively high value for a long residence time around the
two factories, After being distilled in a distillation lactory,
crude oil will be sent to a low sulfur fuel oil factory for
refining Lo produce diesel and heavy oil; the heavy oil
will then be sent to the heavy oil cracking factory and
the gasoline hydrodesulphurization factory. In the process
of producing propylene and its derivatives {rom the heavy
oil cracking process, a high concentration of BUT will
be generated, which is most obvious in the atmospheric
environment of the heavy oil cracking factory, followed by
the gasoline hydrodesulphurization factory. With regard 1o
ACE, the propylene produced by the refinery plant men-
tioned above will be combined with benzene o lurther
generale a high concentration of ACE [17]. which is mosl
obvious in the atmospheric environment of the heavy oil
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cracking factory, followed by the gasoline hydrodesulphur-
ization factory. In the gasoline blending factory, the nearby
atmosphere also has a high concentration of ACE because
it mainly produces various unleaded gasoline; however, its
concentration is much lower than that of the heavy oil
cracking factory and the gasoline hydrodesulphurization
factory. The atmospheric concentrations of other organic
compounds in this factor are lower than that of BUT and
ACE, so therr loading degrees in Table II are also lower.
The above analysis results show that ACE and BUT remain
at higher concentrations for a longer time in the atmo-
sphere of the gasoline hydrodesulphurization factory and
the heavy oil cracking factory; the first factor can thus be
called the “recurrent high concentration emission factor.”

3.3.2. Factor 2

The second factor mainly comprised BEN, HEX and TOL,
and the total variance is 21.156%, as shown in Table I. In
addition, Table 11 shows that BEN has the highest load-
ing degree in the second factlor, which is 0.758, followed
by 0.751 of HEX and 0.673 of TOL. The results of a
sampling analysis show that BEN and TOL present higher
concentrations in the atmosphere of the reforming factory
during certain periods of time. The main reason is that
the refinery plant first performs distillation in the distilla-
tion factory, and then sends the resulting product to the
reforming factory o convert the low-octane light oil into
high-oclane gasoline. A portion of this gasoline is sent
to the gasoline blending laclory. where various unleaded
gasoline are produced, and the other portion is used to pro-
duce BTX (benzene. toluene and xylene). Therefore, some
concentrations of BEN and TOL will be discharged into
the aumosphere [+4] when BTX is produced, but the overall
emission concentration of BEN and TOL and the number
of duys they reside in the wmosphere are slightly lower
than those of BUT and ACE in the first factor. With regard
to HEX, it is a chemicul substance produced by fragmen-
tation in the process of oil refining. In this study, higher
concentrations are found in the wasle solvent storage area
of the hcavy oil cracking faclory, followed by those of
the reforming factory. However, the overall HEX emis-
ston concentration and the number of days it resides in the
atmosphere in these two sites are also slightly lower than
those of BUT and ACE in the first factor. The above anal-
ysis results show that BEN and TOL in this factor are the
main products ol the retinery plant, and that a portion of
these products will be discharged into the atmosphere [9].
while HEX is mamnly a by-product of the refining process.
Although the concentrations ol BEN, TOL and HEX ure
also high in the aimosphere, they are siill slightly lower
than those of BUT and ACE in the first factor. and their
residence time in the atmosphere is also less than those
of BUT and ACE. According 1o the above comprehensive
analysis, the second factor can be called the “occasional
high concentration emission factor.”
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3.3.3. Factor 3

The third factor mainly comprised MIK, MEK, CHL and
CTC, and the 1otal variance is 16.833%. as shown in
Table 1. In addition, Table 11 shows that MEK has the
highest loading degree in the third factor, which is (.854,
followed by 0.746 of MIK, 0.733 of CHL and 0.628
of CTC. The sampling results of this study show that
chloroform is mainly produced by heating the mixture
of chlorine and methane (or monochloro methane) in the
gasoline hydrodesulphurization factory and the Jow sulfur
fuel oil factory of the refinery plant. These chloroforms
further produce chioridization to obtain CTC, which is
then discharged into the atmosphere, resulting in higher
atmospheric concentrations in the gasoline hydrodesul-
phurization factory and the low sulfur fuel oil factory.
However, the concentrations of CHL and CTC are gen-
erally tower than those of the organic compounds in the
first factor and the second factor; the concentrations of
CHL and CTC collected from the atmosphere during many
periods of time arc Jess than the MDL (method detection
limit).

As for the organic compounds: MIK and MEK, both the
MEK (also known as 2-Bulanone) and MIK are products
derived from acetone through a seriex of chemicul reac-
tions in e refinery plant. Therefore. the swmpling results
show that their concentrations in the waste solvent storage
areas of both the gasoline hydrodesulphurization factory
und the heavy oil crucking factory ure slightly higher than
those in other places. However, the concentrations of MIK
and MEK in the atmosphere are generally lower than those
ol the organic compounds in the first factor and the second
factor, and similar (o the other (wo organic compounds:
CHL and CTC in this factor; the concentrations of MIK
and MEK collecied in the atmosphere during many peri-
ods ol time are less than the MDL, According to the above
comprehensive analysis, the concentrations ol CHL., CTC.
MIK and MEK in the atmosphere of the refinery plant are
generally not high; they are even the same as the MDL
during many periods of time. which can be considered as
sudden organic compounds; the third factor can thus be
culled the “sudden low concentration emission lactor.”

As for the other three volatile organic compounds: DIC,
CYC and DIO. there is no corresponding correlation factor
because their concentrations often show MDL phenomena
in the atmospheric environment of the refinery plant.

4. CONCLUSION

In this study, 12 kinds of volatile organic compounds
(VOCs) in the atmosphere around a refinery plant in South-
ern Taiwan were sampled 1o investigate their emission
potential. In addition, factor analysis using multivariate
statistical methods was ulso carried out. It is expected that
major cmission factors affecting the atmospheric environ-
mental pollution around the refinery plant due to the emis-
sions of these 12 kinds of VOCs can be identified, and
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the prevention of air pollution can be achieved in advance.
The results of the factor analysis show that volatile organic
pollutants emitted from the refinery plant have three emis-
sion characteristics. The first faclor. mainly comprising
BUT and ACE, is called the “recurrent high concentration
cmission lactor” because their aimospheric concentrations
cmitled from the rcfinery plant by measuring at the waste
solvent storage arcas of both the gasoline hydrodesulphur-
ization factory and the heavy oil cracking factory are often
at the highest degrees. The sccond factor, mainly com-
prising BEN, HEX and TOL, is called the “occasional
high concentration emission factor” because their atmo-
spheric concentrations emitted from the refinery plant, by
measuring both at the reforming factory and the waste
solvent storuge area of the heavy oil cracking factory,
are sometimes at the sub-high degrees. The third factor,
mainly comprising MIK, MEK, CHL and CTC. is called
the “sudden low concentration cmission factor” because
their atmospheric concentrations cmitted from the refin-
ery plant are generally al low degrecs; they are even the
same as the MDL during many periods of time. The resulls
obtain in this research will be valuable references and
cffective tools for reviewing air quality control and man-
agement in a refinery plant, and developing appropriate air
quality control strategies.
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