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Featured Application: Environmentally friendly HS-GC-MS methods for the identification of
volatile organic compounds in industrial water effluents were optimized. The removal of the
pollutants from the samples via a new hybrid electrothermochemical wastewater treatment tech-
nology was carried out. The removal efficiency factors REFi were defined for the inspection of
contaminants’ degradation.

Abstract: This study presents a compact system developed to treat paint-industrial water contami-
nated by the residues of volatile organic compounds (VOCs) using hybrid electrothermochemical
wastewater treatment technology. Different treatment parameters (sample dilution, working current)
were studied, and the power of the removal was expressed by the removal efficiency factor. It was
shown that for all of the VOCs, significant removal was obtained with dilution 1:3 (industrial water:
deionized water, V:V) and electric current set at 30 A. For advanced inspection of the treatment
process, a simple and solventless method has been developed and validated, using headspace sam-
pling combined with gas chromatography-mass spectrometry. Parameters affecting the headspace
sampling efficiency were thoroughly studied, including the temperature, time, and mixing rate. The
proposed method was partially validated utilizing the selected sampling parameters. The limits of
detection ranged between 0.19 µg/L and 4.02 µg/L. The validated analytical method was an efficient
tool for the inspection of residual VOCs in paint-industrial water and treated water samples. The
new electrochemical water treatment was shown to be helpful in the paint industry’s effluent reuse.

Keywords: industrial water; VOCs; electrothermal water treatment; headspace sampling; GC-MS

1. Introduction

Water is a very important staple for industries, where it has different uses. Water is
usually used as a solvent, but it should also be applied for manufacturing goods, heating,
or cooling. The main part of water is then converted into industrial wastewater, and only
a little portion of the supplied water is present within the product or is eliminated by
evaporation. Industrial effluents represent an enormous environmental problem. The
largest problem of industrial wastewater policy is the indiscriminate discharge of these
wastewater streams into the environment, which can cause soil contamination, pollute
the receiving bodies of water, and can be the source of air pollution by generating obnox-
ious gases [1]. These industrial effluents can contain high amounts of contaminants, such
as volatile organic compounds (VOCs), including monoaromatic hydrocarbons, such as
benzene, toluene, ethylbenzene, and xylene isomers (BTEX) which are used as industrial
solvents and as the raw materials to produce many pharmaceuticals, agrochemicals, poly-
mers, explosives, paints, cosmetics, etc. [2]. Accidental spills and leakage from storage
tanks can cause frequent contaminations of groundwaters, soils, and sediments with VOCs
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and other pollutants, and also, environmental pollution can be involved in and associated
with piping, improper waste disposal practices, and leaching landfills [3,4]. Some of these
pollutants are on the list of priority toxic substances by the US Environmental Protection
Agency (US EPA) [5]. VOCs pose a serious threat to the ecosystem and human health
due to their high toxicity and migration to groundwater [6]; they are chemically inert,
with a relatively high ability to be dissolved in water, and are toxic. Therefore, VOCs are
common targets of environmental monitoring [7]. The struggle with the local environment
and diffuse pollution of the VOCs spills is an issue of wide interest. Developing efficient
and useful wastewater treatment technologies is needed to meet the standards of rigorous
environmental regulations [8].

For the elimination of volatile pollution, several treatment processes have been men-
tioned in the published materials, and many of them are currently used. These differ in
many aspects and include processes from the most used and cost-effective to the most
advanced and costliest ones [9]. The mostly applied process for the degradation of VOCs in
water samples is microbe-mediated biodegradation, where microbes with specific functions
act as degraders, and they transform VOCs into nontoxic compounds [10]. Many bacteria
which should effectively degrade VOCs have been isolated in recent years, and biodegrada-
tion pathways have been explored [5]. However, there are still leaks in the VOC-degrading,
strains and the main disadvantage of these techniques is that the biodegradation processes
of VOCs take a long time, more than 48 h [8]. Therefore, biofiltration is considered the
most important technology among biological treatment systems [11,12]. Furthermore, this
technology has been shown to be a low-cost technology to control pollution by odors and
VOCs [13]. There are some applications of advanced oxidation processes (AOPs) for the
elimination of VOCs in aqueous solutions [8,14]. These methods are sufficient and effective
treatment methods without producing high amounts of sludge as waste, because of the
generation of hydroxyl radicals having a high oxidation power which is useful for the
mineralization of the pollutants [8]. In the comparison of the use of membrane processes
with the adsorption process or any other conventional methods for industrial water treat-
ment, membrane processes have a significant advantage because the separation of mixtures
can be achieved effectively at low energy consumption. Therefore, membrane technology
could be an encouraging technique for the elimination of VOCs from contaminated water
sources. On the other hand, the availability of an effective and low-cost membrane unit
is required to achieve VOCs’ amount reduction [15]. In recent years, electrochemical (EC)
methods have started to be used for wastewater treatment. EC processes possess some
advantages over the above-described technologies, such as the use of fewer amounts of
added chemicals, simple installation, lower secondary toxicants occurrence, odor and/or
pigment removal, and shorter residence time [16]. Electrocoagulation and electroflotation
are the most widespread electrochemical wastewater treatment processes, which capitalize
on the simultaneous generation of metal hydroxide and hydrogen microbubbles at the
anode and cathode, respectively [17,18]. Dissolved metal ions from the anode form metal
hydroxide, which grows into large flocs that act as highly effective coagulating agents for
capturing contaminants, while the hydrogen bubbles carry the precipitated solids to the sur-
face of treated water, thus enabling simple separation of contaminants. Dissolved organic
compounds undergo electrochemical oxidation/reduction in the vicinity of electrodes and
are captured by hydroxide flocs [17].

To ensure that the treatment process is successful, safe disposal limits must be respected;
in addition to traditional parameters such as toxicity, total organic carbon content (TOC),
chemical oxygen demand (COD), biological oxygen demand (BOD), turbidity, etc., the indi-
vidual identification of the industrial wastewater contaminants can be realized via advanced
analytical methods allowing the specification of individual contaminants, particularly through
separation and appropriate spectrometric detection. Within the analytical method, the sample
preparation step is very time-consuming and for par trace-level VOCs present in a complex
matrix, it is highly challenging due to the difficulty [19]. This means that sample preparation
is a crucial and unavoidable part of the analytical method for the detection of low-level



Appl. Sci. 2023, 13, 443 3 of 12

analytes in multicomponent matrices [20]. Sample pretreatment techniques such as liquid–
liquid extraction (LLE) [21], solid-phase extraction (SPE) [22], liquid-phase microextraction
(LPME) [23], and solid-phase microextraction (SPME) [24] have been exploited for the isolation
of VOCs from environmental samples. However, there are several disadvantages to these
approaches [25]. In the case of industrial wastewater, the purge and trap method is the first
choice for the pre-concentration and analysis of VOCs [26,27]. Apart from sensitivity, purge
and trap has the advantages of precision and the possibility of automation. The drawbacks are
elaborated instrumentation, water vapor which is produced during the extraction and could
cause interferences, use of large amounts of cryogen, trap contaminations, especially in highly
polluted samples such as industrial wastewater, and a long time of analysis. For the determi-
nation of VOCs, headspace techniques are more suited. In static headspace sampling (SHS),
the sample is sealed in a gas-tight vial with a septum, and after the equilibrium, headspace
vapor is injected to the GC by a gastight syringe [28]. The advantage of HS techniques is in the
direct analysis of the VOCs without any interference from the sample matrix; therefore, the
matrix effects are reduced. As the entire analysis runs in a closed system, there is the potential
to reach high reproducibility.

In this study, a new electrochemical treatment technology was introduced for the
industrial wastewater treatment procedure. The proposed wastewater processing tech-
nology uses a proprietary approach to the electrochemical introduction of certain metal
consumables into the wastewater and to capture (electrochemically transformed) organic
pollutants of the wastewater within a metal hydroxide matrix.

The objective of this work was to study the various electrochemical treatment technology
parameters for the elimination of the VOCs from paint-industrial water effluents and the
development of an easy, cheap, solventless, and rapid static headspace method combined
with GC-MS for the identification of volatile contaminants in raw and treated industrial
wastewater. The removal efficiency factors were introduced by applying different water
treatment technology parameters. The next task of the paper was the method validation
showing the linearity, the limit of detection (LOD), and the limit of quantification (LOQ).

2. Materials and Methods
2.1. Chemicals and Reagents

At first, standard stock solution of individual VOCs (benzene, toluene, ethylbenzene,
xylene, and chlorobenzene) (KGaA, Darmstadt, Germany) was prepared at a concentration
of 1 mg/mL in methanol (Sigma Aldrich, Steinheim, Germany), and afterwards, mix stock
standard solution at a concentration of 0.20 ng/mL in water (Sigma Aldrich, Steinheim,
Germany) was prepared. These stock solutions were used for the fortification of distilled
water, used for the validation experiments. Stock solutions and t diluted working solutions
were kept in a fridge. Sodium chloride (NaCl) (Lachema a.s., Brno, Czech Republic) was
heated at 600 ◦C (6 h) in a furnace.

2.2. Samples

The real samples of the industrial effluents were obtained from the paint and coating
company. In all, 40 L of the sample was directly sampled from the water tanks and
delivered to the laboratory. The samples were collected into 1 L glass bottles and stored at
temperature-controlled conditions at 4 ◦C. Before the extraction procedures, the samples
needed to be filtrated using a 0.45 mm cellulose membrane filter (GF/F, Whatman, UK).

2.3. Industrial Water Treatment

Wastewater treatment was performed in a flow-through electrochemical setup working
on electrocoagulation and electroflotation principles and running in a continuous loop
mode. The setup operated in an open system in terms of pressurizing, i.e., the treated
effluent from the electrochemical reactor was discharged into an open glass chamber, where
it was mixed and then injected back into the electrochemical reactor for further processing
during the next loop round. The electrochemical reactor was equipped with 4 rectangular
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carbon steel electrodes having a total electrode gap volume of 150 mL. The electrodes were
interconnected in a so-called monopolar regime, i.e., only the two boundary electrodes
were connected to the positive and negative polarity of the power supply. The total water
flow rate was 5 Lpm due to avoiding sludge adhesion and further clogging inside the
electrode gaps. The total voltage drop on the electrode system did not exceed 15 V thanks
to the naturally high electrical conductivity of the sampled wastewater. Fundamental
electrochemistry is based on a real-time metal hydroxide formation and further cyclical
multi-loop utilization of organic adsorption processes which, however, cannot be described
in deeper detail since the technology is under patent evaluation processes. Microbubble
generator stones were mounted at the bottom of the glass chamber for separation of the
formed foam/sludge via microbubble floatation. The final filter-pressed metalized sludge
consisted of metallic oxides and hydroxides bound with organics, which were aimed to
be further utilized as an admixture in concrete in the building industry (the scope of an
ongoing industrial project).

Before starting the electrochemical process, the entire system was watered with the
help of a pump, so that the water would circulate in the entire device before starting
the process. Electrolysis took place at different current values (20 A, 30 A) for 10 min
under regulated flotation (0–2.5 min without flotation, then flotation was switched on at an
interval of 30 s and 1 min off during the measurement period). For the treatment processes,
a portion of the samples was utilized. Different testing modes were used for the industrial
water effluent in the verification test. The experiment aimed to select and demonstrate the
effect of primary and secondary boundary conditions.

− The industrial wastewater was diluted with deionized water 1:1 (treated water 1: deionized
water V:V), and a working electric current of 20 A was used for electrochemical treatment;

− The industrial wastewater was diluted with deionized water 1:1 (treated water 2: deionized
water V:V), and a working electric current of 30 A was used for electrochemical treatment;

− The industrial wastewater was diluted with deionized water 1:3 (treated water 3: deionized
water V:V), and a working electric current of 20 A was used for electrochemical treatment;

− The industrial wastewater was diluted with deionized water dilution 1:3 (treated
water 4: deionized water, V:V), and a working electric current of 30 A was used for
electrochemical treatment.

The test duration was 10 min, and the floatation was turned on during the whole process.

2.4. Headspace Sampling

For the extraction of volatile pollution from the industrial wastewater, static headspace
sampling was applied, which is one of the simplest and most efficient ways for the sep-
aration of volatilized sample components. The procedure is based on the formation of
gas in the space over the sample on the top of the sample vials. A volume of 30 mL of
filtered water sample was placed in a 70 mL headspace glass vial sealed with a headspace
cap. The sample was kept at a temperature of 70 ◦C to reach the equilibria for the time of
20 min. For separation and detection of volatile components, 40 µL of the headspace gas
was introduced to GC-MS.

2.5. GC-MS Analysis

The GC-MS analyses of the headspace phases were evaluated using an Agilent 6890
(Agilent, Little Falls, DE, USA) gas chromatograph coupled with an Agilent 5975 (Agilent,
Little Falls, DE, USA) mass spectrometric detector. The headspace phase was introduced
into the system using a programmable temperature vaporization (PTV) injector maintained
at a constant temperature of 220 ◦C. In all, 40 µL of the gas phase (headspace) was taken
using a gas-tight microsyringe and injected in GC using splitless mode and setting a splitless
time at 1 min. A narrow browed capillary column (15 m length × 0.15 mm I.D. × 0.15 µm
film thickness) with 5% diphenyl 95% dimethylsiloxane stationary phase (CP-Sil 8 CB;
Agilent Technologies, Middelburg, Netherlands) was used for the separation of the analytes.
Non-polar deactivated precolumn 1 m long with an internal diameter of 0.32 mm was used.
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The oven temperature-program conditions were: 60 ◦C held for 1.75 min, then raised with
a gradient of 60 ◦C/min to 150 ◦C, then increased to 23.8 ◦C/min to 300 ◦C, and the final
isothermal part was 1.90 min. The flow of Helium as the carrier gas was set at 1.2 mL/min
in constant flow mode.

The mass spectrometer worked in electron ionization mode (70 eV) with the tempera-
ture of the ion source at 250 ◦C. The mass range of 50–550 m/z was set up for a full scan.
For quantification purposes, the selected ion monitoring (SIM) mode was employed.

3. Results and Discussion

It is known that a high number of organic compounds are contained in widely used
primers, top-finish paints, barrier paints, fire-retardant paints, decoration adhesives, and
diluents [29]. There are four major components of paints. The most abundant components
are the different types of solvents; important components are pigments and binders, and
also different types of chemical additives are used in paints. This study is focused on
solvents, which should also be the main component of paint-industrial effluents. Solvents
are volatile and are used in the paint industry to dissolve or distribute the binder or make
the production of the paints easier and have a positive effect on application conditions [30].
Painting and drying painted surfaces, solvents should be evaporated into the air mainly
as mixtures of organic hydrocarbons, alcohols, esters, and ketones. On the other hand,
high volumes of these organic solvents should be found in wastewater effluents from paint
industries because water is used for the cleaning of barrels, tubes, and machines, which are
used for the production and packaging of the products.

3.1. Evaluation of HS Sampling and Identification of Pollutants in HS Gas

Organic solvents, which are used during paint production and are the typical rep-
resentation of VOCs, are a group of relevant environmental pollutants [31]. One of the
ideal methods for sampling VOCs is the headspace technique. The major advantages of
this simple method are the cost (it is a cheap technique), the instrumentation (without
using complicated instruments), and its solventless character. Headspace sampling re-
quires only the thermodynamic equilibrium between the aquatic and gaseous phases in a
closed-tempered vial. After reaching equilibrium, the volatile compounds are represented
in gas phase which is injected into the GC and analyzed without the influence of the
matrix or extraction solvent. On the other hand, the disadvantage of headspace sampling
is the restriction of the sensitivity of the method by the concentration of the VOCs in the
headspace phase. The concentration of VOCs in the headspace phase depends on several
parameters, such as the initial concentration in the water, the phase ratio between the liquid
phase and gas phase, and the water/air distribution constant [31].

The paint-industrial water effluent underwent analysis by GC-MS in full scan mode,
and some of the VOCs were identified in the HS, namely toluene, ethylbenzene, chloroben-
zene, and the isomers of xylene.

The headspace sampling parameters were studied by comparing the chromatographic
peak areas of the identified compound with those recorded at different sampling parameters.
Different parameters affect the effective transfer of analytes to a headspace gas. The effects
of sampling temperature, sampling time, stirring rate, and the volume of the injected
gas phase on the efficiency of the VOC transfer to the gas phase were investigated and
optimized independently.

At first, the optimal volume of the injected HS phase into the GC-MS system was
selected. A 30 mL sample of industrial water was placed in a vial, which was heated in a
water bath to a temperature of 60 ◦C. After the HS sampling time, a volume of 10, 20, 30,
40, and 50 µL was injected into the gas chromatograph, and the chromatographic peaks
of the analytes were subsequently compared. A gradual increase in the peak areas of the
analytes was observed with an increase in the injected volume of the gas phase. The largest
peak areas were obtained in the case of injecting 40 µL of the headspace phase. When the
volume was further increased, the chromatographic peak areas of the identified analytes



Appl. Sci. 2023, 13, 443 6 of 12

began to decrease, as a result of which, 40 µL was selected as the optimal injecting volume
of the HS phase.

As the next parameter, the sampling temperature was examined. The enhanced
temperature could increase the distribution of VOCs between a sample and the headspace
because higher temperatures cause higher vapor pressure of the analyte, and consequently,
its concentration in the headspace increases [28]. According to the literature, the usually
applied HS sampling temperature for the BETX sampling from water samples is between 70
and 80 ◦C [31–33]. Therefore, for the selection of the sampling temperature, the sample was
exposed for 20 min to temperatures ranging from 60 to 80 ◦C. HS sampling at the laboratory
temperature was also tested, but the extracted analyte concentration was below the limit of
detection. It was observed that the quantity of the extracted compounds increases with the
temperature (Figure 1). Headspace sampling at 80 ◦C also caused lower peak resolution
than at 70 ◦C, which complicated the identification of the analytes. At higher temperatures,
a higher amount of water may be injected into the GC system, which could cause an
increase in the background level [32]. Therefore, to reduce water vapor, 70 ◦C was preferred
as the optimum sampling temperature.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 6 of 13 
 

The paint-industrial water effluent underwent analysis by GC-MS in full scan mode, 
and some of the VOCs were identified in the HS, namely toluene, ethylbenzene, chloro-
benzene, and the isomers of xylene. 

The headspace sampling parameters were studied by comparing the chromato-
graphic peak areas of the identified compound with those recorded at different sampling 
parameters. Different parameters affect the effective transfer of analytes to a headspace 
gas. The effects of sampling temperature, sampling time, stirring rate, and the volume of 
the injected gas phase on the efficiency of the VOC transfer to the gas phase were investi-
gated and optimized independently. 

At first, the optimal volume of the injected HS phase into the GC-MS system was 
selected. A 30 mL sample of industrial water was placed in a vial, which was heated in a 
water bath to a temperature of 60 °C. After the HS sampling time, a volume of 10, 20, 30, 
40, and 50 µL was injected into the gas chromatograph, and the chromatographic peaks 
of the analytes were subsequently compared. A gradual increase in the peak areas of the 
analytes was observed with an increase in the injected volume of the gas phase. The larg-
est peak areas were obtained in the case of injecting 40 µL of the headspace phase. When 
the volume was further increased, the chromatographic peak areas of the identified ana-
lytes began to decrease, as a result of which, 40 µL was selected as the optimal injecting 
volume of the HS phase. 

As the next parameter, the sampling temperature was examined. The enhanced tem-
perature could increase the distribution of VOCs between a sample and the headspace 
because higher temperatures cause higher vapor pressure of the analyte, and conse-
quently, its concentration in the headspace increases [28]. According to the literature, the 
usually applied HS sampling temperature for the BETX sampling from water samples is 
between 70 and 80 °C [31–33]. Therefore, for the selection of the sampling temperature, 
the sample was exposed for 20 min to temperatures ranging from 60 to 80 °C. HS sampling 
at the laboratory temperature was also tested, but the extracted analyte concentration was 
below the limit of detection. It was observed that the quantity of the extracted compounds 
increases with the temperature (Figure 1). Headspace sampling at 80 °C also caused lower 
peak resolution than at 70 °C, which complicated the identification of the analytes. At 
higher temperatures, a higher amount of water may be injected into the GC system, which 
could cause an increase in the background level [32]. Therefore, to reduce water vapor, 70 
°C was preferred as the optimum sampling temperature. 

 
Figure 1. The effect of the headspace sampling temperature on the efficiency of the sampling of
toluene, ethylbenzene, chlorobenzene, and total xylene transfer to the gas phase. The dependence of
the peak areas on the sampling temperature.

An important effect on the headspace sampling method efficiency has the sampling
time because headspace sampling is an equilibrium-based technique. The influence of
the headspace sampling time on the peak area was studied by adjusting the time in the
range of 5–30 min. By using a higher sampling time, the transfer of the analytes into the
gaseous phase is increased. The equilibrium was observed after 20 min. After this time, no
significant changes were noticed in the extraction efficiency for the target analytes (Figure 2).
The selected time was enough for the distribution of the analyte between the headspace
and water media. However, the small decrease in the peak areas for VOCs after 20 min can
be considered not relevant, but it was shown in the literature that there is a degeneration in
the method precision for longer sampling times [31,33,34]. Therefore, the sampling time
was fixed at 20 min.
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The mass transfer of the volatile analytes should be influenced by another important
parameter, which is the stirring rate. This parameter has an effect on the time-enrichment
profile. It was shown that mixing of the sample solution improves the mass transfers in the
aqueous phase and induces convection in the headspace, and consequently, the equilibrium
between the aqueous and vapor phases can be more rapidly attained [28]. Stirring rate was
evaluated between 0 rpm and 1200 rpm. The increase in the efficiency of volatile compounds’
transfer into the headspace reaching a stirring rate of 1000 rpm was confirmed, which was
then sequentially decreased at higher stirring rates. At a higher speed, the stirring bar started
to vibrate, and the mixing of the sample was not consistent. This means that higher agitation
tends to be uncontrollable, which might cause a change in the equilibrium time and poor
measurement precision [28]. Therefore, to reach the highest efficiency of the mass transfer, the
stirring rate of 1000 rpm was selected for further experiments.

It was shown that the best HS parameters for the isolation of toluene, ethylbenzene,
xylene, and chlorobenzene from the paint-industrial water effluent were the following:
20 min sampling time, 70 ◦C sampling temperature, 1000 rpm stirring rate, and the volume
of the gas phase at 40 µL.

3.2. Validation of the GC-MS Method

The selected validation parameters (such as linearity, correlation coefficient, LODs,
and lLOQs) for the identified analytes were studied in spiked water samples and are col-
lected in Table 1. The spiked water samples were analyzed by HS-GC-MS. A seven-point
calibration curve was constructed by extracting seven spiked water samples containing all
the analytes at different concentration levels in the range from 0.01 to 10 µg/mL. For each
calibration level, three replicate headspace samplings were performed. Acceptable linearity
was obtained for all the studied VOCs over the whole studied concentration range with
correlation coefficients (r2) higher than 0.990. The high correlation coefficient demonstrates
a directly proportional relationship between the concentration of the analytes in the HS
phase and the initial concentration of the sample. The LODs based on a signal-to-noise ratio
(S/N) of 3 ranged from 0.19 to 4.02 µg/L, which is below regulated limits for these com-
pounds in drinking water. The validation parameters are shown in Table 1. The obtained
LODs are lower than the established maximum permissible levels of these contaminants in
water destined for public supply of 1.0 mg/L (toluene), 0.7 mg/L (ethylbenzene), 10 mg/L
(total xylenes), and 0.1 mg/L for chlorobenzene.



Appl. Sci. 2023, 13, 443 8 of 12

Table 1. The retention times of the identified compounds, the selected fragment ions (m/z), and basic
validation parameters.

Analytes Retention Time [min] Ions [m/z] LOD [µg/L] Correlation Coefficient

Toluene 1.330 91 92 65 0.19 0.9978
Chlorobenzene 1.593 112 77 114 3.22 0.9902
Ethylbenzene 1.627 106 91 78 2.07 0.9935
Xylenes 1.700, 1.721 105 106 91 4.02 0.9921

3.3. Industrial Water Treatment

The most common parameter to be monitored for nontoxic wastewater is COD. The
treatment efficiency of the different processes was determined by studying the CODs of
wastewater and treated water. The main characteristics of paint-industrial wastewater were
a pH value of around 9 and a high value of COD 60 g/L.

Two dilution ratios (1:1 and 1:3) of industrial wastewater and two different working
electric currents (20 A and 30 A) were tested. As a result, four different types of treated
wastewater were obtained. In all cases, the COD values were rapidly reduced; however,
lower values were obtained when the dilution ratio was 1:3 (V:V) for working electric
current 20 A and 30 A, respectively. The reduction in CODs is shown in Figure 3. The COD
was reduced by between 95% and 99% in both systems. The reduction in the COD values
reflects that the system worked with a higher working electric current, 30 A, which was
more advantageous because the COD values have been reduced from 60 g/L to 0.63 g/L.
The COD values of the untreated diluted effluents were evaluated. The COD has been
reduced thanks to the dilution into the values of 21.8 g/L and 33.5 g/L for dilution ratio 1:3
(wastewater:deionized water, V:V) and 1:1 (wastewater:deionized water, V:V), respectively.
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Figure 3. The reduction in the COD values using the different parameters during the wastewater
treatment process. TW1—dilution 1:1 (treated water 1: deionized water V:V), working electric
current: 20 A; TW2—dilution 1:1 (treated water 2: deionized water V:V), working electric current:
30 A; TW3—dilution 1:3 (treated water 3: deionized water V:V), working electric current: 20 A;
TW4—dilution 1:3 (treated water 4: deionized water, V:V), working electric current: 30 A.

The most commonly used method for paint-industrial wastewater treatment is the
physicochemical treatment method; however, COD removal efficiency is lower in com-
parison with the hybrid electrothermochemical method, and it depends on the sample
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pH and the type of coagulants and flocculants [35–37]. In paint-industrial effluent treat-
ments, electrochemical methods are also very popular and starting to replace traditional
processes. However, in the case of COD removal, they are less effective than the combined
hybrid electrothermochemical wastewater treatment with COD removal between 66% and
81% [38–40]. The new hybrid electrothermochemical wastewater treatment technology
provides a similar COD removal, such as Fenton’s oxidation process at 99.5% [41]. The
comparison of the different treatment processes in the case of COD removal efficiency is
shown in Table 2.

Table 2. Comparison of different treatment processes used for paint-industrial effluents.

Treatment Method COD Removal Efficiency [%] Specific Compounds’ Removal References

Coagulation-flocculation 59 X [35]
Coagulation-flocculation 86–88 X [36]
Coagulation-flocculation 94.1 X [37]
Batch reactor (carbon electrodes) 66 X [38]
Electrooxidation (Ti/Pt anode) 81 X [39]
Electrooxidation (Ti/IrO2 anode) 75 X [40]
Photo-Fenton process (solar radiation) 99.5 X [41]
Electro-thermochemical process 95–99 VOCs This study

3.4. Study of the Removal Efficiency

The validated HS-GC-MS method in SIM mode was used for the analyses of the treated
industrial waters for the inspection of treatment efficiency. The peak areas of the identified
compounds in treated water samples were compared with the peak areas obtained for the
raw industrial effluent. The evaluations of the data showed significant elimination of the
VOCs in all studied treatment systems.

The removal efficiency factors (REFi) [19] were calculated for the characterization of
different treatment procedures, for the studied individual compounds:

REFi= (1 − A (Mi, TW)/A (Mi, IW))·100%

where A (Mi, TW) is the peak area of individual VOCs determined in the headspace gas
taken above the treated water sample, and A (Mi, IW) is the peak area of individual VOCs
from the headspace gas taken from the industrial water sample (raw sample).

Significant removal efficiency was obtained when the REF exceeded a percentage of 70%.
Removal efficiency was characterized as moderate when the obtained REF was in the range
of 30–70%. Below 30%, the removal of selected VOCs was evaluated as weak. Table 3 contains
the removal efficiency factors for all studied VOCs for different treatment procedures.

Table 3. Removal efficiency factors (REFi) for the identified VOCs for studied water treatment
technology procedures (TW).

Identified Compounds REFi (TW1) [%] REFi (TW2) [%] REFi (TW3) [%] REFi (TW4) [%]

Toluene 55 80 78 90
Ethylbenzene 84 91 86 94
Xylenes 43 47 89 90
Chlorobenzene 90 96 81 100

Note: TW1—dilution 1:1 (sample: deionized water V:V), working electric current: 20 A; TW2—dilution 1:1
(sample: deionized water V:V), working electric current: 30 A; TW3—dilution 1:3 (sample: deionized water V:V),
working electric current: 20 A; TW4—dilution 1:3 (sample: deionized water, V:V), working electric current: 30 A.

The most abundant compound in industrial water effluent was toluene, and it was
shown that the amount was significantly eliminated during the treatment process. In the
case of using sample dilution 1:3 before the treatment process (Treatment 3 and 4), significant
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removal was obtained for all of the studied compounds. On the other hand, when the sample
dilution ratio was 1:1 (Treatment 1 and 2), moderate removal was acquired for Toluene and
the sum of the xylenes. In all cases, the REFs were significantly higher when the working
electric current of 30 A was applied during the treatment procedure for both dilution ratios.
For all the VOCs, significant removal was shown in the case of procedure 4. It can be observed
that the worst results were obtained when the sample dilution ratio was 1:1 and 20 A of the
working electric current was applied. Compared with untreated industrial water, the peak
areas of the studied compounds decreased in all cases (Figure 4).
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4. Conclusions

A hybrid electrothermochemical wastewater treatment technology has been proposed for
the elimination of selected VOCs from paint-industrial wastewater samples. The elimination
of organic contaminants was evaluated by COD; additionally, selected individual components
were searched for in detail via HS-GC-MS. The effect of several sampling parameters, such as
sampling temperature, sampling time, stirring rate, and the volume of the injected HS phase
was evaluated, and the optimal sampling parameters were selected for the separation of the
selected VOCs from industrial water effluent. The efficiency of the treatment processes under
various working conditions was characterized by the REF of the compounds of interest, and
the removal was evaluated. Working conditions eliminated studied VOCs with REF above
90%, and it can be concluded that substantial removal was proposed.
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