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Abstract: The effects of groundwater table fluctuation (GTF) on the remediation of a petrochemically
polluted riverside using soil vapor extraction (SVE) were investigated. The migration and trans-
formation of benzene, toluene, ethylbenzene, and o-xylene (BTEX) in cases of natural attenuation,
SVE without GTF, and SVE with GTF were simulated using the TMVOC model. The results showed
that the optimized extraction well pressure and influencing radius of the target site were 0.90 atm
and 8 m, respectively. The removal rates of BTEX in cases of natural attenuation, SVE without GTF,
and SVE with GTF were 11.49%, 85.16%, and 97.33%, respectively. The removal rate of BTEX was
maximized in the case of SVE with a GTF amplitude of 0.5 m to 1 m. The removal rates of benzene
(99.99%), toluene (99.74%), ethylbenzene (96.37%), and o-xylene (94.72%) were maximized in the
case of SVE with GTF. For the cases of SVE without GTF and SVE with GTF, mass losses of BTEX
in gaseous (0.05 kg, 0.05 kg, respectively) and aqueous phases (5.46 kg, 5.87 kg, respectively) were
consistent. However, the mass loss of BTEX in the non-aqueous phase liquid (NAPL) phase in the
case of SVE with GTF (155.13 kg) exceeded that in the case of SVE without GTF (135.41 kg). This
is because GTF positively affected both the solubility and volatility of BTEX in the NAPL phase.
With the groundwater table decreasing, flows of gas and gaseous pollutants increased by 25% along
the vertical section. At this stage, the removal rates of volatile organic compounds can be further
improved by increasing the flow of the extraction well.

Keywords: BTEX; SVE; groundwater; multiphase partitioning; TMVOC

1. Introduction

As typical volatile organic compounds (VOCs), benzene, toluene, ethylbenzene,
and o-xylene (BTEX) mainly exist in gaseous, aqueous, and non-aqueous phase liquid
(NAPL) phases during migration and transformation in underground media [1,2]. These
underground environments are complicated systems that contain water, soil, gas, and
microbes [3,4]. BTEX can dissolve in water, be adsorbed by soil particles, volatilized, or
degraded by microbial catabolism. The groundwater table (GT) varies with time, and the
groundwater table fluctuation (GTF) zone is a special case with considerable groundwater
dynamics with natural features (e.g., soil evaporation, plant evaporation, and precipitation)
and human factors (e.g., injection/extraction of groundwater) [5–7]. GTF will lead to the dry
and wet circulation of porous media and cause BTEX redistribution in the vadose zone and
groundwater, which will bring problems to the remediation efficiency of pollutants [8–10].
Remediation technologies are barely applicable in these areas. Soil vapor extraction (SVE)
is an in situ remediation, specifically for the removal of VOCs [11]. This approach is highly
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sensitive to descriptions of the water content of soil and pollutant aggregation zone, and
parameter variations have a directed effect on its remediation performance [12]. In typical
SVE analyses, GTFs are currently neglected [13].

The vadose zone is a key route to groundwater for BTEX and exerts an obstructing
effect on BTEX. In soil with low permeability, BTEX tend to laterally diffuse, disperse,
and be adsorbed by soil particles, thus remaining in soil pores [14]. In soils with high
permeability, organic compounds tend to migrate vertically downward due to gravity and
diffuse from areas with high concentrations to areas with low concentrations [15]. Moreover,
adsorption and desorption are key environmental chemical behaviors of aqueous VOCs
in soil and groundwater and exert a direct effect on their degradation, volatilization, and
migration in soil and groundwater [16]. Connecting the surface and groundwater, the
vadose zone is the zone for migration and transformation of BTEX in the subsurface [17].
Due to its low water solubility and density (lower than that of water), BTEX can be regarded
as light non-aqueous-phase liquids (LNAPLs).

Generally, BTEX have a limited potential to penetrate below the GT and typically
remains in the lower part of the vadose zone and the interval of water table variation (due
to GTF) [18,19]. Variations in the GT may stimulate the migration of pollutants through
the GT and contaminate the lower groundwater regions, thus resulting in pollution plume
dispersion. The pollutants may remain near the GT for decades [20–22]. Previous studies
have provided insights into the dynamics of the infiltration and partitioning of LNAPLs
into and through the vadose zone during typical release scenarios and have simulated the
subsequent spread of LNAPLs throughout the GT [23–25].

SVE is mainly affected by soil permeability, the water content of the soil, the properties
of organic compounds, and the temperature of the environment. The soil permeability is
a determining factor for SVE since it is directly related to the gas flow passing through
pollutants [26–28]. Indeed, soil permeability not only determines the applicability of SVE
but also the design of the required SVE setup. GTFs can trigger permeability variations:
with increasing GT, the water content of soil increases and the adsorption affinity of soil
particles to organic compounds decreases. In addition, volatilization and migration of
organic compounds are enhanced. Once the content of VOCs in soil decreases below a
critical level, adsorption significantly affects concentrations of gaseous organic compounds.
The application and optimization of SVE should consider the effects of migration and
transformation of VOCs in underground media, as well as GTF-induced variations in the
water content of soil and permeability and re-distribution of pollutants near the GT [29–32].

As an important tool, numerical modeling provides insight into the understanding
of the BTEX migration process [33–35]. Due to advances in computing theories, gas chro-
matography, and liquid chromatography, the numerical model for SVE has been rapidly
developed. In this concept of local phase equilibrium, phase equilibrium of concentrations
of gaseous organic compounds and those of aqueous and adsorbed organic compounds
is established based on assumptions of the Henry model, thus facilitating a theoretical
solution for SVE [36,37]. TMVOC is a modeling tool that can simulate three-phase (gas,
aqueous, and NAPL phases), three-component (water, air, and VOC), non-isothermal
flow in a multi-dimensional heterogeneous system under different environmental condi-
tions [38,39]. This tool can be used for the design of engineering systems such as SVE to
solve industrial problems.

Currently, numerical simulation is an important means to quantitatively study the
migration and transformation of BTEX in soil and groundwater. However, few studies
focus on the influence of groundwater table fluctuation on the multiphase migration and
transformation rule of BTEX, and the changes in environmental conditions caused by
water level fluctuations are often difficult to include in models. Therefore, it is urgent to
carry out a simulation study on groundwater table fluctuation in the multiphase migration
and transformation rule of BTEX to improve the accuracy of the simulation of BTEX in
groundwater, which is important for the prevention and control of groundwater pollution.
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Many oil refineries, petrochemical plants, and petroleum reserve bases are located
near rivers and oceans to facilitate the transportation of crude oil and by-products. BTEX,
as an important product of the oil refineries, often leaks into the soil, causing groundwater
contamination. Hence, this research explored BTEX multiphase migration and transforma-
tion with SVE under GTF based on TMVOC, using a riverside petrochemical site as the
study object. Firstly, TMVOC was used to provide an in-depth understanding of BTEX
multiphase migration in the gas–aqueous–NAPL phases. Secondly, the mass loss, water,
and NAPL saturation of BTEX with SVE under different conditions were quantified, which
provided optimization suggestions on SVE for the remediation of BTEX compounds in
groundwater. Thirdly, the results of this research would assist in providing strategies for
the protect groundwater of oil refineries, petrochemical plants, and petroleum reserve bases
located near rivers and oceans.

2. Methodology
2.1. Background and Conceptual Model of the Field Site

The target petrochemical site (see Figure 1) is 500 m away from a river and exposed to
significant seasonal variations in the GT. The groundwater in this area is quaternary loose
rock hole water in Level I valley terrace. The 3 m aquifer has a silt medium, and its upper
part (~1.6 m) has a medium of sand or silty sand. The groundwater depth is 1.70–2.00 m
and decreases from south to north. The high and low water level periods are Apr–Sep and
Oct–Mar, respectively, with GTF = 0.5–1.0 m and significant GT variations within a certain
range. This simulation focuses on the effects of vertical infiltration and runoff on the GT,
while the effects of river intrusion on the GT and BTEX migration are neglected [40–42].
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The site is simplified as a 60 m × 1 m × 5 m two-dimensional (2D) section with the
medium distribution shown in Figure 1. The petrophysical properties of the medium are sum-
marized in Table S1. The section is divided into 1368 effective units (57 rows × 24 columns).
As shown in Table S2, the 0.001 m left and right mesh units served as left and right bound-



Water 2023, 15, 2477 4 of 15

aries, respectively; the 0.001 m upper mesh unit served as the atmosphere boundary. The
initial GT depths were 1.8 m and 1.85 m on the left and right, respectively, and groundwater
flows from the left to the right with an average hydrodynamic gradient of 8.3 × 10−4. Since
the groundwater temperature remains constant, the environment temperature was set to
20 ◦C. The annual rainfall infiltration was set to 1.055 × 10−5 kg/s per unit mass. The leak-
ing site of BTEX is 0.025 m and 25.5 m from the surface and the left boundary, respectively.
The leaking duration was two months, and the leaking rates of BTEX are 1 kg/a.

2.2. Simulation Scenarios

The applicability of SVE under GTFs was investigated based on three simulation
scenarios (Scenario 1: natural attenuation, Scenario 2: SVE without GTF, and Scenario
3: SVE with GTF). After a 12-month migration of BTEX, the remediation performance of
the 12-month SVE was determined using mass fraction, interphase transformation, and
saturation of BTEX. The design parameters for Scenarios 2 and 3 were consistent.

2.3. Model Validation

The GTF process was simulated using TMVOC, and the simulation was validated with
a comparison of average GT depths at monitoring wells and prediction using simulation
and experimentally measured depths in Scenario 3. The actual distance between W1 and
W2 was 10 m (see Figure 1), and the simulation monitoring wells were designed accordingly.
In Scenario 3, GTF was achieved using water injection from the left boundary and water
extraction from the right boundary. Table S3 summarizes the mesh parameters for water
injection/extraction.

Table S4 shows simulated and experimentally measured average GTFs at monitoring
wells during practical periods. As observed, the average GT depths at monitoring wells
(measured experimentally and predicted with simulation) followed consistent trends,
despite slight deviations during certain months. In summary, the simulation results from
TMVOC were highly consistent with experimentally measured results, demonstrating the
validity of the TMVOC model in this case.

3. Results and Discussion
3.1. Modeling the Natural Spill State

The simulation was performed for 1.5 years under specified boundary conditions to
achieve equilibrium between gravity and capillary pressure. The upper boundary was a
fixed atmospheric boundary (P = 1.013 × 105 Pa), and thermal, chemical, physical, and
material exchanges with the atmosphere took place during the simulation. Hence, the
effect of the upper boundary on the gas flow and the material balance was negligible in
the simulation. Although these remained constant during the simulation, the left and
right boundary cells were exposed to thermal, chemical, physical, and material exchanges
with the external environment during the simulation to ensure material balance and allow
groundwater flow.

Figure 2 shows the pressure distribution in the simulation area at equilibrium under
gravity and capillary pressure. As shown, the pressure in the unsaturated zone was
consistent with the atmospheric pressure, while the pressure in the saturated zone increased
(up to 1.34 × 105 Pa) with increasing depth. The initial GT in the model was at −1.8 m.
After the stabilization of the model, the SVE of BTEX was executed for 12 months. After
SVE at a constant GT for two months, the removal rate of each pollutant was 1 kg/d. Table
S5 summarizes the physicochemical properties of different pollutants. The overall mass
of BTEX was 1.65 × 102 kg and the mass fractions of benzene, toluene, ethylbenzene, and
o-xylene were 17.25%, 24.23%, 28.98%, and 29.52%, respectively. As shown in Table S5, the
solubilities and volatilities of benzene and toluene were significantly higher than those of
ethylbenzene and o-xylene and benzene had the highest solubility and volatility.
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Figure 2. Pressure distribution after natural modeling.

Figure 3 illustrates the ratios of different components in the overall mass of leaked
pollutants and masses of gaseous pollutants, aqueous pollutants, and pollutants in the
NAPL phase. As observed, gaseous and aqueous pollutants followed the order of benzene
> toluene > ethylbenzene > o-xylene. Additionally, ethylbenzene and o-xylene had similar
fractions in the mass of pollutants in the NAPL phase, and their fractions exceeded those of
the other two pollutants [43–45].
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Figure 3. Mass fractions of BTEX in gas, aqueous, and NAPL phases.

Figure 4 exhibits the NAPL saturation distribution of BTEX and the mass fraction
distribution of dissolved BTEX (XVOCW). BTEX focused near the GT and a lenticular oil
layer was generated due to low density (<ρwater). In addition, BTEX will diffuse horizontally
and penetrate through the GT under surface tension, capillary force, and buoyancy. BTEX
were intercepted by soil pores, and BTEX in the NAPL phase were observed in soil pores
during their vertical and horizontal migrations. The width and depth of the BTEX plume
could be up to 40 m and 3 m, respectively. BTEX was exposed to dissolution and diffusion
in groundwater. In simulations, the overall mass of BTEX could be 1.65 × 102 kg, which
consists of 0.04%, 3.69%, and 96.27% of gaseous BTEX, aqueous BTEX, and BTEX in NAPL
phases, respectively. Furthermore, saturation distributions of BTEX in the NAPL phase
were proportional to mass fraction distributions of dissolved BTEX. The NAPL saturation
could be up to 0.07, and BTEX with high saturation horizontally concentrated at the GT.
The mass fraction of dissolved BTEX could be up to 7.14 × 10−4, and BTEX with high mass
fractions concentrated vertically at the leaking point and horizontally at the GT. Both BTEX
in the NAPL phase and dissolved BTEX diffused along the GT layer.
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3.2. SVE System Design
3.2.1. Extraction Well Pressure

In SVE systems, the pressure in the extraction well is typically 0.90–0.95 atm. To
determine the optimized pressure in the extraction well for the target site, 10-day SVE
was executed at extraction well pressures of 0.90, 0.91, 0.92, 0.93, 0.94, and 0.95 atm,
respectively. Figure S1 shows masses of residual BTEX at different extraction well pressures.
As observed, the mass of residual BTEX was inversely proportional to the extraction
well pressure. Therefore, 0.90 atm was used as the optimized extraction well pressure in
this study.

3.2.2. Influencing Radius

The influencing radius (RI), which is a key parameter in SVE, can be determined
empirically or using steady-state pilot tests. Pressure drops in the extraction and monitoring
wells can be determined using pilot tests, and pressure distributions in the stratum can be
clarified using the calculation formula for a steady-state runoff with boundary conditions:

P2
r − P2

r =
(

P2
RI − P2

w

) ln(r/Rw)

ln(RI/Rw)
(1)

where Pr represents the pressure at a point whose distance from the gaseous extraction
well is r (atm); Pw is the gaseous extraction well pressure (atm); PRI represents the pressure
at the tip of the influencing circle (atm); r represents the distance to the gaseous extraction
well (m); RI means the influencing radius (m); and Rw is the radius of the gaseous extraction
well (m).

Pressure drops in both the extraction and monitoring wells were obtained using time-
related simulations due to the absence of pilot tests. The one-year, single-well SVE at
extraction well pressure = 0.90 atm showed that the pressure in the monitoring well (which
is 5 m away from the extraction well) was 0.99 atm, and the diameter of the extraction well
was 4 ft ≈ 0.1016 m. The location corresponding to the pressure drop was 1% saturation
degree (0.10 atm), defined as RI. Hence, PRI = 1 − (0.10) (1%) = 0.999 atm. By substituting
that into Equation (1), RI can be calculated as 8 m.

3.2.3. Quantity of Extraction Wells

The quantity and locations of extraction wells were determined using the method that
the influencing circles of all extraction wells (RI = 8 m) can cover the whole simulation
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area [42]. Figure 5 shows the molar fraction distribution of benzene, which is the dominant
component of gaseous pollutants. Three extraction wells were set at r = 22 m (W1), 37 m
(W2), and 53 m (W3), respectively. BTEX with high mass fractions concentrated at leaking
points near the GT, and the influencing radii of W1 and W2, which were close to leaking
points, overlapped for 7%. Table S6 provides the locations of the three extraction wells.
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3.3. Removal Rates of BTEX

Figure 6 shows the changes in the overall mass of BTEX and mass fractions of different
pollutants in all scenarios. In Scenarios 1, 2, and 3, the overall mass of BTEX decreased
by 19.01, 140.92, and 161.05 kg, respectively; the removal rates of benzene, toluene, ethyl-
benzene, and o-xylene were 11.49%, 85.16%, and 97.33% (Tables 1 and 2), respectively.
Furthermore, mass losses of BTEX in Scenarios 2 and 3 were significantly higher than that
in Scenario 1. SVE exerts a significant effect on BTEX removal rates. This can be attributed
to the negative pressure in the extraction well. Gaseous pollutants can be extracted within
influencing circles of extraction wells in soil pores, due to the presence of this negative
pressure, when these gases passed through the polluted area. As a result, both the concen-
tration and mass of gaseous pollutants decreased, and aqueous pollutants and pollutants
in the NAPL phase were subjected to volatilization due to the concentration gradient. In
this way, the overall mass of pollutants decreased continuously. Additionally, the overall
mass loss of BTEX in Scenario 3 was 12.17% higher than that in Scenario 2. The remediation
performance of SVE in the presence of GTFs was superior to that in the absence of GFTs.
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Figure 6. Mass loss of BTEX and percentage of each contaminant at the end of each case.

The mass fractions of benzene and toluene decreased, whereas the mass fractions of
ethylbenzene and o-xylene increased. The mass loss of benzene exceeded that of the other
three pollutants. The mass removal rates of benzene were 22.42%, 92.17%, and 99.99% in
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Scenarios 1, 2, and 3, respectively; the mass removal rates of toluene were 13.71%, 86.40%,
and 99.74% in Scenarios 1, 2, and 3, respectively; the mass removal rates of ethylbenzene were
7.63%, 82.63%, and 96.37% in Scenarios 1, 2, and 3, respectively; and the mass removal rates
of o-xylene were 7.05%, 82.53%, and 94.72% in Scenarios 1, 2, and 3, respectively. Indeed,
the removal rates of all pollutants in the presence of SVE exceeded 80%, indicating the good
applicability of SVE for the removal of BTEX from the target site. Furthermore, GTFs exerted
a positive effect on the removal of BTEX from the target site. Additionally, the removal of
BTEX from the target site was affected by both the solubility and volatility of each pollutant.
The maximum mass loss of benzene can be attributed to its high solubility and volatility.

Table 1. Removal rates of BTEX.

Scenarios 0
Day

90
Days

180
Days

270
Days

360
Days

Removal
Rate (%) *

Total mass (kg)

SVE no GTF 165.48 47.07 33.86 28.55 24.55 85.16%

SVE with GTF 165.48 29.77 18.25 13.06 4.42 97.33%

No SVE & GTF 165.48 157.58 150.79 148.55 146.47 11.49%

Benzene mass (kg)

SVE no GTF 28.55 6.42 4.31 3.07 2.24 92.17%

SVE with GTF 28.55 1.45 0.30 0.07 0.00 100.00%

No SVE & GTF 28.55 25.75 23.35 22.72 22.15 22.42%

Toluene mass (kg)

SVE no GTF 40.12 10.35 7.89 6.50 5.46 86.40%

SVE with GTF 40.12 5.97 3.16 1.82 0.11 99.74%

No SVE & GTF 40.12 37.79 35.75 35.16 34.62 13.71%

Ethylbenzene mass (kg)

SVE no GTF 47.96 14.79 10.69 9.37 8.33 82.63%

SVE with GTF 47.96 10.65 6.99 5.19 1.74 96.37%

No SVE & GTF 47.96 46.52 45.28 44.78 44.30 7.63%

Xylene-o mass (kg)

SVE no GTF 48.85 15.51 10.98 9.60 8.53 82.53%

SVE with GTF 48.85 11.70 7.80 5.98 2.58 94.72%

No SVE & GTF 48.85 47.53 46.41 45.89 45.41 7.05%

Note: * Removal rate = (the mass of 360 days -the mass of 0 day)/the mass of 0 day.

Table 2. Removal rates of BTEX among gas, aqueous, and NAPL phases.

Scenarios Days Gas Phase (kg) Aqueous Phase (kg) NAPL Phase (kg) Total Mass (kg)

No SVE
and GTF

Benzene
0 0.0237 3.14 25.39 28.55

360 0.0206 3.19 18.94 22.15

Removal rate (%) * 13.18% −1.71% 25.41% 22.42%

Toluene
0 0.0169 1.26 38.84 40.12

360 0.0203 1.40 33.19 34.62

Removal rate (%) * −20.13% −11.26% 14.54% 13.71%

Ethylbenzene
0 0.0117 0.45 47.50 47.96

360 0.0181 0.54 43.74 44.30

Removal rate (%) * −54.34% −19.61% 7.91% 7.63%

Xylene-o
0 0.0094 0.55 48.30 48.85

360 0.0146 0.65 44.74 45.41

Removal rate (%) * −55.23% −19.40% 7.36% 7.05%
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Table 2. Cont.

Scenarios Days Gas Phase (kg) Aqueous Phase (kg) NAPL Phase (kg) Total Mass (kg)

SVE no GTF

Benzene
0 0.0237 3.14 25.39 28.55

360 0.0042 0.29 1.94 2.24

Removal rate (%) * 82.41% 90.75% 92.35% 92.17%

Toluene
0 0.0169 1.26 38.84 40.12

360 0.0035 0.14 5.32 5.46

Removal rate (%) * 79.41% 89.17% 86.31% 86.40%

Ethylbenzene
0 0.0117 0.45 47.50 47.96

360 0.0024 0.06 8.27 8.33

Removal rate (%) * 79.25% 87.16% 82.59% 82.63%

Xylene-o
0 0.0094 0.55 48.30 48.85

360 0.0021 0.07 8.46 8.53

Removal rate (%) * 78.01% 86.94% 82.48% 82.53%

SVE with
GTF

Benzene
0 0.0237 3.14 25.39 28.55

360 7.55 × 10−6 3.86 × 10−4 2.24 × 10−6 3.96 × 10−4

Removal rate (%) * 99.97% 99.99% 99.99% 99.99%

Toluene
0 0.0169 1.26 38.84 40.12

360 0.0012 0.02 0.08 0.11

Removal rate (%) * 92.88% 98.03% 99.79% 99.74%

Ethylbenzene
0 0.0117 0.45 47.50 47.96

360 0.0067 0.08 1.65 1.74

Removal rate (%) * 42.53% 81.20% 96.53% 96.37%

Xylene-o
0 0.0094 0.55 48.30 48.85

360 0.0063 0.12 2.45 2.58

Removal rate (%) * 32.65% 77.82% 94.92% 94.72%

Note: * Removal rate = (the mass of 360 days -the mass of 0 day)/the mass of 0 day.

3.4. Transformation of BTEX among Gas, Aqueous, and NAPL Phases

Figure 7 displays variations in the masses of BTEX in gas, aqueous, and NAPL phases
for the three scenarios. As observed, the overall mass of BTEX and the mass of BTEX in
the NAPL phase decreased continuously in all scenarios, while the masses of gaseous and
aqueous BTEX only decreased continuously in Scenarios 2 and 3. However, the mass loss of
BTEX in the NAPL phase exceeded the overall mass loss of BTEX in Scenario 1, indicating
that the masses of gaseous and aqueous BTEX increased. In Scenario 1, pollutants in the
NAPL phase tend to transform into gas and aqueous phases. As shown in Figure 4, BTEX
in the NAPL phase did not migrate beyond the left and right boundaries. In other words,
the overall mass loss was mainly due to the mass loss of BTEX in the NAPL phase caused
by their transformation into gas and aqueous phases and migration to the atmosphere
via the upper boundary (in the gas phase). In Scenarios 2 and 3, SVE was the dominant
contributor to the mass loss of BTEX.

Initially, the mass fractions of BTEX in gas, aqueous, and NAPL phases were 0.04%,
3.69%, and 96.27% (Table 3), respectively. In Scenario 1, the mass fractions of BTEX in gas,
aqueous, and NAPL phases were 0.27%, 3.96%, and 95.78%, respectively. In Scenario 2, the
mass fractions of BTEX in gas, aqueous, and NAPL phases were 0.06%, 1.89%, and 98.05%,
respectively. In Scenario 3, the mass fractions of BTEX in gas, aqueous, and NAPL phases
were 0.19%, 3.23%, and 96.58%, respectively. Additionally, the mass losses of gaseous and
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aqueous BTEX were consistent in Scenarios 2 and 3, while the mass loss of pollutants in the
NAPL phase in Scenario 3 exceeded that in Scenario 2.

Table 3. Mass of BTEX among gas, aqueous, and NAPL phases.

Scenario 1: No SVE and GTF

Days Gas Phase (kg) Aqueous Phase (kg) NAPL Phase (kg) Total Mass (kg)

0 0.07 6.10 159.31 165.48

90 0.42 6.24 150.93 157.58

180 0.08 5.87 144.84 150.79

270 0.03 6.43 142.08 148.55

360 0.08 6.55 139.85 146.47

Mass fractions (%) *
0 days 0.04% 3.69% 96.27% /

360 days 0.27% 3.96% 95.78% /

Scenario 2: SVE No GTF

Days Gas phase (kg) Aqueous phase (kg) NAPL phase (kg) Total mass (kg)

0 0.07 6.10 159.31 165.48

90 0.03 0.89 46.15 47.07

180 0.02 0.74 33.09 33.86

270 0.01 0.68 27.85 28.55

360 0.01 0.64 23.90 24.55

Mass fractions (%) *
0 days 0.04% 3.69% 96.27% /

360 days 0.06% 1.89% 98.05% /

Scenario 3: SVE with GTF

Days Gas phase (kg) Aqueous phase (kg) NAPL phase (kg) Total mass (kg)

0 0.07 6.10 159.31 165.48

90 0.06 0.96 28.75 29.77

180 0.02 0.27 17.96 18.25

270 0.01 0.20 12.85 13.06

360 0.01 0.23 4.18 4.42

Mass fractions (%) *
0 days 0.04% 3.69% 96.27% /

360 days 0.19% 3.23% 96.58% /

Note: * Mass fractions of BTEX in gas, aqueous, and NAPL phases.

The mass fraction of aqueous BTEX exceeded that of BTEX in the NAPL phase. GTFs
in Scenario 3 facilitated the volatilization and dissolution of pollutants in the NAPL phase.
Figure 8 shows a longitudinal section of NAPL saturation at the leaking point in all
scenarios. Indeed, the NAPL saturation of BTEX in Scenario 3 was lower than that in
Scenario 2. GTFs not only stimulated the vertical migration of pollutants in the NAPL phase
but also facilitated contact of pollutants in the NAPL phase with water, thus facilitating
the dissolution of pollutants in the NAPL phase. Additionally, XVOCW in Scenario 3
was lower than in Scenario 2, while the vertical distribution of XVOCW in Scenario 3 was
broader than that in Scenario 2.
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3.5. Mass Loss of BTEX

As discussed in Section 3.4, SVE contributed significantly to the mass loss of BTEX in
Scenarios 2 and 3, while the mass loss of BTEX in Scenario 3 exceeded that of Scenario 3.
Figure 9 illustrates longitudinal gas flow (FLO (gas)) and flow of gaseous pollutants (FLO
(gas) VOC) at the leaking points (where a negative value indicates an output). In Scenario 2,
the gas flow remained constant from Day 90 to Day 360, while the flow of gaseous pollutants
decreased as the overall mass of BTEX decreased; the removal rates of pollutants remained
constant at the late stage. In Scenario 3, the gas flow varied with GT: from Day 1 to Day 90
and Day 270 to Day 360, the GT decreased and gas flow increased; from Day 90 to Day 270,
the GT increased and gas flow decreased.
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Additionally, the vertical flow and coverage of gas in Scenario 3 exceeded those in
Scenario 2. As the GT decreased, gas in soil pores and the unsaturated zone expanded,
resulting in increased gas flow. In Scenario 3, the flow of gaseous pollutants degraded as
the overall mass of BTEX decreased, while the vertical coverage of the flow of gaseous
pollutants exceeded that in Scenario 2. The gas flow and flow of gaseous pollutants in
Scenario 3, as well as their coverages, exceeded those in Scenario 2 [46]. Hence, the removal
rates of BTEX in Scenario 3 exceeded those in Scenario 2. As the GT decreased, the gas flow
and flow of gaseous pollutants, as well as their coverages, increased significantly. As a
result, the extraction of gaseous pollutants from underground media using extraction wells
was accelerated.

4. Conclusions

The migration and transformation of BTEX in three scenarios were effectively sim-
ulated by simplifying a riverside petrochemical site using the TMVOC model (without
considering river intrusions). Simulations were validated based on the GT depth at the
monitoring well. In this study, the removal rates of BTEX in Scenarios 1, 2, and 3 were
11.49%, 85.16%, and 97.33%, respectively, indicating that SVE can effectively remove BTEX.
In all scenarios, the removal rates followed the order of benzene > toluene > ethylbenzene
> o-xylene. Additionally, removal rates of BTEX were maximized in Scenario 3, which were
99.99%, 99.74%, 96.37%, and 94.72%, respectively.
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An in-depth understanding of BTEX transformation in gas–aqueous–NAPL phases
was provided in three scenarios with the simulation of TMVOC. The NAPL phase mass
of the three scenarios lost 19.46 kg, 135.41 kg, and 155.13 kg, respectively. The main mass
loss was the NAPL phase, which was significantly larger than the gas and aqueous phase.
The NAPL phase is transformed into gas and aqueous phases, which are then expelled via
volatilization or groundwater runoff. In Scenarios 2 and 3, the mass losses were mainly
contributed by the SVE of gaseous pollutants, which facilitates the transformation of
aqueous pollutants and pollutants in NAPL phases to gaseous pollutants. GTF facilitates
contact of pollutants in the NAPL phase with water, thus facilitating the dissolution and
volatilization of pollutants in the NAPL phase.

The simulation results for BTEX with SVE under different conditions were quantified,
which provided optimization suggestions on SVE for the remediation of BTEX compounds
in groundwater. In Scenario 3 with a decreasing GT, the gas flow and flow of gaseous
pollutants, as well as their coverages, increased 25% significantly. As a result, the extraction
of gaseous pollutants from underground media using extraction wells was accelerated.
Therefore, it can be concluded that increased flows in extraction wells, when the GT
decreases, can improve VOC removal rates.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15132477/s1, Figure S1: Masses of residual BETX after 10-day
SVE at different extraction well pressures; Table S1: Main petrophysical properties of rock domains;
Table S2: Mesh of the conceptual model; Table S3: Water injection/extraction parameters in the simu-
lation area; Table S4: Average GT depth at monitoring wells for Scenario 3; Table S5: Compositions of
leaked BTEX and properties of different components; Table S6: Location of the extraction well.
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Abbreviations

VOCs volatile organic compounds
GT groundwater table
GTF groundwater table fluctuation
SVE soil vapor extraction
BTEX benzene, toluene, ethylbenzene, o-xylene

TMVOC
numerical simulator for three-phase non-isothermal flows of multicomponent
hydrocarbon mixtures in saturated–unsaturated heterogeneous media

NAPLs non-aqueous-phase liquids
LNAPLs light non-aqueous-phase liquids
XVOCW the mass fraction distribution of dissolved BTEX
FLO (gas) longitudinal gas flow
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