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The paper presents a new procedure for the determination of oxygenated volatile organic compounds
(O-VOCs) in postoxidative effluents from the production of petroleum asphalt using dynamic headspace
coupled to gas chromatography-mass spectrometry in the selected ion monitoring (SIM) mode (DHS-
GC-MS). Among the GC capillary columns tested, a polar SLB-IL111 column with the ionic liquid
stationary phase was found to be superior due to its high selectivity for n-alkanes and individual
oxygenated volatile organic compounds. The low detection limit, good reproducibility and a wide linear
range allows determination of O-VOCs at low concentration levels and applicability of the procedure to
routine analyses of O-VOCs in industrial effluents with a very complex composition. The developed
procedure was used for the analysis of real samples — raw effluents from the production of bitumens
and effluents treated chemically through oxidation. Thirteen compounds at concentrations ranging from
0.01 pg mL™! to 118.61 ng mL~! were identified in the effluents. In addition, nine more compounds,
mostly alcohols, aldehydes and ketones, were identified using the SCAN mode. The paper demonstrates

the need for monitoring O-VOCs in processes of chemical treatment of effluents. Due to the pathways
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Accepted 22nd March 2016 of oxidation of organic pollutants present in effluents, O-VOCs become secondary pollutants. A

substantial increase in the concentration of some groups of compounds, i.e. phenol and its derivatives
and aliphatic and cyclic alcohols, was found in oxidized effluents. The presence of these compounds has
a negative effect on the activated sludge used in refinery wastewater treatment plants.
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environmental regulations imposed on refineries have resulted
in a growing number of analytical procedures allowing

1 Introduction

Volatile organic compounds (VOCs) and oxygenated volatile
organic compounds (O-VOCs) are considered to be priority
pollutants of the atmosphere and aquatic environment. They
are believed to have carcinogenic and mutagenic properties™*
and a high degree of ecotoxicity and to play a significant role in
the formation of secondary air pollutants - tropospheric
ozone.** In the European Union countries natural sources
constitute only 20% of VOC emissions,” the rest being of
anthropogenic nature, such as emissions by the petrochemical
industry, including the production of bitumens. During the
production of bitumens, VOCs are formed at every stage of
processing of crude oil, such as vacuum distillation or bitumen
production. They can also be released from the final bitumen
products and from the postoxidative effluents. More stringent
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a detailed identification of individual groups of compounds
emitted to the atmosphere. These groups include mainly poly-
cyclic aromatic hydrocarbons (PAHs),® volatile organosulfur
compounds (VSCs),” volatile organonitrogen compounds
(VNCs), aromatic and aliphatic hydrocarbons and oxygenated
volatile organic compounds (O-VOCs).>**

Oxygenated volatile organic compounds, including alcohols,
aldehydes, ketones, phenols, esters, ethers, carboxylic acids and
their derivatives, are highly malodorous and toxic. Their iden-
tification in aqueous samples with a highly complex matrix
poses numerous problems even at the sample collection step
due to their hydrophobic nature, high reactivity and volatility of
lower members of O-VOCs as well as their trace concentra-
tions.'®” At present, the most common analytical method
allowing the determination of O-VOCs at concentration levels
down to pg L™ ! or even ng L " is gas chromatography. However,
in order to obtain such low detection limits it is necessary to use
an appropriate analyte isolation and/or enrichment technique.
To this end, procedures combining gas chromatography with
universal detection (flame ionization detection - FID or mass
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spectrometry — MS) and various extraction methods, i.e. solid-
phase extraction (SPE),"® solid-phase microextraction (SPME),*
headspace solid-phase microextraction (HS-SPME),>***' static
headspace (SHS),** simultaneous steam distillation-extraction
(SDE)*® or single-drop microextraction (SDME),>* are used.
Alternatively, selective GC detectors, such as the electron
capture detector (ECD) or photoionization detector (PID),>**’
can be employed in combination with a derivatization step. The
use of high-performance liquid chromatography (HPLC)
enables identification of a wide variety of compounds at
concentrations down to a pg L~ level, while capillary electro-
phoresis and ion or ion-exchange chromatography are limited
to identification of phenols and carboxylic acids.”®** Electro-
chemical and spectroscopic techniques are also of interest;
however, these methods permit only the determination of the
total O-VOC content in the analyzed samples.***® Profiling of
the emission of total VOCs as well as the determination of their
boiling range can be accomplished by gas chromatography with
flame ionization detection (GC-FID).”****

Currently, due to environmental concerns, for the determi-
nation of the VOC content in water and wastewater samples,
solvent-free sample preparation techniques are mainly used,
which include static and dynamic headspace analysis tech-
niques. For the determination of compounds from a group of
VOCs, the fully automated DHS technique allows the determi-
nation of analytes at concentrations much lower compared to
the static method.*” The same dependency was observed as
compared to the SPME technique, for the low molecular weight
compounds.*® The DHS coupled to GC-MS method is recom-
mended by the US EPA for the determination of toxic VOCs in
wastewater, however among the list of compounds, only 3
compounds belong to the group of O-VOCs, the others are
mainly halogenated organic compounds, as well as aromatic
hydrocarbons.* Other examples in the literature, which
describes the use of DHS-GC-MS techniques in the analysis of
industrial wastewater, are related to the same groups of
compounds.*>*®

This paper describes a procedure for the determination of
oxygenated volatile organic compounds using dynamic head-
space coupled to gas chromatography-mass spectrometry (DHS-
GC-MS) as a tool for routine control of the O-VOC content in
refinery effluents.

2 Materials and methods
2.1 Materials
Please refer to ESI - Section S.1.T

2.2 Real samples

Samples of raw postoxidative effluents from the production of
petroleum bitumen 20/30 from the vacuum residue of Rebco
crude oil, having a strongly basic pH (ca. 10.5), were collected
behind the plate separator which separated the condensed
organic phase from the aqueous phase. Characteristics of the
effluents and conditions of their formation can be found in
previous papers.”'" The aqueous phase of the effluents was
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analyzed using DHS-GC-MS. As an example of the usage of the
developed procedure, the following effluent samples from
preliminary investigations of chemical degradation of pollut-
ants by various oxidation techniques were analyzed: effluent I —
sono-cavitation (induced by sonication) + UV + ozonation +
addition of hydrogen peroxide (H,0,), effluent II — ozonation. A
SONOREX Technik AQ reactor (Bandelin, Germany) was used in
the studies. The reactor allows oxidizing compounds using
a sono-cavitation phenomenon which is induced by ultra-
sounds. The reactor was equipped with a UV lamp. Additional
oxidants - ozone and hydrogen peroxide were injected at the
inlet along with the introduced effluent. Detailed characteristics
of the procedures and discussion of their effectiveness will be
presented in a separate paper.

2.3 Apparatus

Please refer to ESI - Section S.2.}

2.4 Procedure

2.4.1 Selection of capillary column for GC-FID. Please refer
to ESI - Section S.3.1.F

2.4.2 DHS-GC-MS procedure parameters. Preparation of
standard solutions: a stock solution of standards (10 mg mL ™)
was prepared in acetone. Standard solutions were prepared
from the stock solution by dilution with deionized water to
obtain the following concentrations: 0.005 pg mL ™', 0.05
pg mL ™Y, 0.5 pg mL™ Y, 10 pg mL ™Y, 20 pg mL™ Y, 100 pg mL ™!
and 500 pg mL~". Thus prepared calibration solutions (2 mL)
were transferred to 10 mL vials with screw caps equipped with
a PTFE-lined silicone septum, which were then placed in a P&T
accessory.

Chromatographic analysis: two fused silica capillaries were
introduced through the septum - one of them reaching the
bottom of the vial fed hydrogen purging the solution while the
other one transporting the gas with the analytes to the sorbent
trap was placed 0.5 cm below the septum (Fig. S17). The purging
process was carried out for 5 min (20 mL min~") at room
temperature (20 °C) (trap temperature 30 °C), followed by
desorption for 4 min at 250 °C. The gas flow during desorption
was turned on when the trap reached 245 °C. The desorbed
analytes were passed through a fused silica transfer line heated
to 200 °C directly to the gas chromatograph. DHS-GC-MS anal-
ysis conditions: capillary column SLB-IL 111, carrier gas:
hydrogen at 1 mL min~", injection port temperature: 250 °C, ion
source temperature (EI, 70 eV) 200 °C, GC-MS transfer line
temperature 310 °C; temperature program: 40 °C (5 min) -
ramped at 5 °C min~"' - 220 °C (10 min), SCAN mode from
a mass-to-charge ratio of 34 to 220 m/z and SIM mode for the m/z
values selected for individual compounds.

2.4.3 Analysis of real samples. Please refer to ESI - Section
S.3.2.%

2.4.4 Determination of DHS-GC-MS procedure parameters.
Please refer to ESI - Section S.3.3.1

2.4.5 Determination of COD, BOD, EC,, and EC5, param-
eters. Please refer to ESI - Section S.3.4.7
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3 Results and discussion
3.1 Selection of capillary column

In order to optimize the chromatographic separation of 36
0O-VOCs, the standard solution was chromatographed using
three capillary columns with various polarities. The retention
times for individual compounds along with their peak numbers
and selectivity factors with respect to the preceding compound
and n-nonane are compiled in Tables S1-S3.} This hydrocarbon
was selected due to the fact that for the most polar stationary
phase (IL-111) lower n-alkanes were eluted at the dead time. A
detailed analysis of the obtained results with regard to the
selectivity of the studied phases and separation mechanisms is
presented in Section S.4.1 (ESIt).

The most polar column SLB-IL 111 with the stationary phase
being an ionic liquid (1,5-di(2,3-dimethylimidazolium)pentane
bis(trifluoromethylsulfonyl)imide) (Fig. 1) had the highest
selectivity towards the standard mixture. Coelution was observed
only for a few compounds, such as 3-pentanol and 2-pentanone
as well as 2,4-dimethyl-3-pentanone and 3-heptanone.

On the basis of the results obtained, the SLB-IL111 column
with the ionic liquid stationary phase was selected for further
work, since it ensures the highest selectivity towards O-VOCs, as
demonstrated by the selectivity factors relative to the preceding
compound (Fig. S47). The few coelutions should not interfere
with the procedures making use of GC-MS due to substantial
differences in mass spectra of the separated compounds and
the occurrence of numerous specific fragmentation ions.
Furthermore, previous investigations”*'® revealed that the
samples of postoxidative effluents contain n-alkanes, which
under the DHS conditions are released in the n-C5 to n-C9 range
while small amounts of #n-C10 to n-C13were also present. Under
the selected separation conditions n-alkanes up to n-C8 are
eluted at the dead time; thus, the use of IL-111 column largely
reduces the matrix effect.

3.2 Optimization of the DHS-GC-MS procedure

Dynamic headspace (DHS), also called the purge-and-trap (P&T)
technique, was selected due to the complex matrix of effluent
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samples (containing to a large extent nonvolatile components,
a strongly basic pH and a high concentration of sulfides) and
the presence of a wide variety of volatile chemical compounds.
The sorbent trap was packed with Tenax, a porous polymer
recommended by the US Environmental Protection Agency for
trapping compounds with a medium to high boiling point, and
allowing the determination of volatile organic compounds at
a low concentration level (ug mL~" and ng mL~").* The DHS
parameters were selected based on US EPA recommendations
from standard methods 524.2, 5030a and 8260b as well as our
experience in the determination of analytes in high-load
industrial effluents.’*> At the same time, a modified P&T
system with a simplified design was used to purge analytes. Due
to the difficulty with cleaning standard P&T containers (wall
memory effect), they were replaced with disposable 12 mL vials
and purging and trapping of the analytes was performed using
two fused silica capillary columns (Fig. S17). Such an approach
was successfully used in the investigation of emission of VOCs
from hot bitumens by DHS-GC-MS.” The purging conditions
used did not aim at 100% recovery of the analytes due to a large
difference in concentrations between raw and treated effluents.
Instead they aimed at obtaining satisfactory sensitivity and
linear range of the procedure.

Optimization of the PT-GC-MS procedure began with the
preparation of standard solutions. The analytes were first dis-
solved in acetone and then diluted with water in a vial. The
mixture containing 5 standards was used to optimize injection
of the analytes desorbed from the DHS system. The solutions
were injected in three modes: split (10 : 1), splitless (1.0; 1.2)
and splitless (3.8; 4.0). In the splitless modes, opening of the
purge valve in the injection port takes place after 1 min and 3.8
min, respectively, and the split valve is opened after 1.2 and 4.0
min, respectively. Based on the signal-to-noise ratio (S/N) (Table
S41), split mode was found to be the optimum injection mode
yielding symmetrical, sharp peaks and a lowered noise level.
This is due to the fact that in split mode the analytes are
removed from the trap using a much higher flow rate of the
purge gas, which results in a reduction of precolumn band
broadening.
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Chromatogram of a mixture of standards of alcohols, ketones, aldehydes, phenols, esters and ethers separated on a SLB-IL 111 column.
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The caustic wastewater from the bitumen production
produced during the oxidation of vacuum residue, in many
instances, contains a condensed and partly emulsified oil in the
aqueous phase.”*>* The oil phase removal takes place in the
plate separator and additionally using demulsification. The
presence of residues of the oil phase is not a problem for
a refinery wastewater treatment plant, because the type of
activated sludge used in this plant is adapted to the degradation
of wastewater containing a high load of hydrocarbons. However,
particularly important is the presence of oxygenated volatile
organic compounds that are highly toxic to the refinery active
sludge. The selection of conditions for the developed method of
O-VOC analysis was, therefore, a consequence of the need for
the determination of the O-VOCs in a matrix with a high content
of hydrocarbons. High selectivity is achieved by using a highly
polar ionic liquid stationary phase, which selectively retains the
compounds from the group of O-VOCs, while allowing elution
with almost no retention of a large spectrum of saturated
hydrocarbons. The second “dimension” of selectivity is ach-
ieved through the use of a mass spectrometer in selected ion
monitoring (SIM) mode.

The experimental LOD values for all the investigated
compounds ranged from 0.005 pg mL ™" to 20 ug mL'. The
LOD values for each compound were determined on the basis of
signal-to-noise ratio values for the characteristic ion m/z;,, using
(SIM) mode. LOQ values were calculated from eqn (2) (S.3.3).T At
the assumed signal-to-noise ratio (6 S/N) for all the analytes, the
peak areas of the analytes were reproducible. The lowest
detection limits were found for 2,3-dihydropyran, anisole,
benzyl alcohol, o-cresol, m-cresol and phenol. On the other
hand, the highest LOD values, equal to 20 pg mL ™", were ob-
tained for acetaldehyde due to the high volatility of the analyte.
In addition, relative standard deviation (RSD) values were
determined for each analyte from three independent analyses
for 100 pg mL~" and found to be below 5%, and also for the LOQ
value of individual compounds, whose RSD values were below
5.61%, which confirms the good repeatability of the developed
procedure. Considerable differences in LOD values result from
the differences in analyte volatility, polarity, water solubility and
extent of ionization as well as differences in mass spectra and
the selected m/z values at which the determinations are carried
out. The LOD and LOQ values demonstrate that the procedure
can be used for the determination of low levels of O-VOCs,
which makes it suitable for the determination of oxygenated
volatile organic compounds in postoxidative effluents.

For each of the analytes a 7-point calibration curve was
determined, which was then used for the determination of
0O-VOCs in effluent samples. Calibration parameters along with
the linear range are compiled in Table 1. For 2,3-dihydropyran
and tetrahydropyran the upper limit of linearity is 20 pg mL ™"
which can make analysis of real samples more difficult. For
most of the compounds the upper limits of linearity, equal to
100 pug mL ™', are satisfactory. A statistical data treatment
revealed that, for some of the compounds including benzyl
alcohol and 2-methyl-2-butanol, the ranges of linearity selected
on the basis of the coefficient of determination had errors. For
those compounds the R* values were respectively 0.9998 and
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0.9904. In spite of satisfactory correlation coefficient values, the
results obtained using the second method, which is described
in Section S.3.31 and also using standard residual analysis,*
suggest that the concentrations of these compounds do not
show linearity for the assumed lower limit of linearity (0.5
pg mL~"). For both compounds, the real range of linearity is
10-100 pg mL ™",

The DHS technique owes its popularity to the significant
increase of the method sensitivity.>*** Enrichment, based on
trapping the removed analytes from the samples, in a stream of
inert gas, which is fed to the sample in a highly dispersed form,
allows in many cases the use of relatively simple apparatus at
the final stage of determination. The degree of recovery, which
is characterized by the DHS technique, generally ranges
between 91 and 105%. In this paper, the recovery of the analytes
was not studied, due to the fact that “typical” conditions of
DHS, standard apparatus and sorption traps which meet the
requirements of most EPA procedures regarding DHS tech-
niques were used. The main objective of this study was to
develop a method enabling the routine determination of ana-
Iytes in a wide range of industrial wastewater with complex
matrices. A confirmation of the linear relationship, in the
desired concentration range, between the response of the
analytical system with the MS detector in SIM mode and the
analyte concentration in a sample of wastewater was considered
as sufficient confirmation of the method ability to generate
accurate and reproducible results of determination. In this
case, the degree of repeatability of recovery by gas extraction,
which is confirmed by low RSD values for the studied concen-
tration ranges of calibration mixtures, is a confirmation of the
quality of results at an acceptable level for routine analysis of
industrial wastewater. At the same time, the conditions used do
not have to provide one hundred percent recovery of the ana-
Iytes by purging the sample, but should only allow obtaining
satisfactory sensitivity at the shortest possible time of gas
extraction.

3.3 Determination of O-VOCs in postoxidative effluents

In the first stage of investigations, O-VOCs were identified in
samples of raw effluents using DHS-GC-MS in selected ion
monitoring (SIM) mode. The retention data determined during
the optimization of separation conditions and the mass spectra
of reference substances were used to construct the sequence of
detection conditions in the selective ion monitoring mode. For
the range of retention time values of each reference substance,
the settings of the mass spectrometer have been selected, for
ions with characteristic mass-to-charge ratio values for each
compound (m/z;,; — value at which the peak was integrated and
m/z;q — value used to confirm identification based on the ratio of
intensities for m/z;,, and m/z;q). For the confirmation of iden-
tification, the tolerance intervals +0.2% were assumed for the
retention time, and +10% for the ratio of intensities for m/z;,
and m/z;q. The values of the ratio of ion intensities for standard
compounds are compiled in Table 1. In this way “double”
identification was ensured, based on the determination of the

Anal. Methods, 2016, 8, 3570-3577 | 3573
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Table 2 Compilation of concentrations of the identified O-VOCs in raw and treated effluents

Concentration [ppm]

Effluent I (sono-cavitation +

No. Name Raw effluent UV + ozonation + H,0,) Effluent II (ozonation)
1 2,3-Dihydropyran 2.00 £ 0.06 0.18 £ 0.02 —

2 2-Butanol 14.75 £ 0.24 3.27 £0.04 —

3 Ethyl acrylate 0.11 £ 0.06 — —

4 2-Pentanone 18.70 £ 0.17 27.60 £ 0.32 0.18 £ 0.01
5 2-Hexanone 8.89 & 0.24 9.80 & 0.12 —

6 1-Hexanol 7.84 £ 0.07 18.31 £ 0.47 —

7 Cyclohexanol 19.28 £ 0.59 48.62 £ 0.29 —

8 Cyclohexanone 3.29 + 0.04 6.90 &+ 0.04 —

9 3-Methylcyclohexanone 0.181 + 0.004 0.75 %+ 0.09 —

10 Furfural 39.16 £ 0.69 5.45 £ 0.15 0.49 £ 0.04
11 o-Cresol — 37.19 £ 0.53 —

12 Phenol — 118.61 £ 0.97 —

13 m-Cresol — 0.01 £ 0.01 —

presence of analytes using the retention time and the confir-
mation of identification with the m/z;,, to m/z;q ratio.

This resulted in identification of 13 O-VOCs in samples of
raw effluents, for which the analytical procedure was optimized.
On the basis of peak areas and calibration curves, the concen-
trations of individual components were determined in real
samples (Table 2). Detailed analysis of the results is given in
Section S.4.2.1 A particularly large increase was observed for
phenol and o-cresol as well as cyclohexanol. In the discussed
case where oxidation aided by sonic cavitation is a preliminary
stage of treatment of the effluent prior to sending the process
effluent to the refinery treatment plant, such an increase in
alcohol content is highly undesirable. The activated sludge used
during biological treatment of refinery effluents has completely
different characteristics compared to the activated sludge used
in the treatment of municipal wastewater. Strains of microor-
ganisms present in the activated sludge used for the treatment
of refinery effluents are highly intolerant to alcohols, including
phenols. The increase in alcohol content in the effluents can
result in a substantial decrease in the effectiveness of biological

Abundance,
1600000

1400000 2
1200000
1000000
800000

600000

400000

treatment of the effluents despite a significant reduction in the
total load of pollutants. The increase in the concentration of
phenols is a problem because of the strict limits of their content
in the effluent discharged into waterways, which is 0.1 mg L~'.%

By performing the analysis in the SCAN mode, additional
0O-VOCs, mostly aldehydes, ketones and alcohols, were identi-
fied. Using their characteristic ions, peak areas and tentative
concentrations of these analytes were determined (Table S57). A
SCAN chromatogram of O-VOCs from raw postoxidative effluent
and treated by ozonation is depicted in Fig. 2. The concentra-
tions of the identified compounds are compiled in Table S5.t
The O-VOCs additionally identified in the SCAN mode were
determined quantitatively based on the averaged response
factors calculated separately for each group of O-VOCs. The
response factors are listed below in Table S5.F

Detailed analysis of the pathways of conversion and the
effectiveness of various processes of effluent treatment aided by
sono-cavitation will be the subject of a future paper. In this
paper samples were used only as an example of application of
the developed method. The opposite effect of compared

1
200000
0 /
-50000 i
Time 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00

Fig. 2 An overlay of SCAN chromatograms of raw postoxidative effluent (blue) and ozonated effluent (black). Identified compounds: (1) 2-
propanol, (2) acetone, (3) pentanal, (4) 3-methylbutanal, (5) 2-penten-1-ol, (6) hexanal, (7) octanal, (8) 1,2-cyclopentanediol, and (9) 3-

hydroxybutanal.
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methods of sewage treatment revealed the importance of the
control of O-VOC changes during the process.

To compare the O-VOC changes with “total” parameters used
to control the wastewater treatment processes, the BOD and
COD test results, as well as Microtox test results (EC,, and ECs,
parameters) are summarized in Table S6.f The BOD and COD
values were reduced after using both methods of wastewater
treatment. Also EC,, and ECj;, revealed the reduction of the
wastewater toxicity, after using treatment processes (an increase
in EC,, and EC;, parameters indicates a decrease in the
toxicity). The highest treatment efficiency was obtained during
the application of the method of treatment using H,0,. The
opposite results were obtained in the case of O-VOC content test
results. The cause of this is effective oxidation of groups of
compounds with higher molecular weights and their partial
conversion into volatile organic compounds.

4 Conclusions

The paper demonstrates the effectiveness of the dynamic
headspace-gas chromatography-mass spectrometry (DHS-GC-
MS) procedure for the determination of low levels of oxygenated
volatile organic compounds (O-VOCs) in refinery effluents.

Among the capillary columns investigated, a very polar
column, SLB-IL 111, with an ionic liquid as the stationary phase
was found to be superior for the separation of O-VOCs, as it has
a high selectivity towards n-alkanes and oxygenated volatile
organic compounds. The few observed coelutions do not
interfere with the GC-MS analyses due to considerable differ-
ences in the mass spectra of coeluting compounds.

The main calibration parameters obtained for the 36 stan-
dards, i.e. LOD ranging from 0.005 pg mL ™" to 0.5 pg mL ™" and
LOQ along with a wide linear range allow the determination of
O-VOCs at low concentration levels. Furthermore, good
repeatability confirms the usefulness of the optimized proce-
dure and its applicability to routine analyses of O-VOCs in
complex matrices.

The significance of the developed procedure is illustrated in
Fig. S4,T which shows the percent change in O-VOC content and
chemical oxygen demand (COD) following various methods of
chemical treatment of raw effluents. The results of the investi-
gations reveal that O-VOCs are an important class of chemical
compounds that need to be monitored during the treatment of
effluents due to the fact that in many cases they are secondary
pollutants formed through oxidation of compounds initially
present in the effluent. The effectiveness of the process
expressed by total parameters, i.e. COD, demonstrates the ex-
pected reduction in content. The reduction depends on the
strength of the oxidizing agent and the dose used during
treatment. However, the investigations described in this paper
reveal that excessively strong oxidation results in an increase in
O-VOC content.
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