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An innovative method for soil
vapor extraction to improve
extraction and tail gas treatment
efficiency

Yang Ding?, Yuling Zhang¥?**, Zhiqun Deng'?, Hewei Song?, Jili Wang'? & Haizhao Guo?

This study aims to improve soil vapor extraction (SVE) to address its shortcomings in treating
halogenated hydrocarbon-contaminated soil. Indoor simulation experiments based on SVE were
conducted to provide technical guidance for the remediation of 1,2-DCA-contaminated soil, with the
overall intention of soil repair and ecological restoration. A thermal oxidation SVE (TOSVE) system
was designed on the basis of SVE technology for application in the remediation of low-permeability
soil contaminated with halogenated hydrocarbons from a chemical plant in Northeast China.
Laboratory simulation experiments were conducted based on TOSVE technology to study the removal
of target pollutants under different organic contents, moisture and air speeds. For the first time, a
new material, scoria, was added to the oxidant at different proportions, and its effect on the exhaust
gas treatment efficiency was examined. Thermal extraction improved the extraction efficiency of
pollutants from low-permeability soil. Moreover, the adsorption-oxidation effect of 0.1-0.25 mm
scoria prepared by 20% Na,S,0; on 1,2-dichloroethane (1,2-DCA) in tail gas was higher than that of
the oxidant without scoria, indicating that scoria is effective in tail gas treatment.

Oil spills are inevitable in the production, refinement, processing, transportation and utilization of oil, as well
as in the production processes of related industries. Oil pollutants often enter the soil, causing soil and ground-
water pollution!. China’s soil has become seriously polluted with petroleum hydrocarbons, and many petroleum
hydrocarbon-contaminated sites require urgent remediation. Among the various available physical, chemical and
bioremediation technologies, soil vapor extraction (SVE) has attracted considerable attention because of its low
cost and good effectiveness®. SVE has been shown to be an effective remediation technology to remove volatile
organic compounds (VOCs) from unsaturated soils®. In the SVE process, fresh air is injected into the contami-
nated soil through an inlet well, and the negative pressure generated by the vacuum pump and induced draft fan
is used to volatilize the oil and subsequently dissolve and adsorb VOCs from the soil. Pollutant gases are pumped
to the surface through the pump well for purification before being released into the atmosphere or re-extracted*.

SVE has been recognized by the U.S. Environmental Protection Agency (EPA) is one of the most widely used
remediation technologies. The success of an SVE project depends on several parameters, including contaminant
properties (such as vapor pressure and solubility), soil properties (such as natural porosity and permeability),
organic matter and water contents, and operating conditions (such as temperature or airflow rate)*~'°. High
porosity and high permeability are beneficial to the success of SVE, mainly because they have a positive effect
on the airflow rate through the soil®>. Highly soluble pollutants and soils with high water and organic matter
contents are unfavorable for SVE, and thus, it is difficult to demonstrate an improvement to the soil pollution
situation using SVE in these soils'"'2. Because soil pollution remediation is a relatively recent process in China,
many remediation technologies are still in the laboratory experiment stage, and there has been a lack of system-
atic research. In particular, the problem of site remediation in low-permeability aerated soils contaminated by
volatile halogenated hydrocarbons has not yet been sufficiently explored.

An indoor remediation simulation experiment applying thermal oxidation SVE (TOSVE) technology to
remediate contaminated soil in the low-permeability vadose zone was conducted. The main target pollutant
for remediation was 1,2-dichloroethane (1,2-DCA), which was detected to be the highest content pollutant in
soil samples. The main objective of this study was to design an improved SVE system that can be used in low
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Figure 1. Design of the TOSVE system.

Unit weight(g/cm?) Moisture content (%) | Porosity (%) | Organic content (%) | pH (%)
1.24 24.27 51.73 8.75 7.42

Table 1. Properties of the soil used in this study.

permeability vadose soils and determine its optimal operating parameters, as well as to determine the optimal
tail gas treatment material combination by mixing volcanic ash with different formulations of oxidants. This
integrated treatment system can be applied to more complex and difficult soils polluted by organic volatile
pollutants, increasing the removal efficiency of pollutants and making the discharge after treatment harmless.

Materials and methods
Experimental set up.  As shown in Fig. 1, contaminated soil samples were placed in a cylindrical plexiglass
bucket (height 25 cm, inner diameter 30 cm), and a plexiglass tube (height 20 cm, inner diameter 5 cm) was
inserted into the center of the filled soil column as a small simulated extraction well.

Three sampling holes, T1, T2 and T3 (3 cm, 6 cm and 9 cm respectively from the central extraction well),
were set on the top cover of the plexiglass bucket for temperature monitoring and soil sample collection, and
kept closed during extraction.

Soil properties. Soil samples were taken from a seriously polluted chemical site in Northeast China, and
the sampling depth was concentrated in the silty clay layer of the aerated zone with a burial depth of 2.0-4.0 m.
Undisturbed soil samples were taken with a ring knife for the measurement of soil structural properties such
as soil bulk density and porosity. The physical properties (bulk density and porosity) and chemical properties
(soil pH, organic matter content and mineral composition) of the soil were measured in the laboratory. Soil
pH, organic matter content and mineral composition were determined by aluminum box sampling back to the
indoor dry ground after self-testing or sent for testing (shown in Table.1). The mineral composition of the soil
was analyzed with an X-ray fluorescence spectrometer. When the soil samples were tested, 2 parallel samples
were established to ensure the reliability of the experimental results.

International standard methodologies were used for the characterization of the prepared and real soils.

Based on the analysis of the peak spectrum of X-ray diffraction (XRD-6000, Shimadzu, Japan) (Fig. 2), the
mineral composition and percentage content of the soil sample were obtained, as shown in Table 2.

The VOC contents in soil samples were determined by gas chromatography-mass spectrometry (Thermo
Trace/ISQ) equipped with an automatic scavenging and trapping system (Tekmar Atomx)'?. Further quantita-
tive analysis of the pollutants in the clay layer of the vadose zone revealed that the main pollutant exceeding the
standard was 1,2-DCA, with a detection rate of up to 71%.

Samples with VOC contents in the soil initially determined to be less than 200 ug/kg during the sampling
process were placed into 40-mL brown glass headspace bottles with PTFE film screw caps. A magnetic stirring
bar was placed in each bottle, sealed and labeled, and weighing records were recorded. During field sampling,
the soil samples with a weight of approximately 5 g were placed into vials. The collected samples were put into
an airtight bag, sealed and placed upside down in a low-temperature freezer and then sent back to the laboratory
for testing as soon as possible (three parallel samples were taken from each sampling point).

Scoria. The volcanic scoria selected for the experiment is a natural basic volcanic scoria widely found in
Northeast China, photographed by PowerShot G7X Mark IIT (Canon) and JSM-6700F scanning electron micro-
scope (JEOL) (Fig. 2). Natural mineral material scoria is volcanic fine-grained clastics of loose sediments, mainly
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Figure 2. Photograph and SEM image of scoria.

Soil Quartz | Calcite | Dolomite | Feldspar | Clay and amorphous state
Silty clay 23% 3% 2% 8% 63%

Table 2. Mineral composition of soil.

composed of silicon, iron, manganese, aluminum and other minerals. It is generally dark brown and resistant
to acid and alkali weathering, contamination, corrosion and mildew and has pollution-free characteristics. In
addition, because of its high porosity, it is lightweight, has a high specific surface area and is often used as an
industrial water and drinking water filter material.

A range amount of scoria was added to a glass beaker, ultrapure water was added, and the mixture was stirred
with a glass rod. It was then washed several times until the mud composition in the water was washed away,
filtered and dried at 105 °C for 2-4 h until completely dry. The dried scoria was sifted to give particle size ranges
of 0.1-0.25, 0.25-0.5 and 0.5-1.0 mm.

Oxidation filler. Scoria (5%, 10% and 20%) were added to the tail gas treatment agent composed of a and B,
respectively. After weighing the oxidant dissolved in a small amount of ultrapure water and evenly spraying it on
the surface of scoria particles, the mixture was stirred well, air-dried and placed in the interior of the well, and
the antioxidant was allowed to effectively adhere to the surface of scoria particles. A certain mass percentage of
adsorbed oxide material was thus obtained.

Experimental design. We conducted normal-temperature SVE experiments under different conditions'“.
Different soil water contents, pumping rates and organic matter contents of the extraction efficiency was tested.
On this basis, we then selected the best experimental conditions at different sampling distances and sampling
depths.

The conventional SVE experiment was conducted at room temperature (18.0 1.0 °C), the test soil was
completely dried and screened silty clay, and the 1,2-DCA concentration was 20 mg/kg. The extraction method
was an intermittent extraction method (10 min after each 170 min), and the sample concentration was tested
during the intermittent period.

Conventional SVE experiments and TOSVE experiments were conducted to investigate the optimal factor
level considering the water content, pumping rate and organic matter content. After the experiment, the influ-
ence of different levels of the next factor on the extraction efficiency was investigated on the basis of the current
optimal factor level. The horizontal settings of the three factors are shown in Table 3.

After determining the levels of the three influencing factors under the optimal gas phase extraction efficiency
at room temperature, the differences in soil extraction efficiency at different locations in the soil were investi-
gated. This involved determining the SVE restoration at different soil sampling depths (5.0+1.0, 12.5+ 1.0 and
20+ 1.0 cm) and at different soil sampling distances from the outer wall of the central extraction well (3, 6 and
9 cm).

According to the relevant conclusions obtained from the conventional SVE experiments, the influencing
factors of heat conduction enhancement SVE experiments were selected. The increase in moisture content and
organic matter removal effect is nonlinear because when the temperature changes, the moisture content of the
soil organic matter content may also change, and the increase in the organic matter content of organic matter
removal usually has an inhibitory effect. Therefore, the TOSVE experiment focused on the influence on moisture
content for the repair, and we did not consider the effect of organic matter content. The concentration of the
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Influence factor | Control method
%
5

10
Moisture s The amount of ultrapure water added
20

25

Extraction speed Adjust the vacuum pump rate

2.26
Organic content 1 Heat in muffle oven/Add humic acid
.45

8.32

Table 3. Experimental design of the SVE and TOSVE experiments.

target pollutants was based on the background value of the contaminated site and the water solubility of pollut-
ants, taken as 20 mg/kg, and the organic matter content was basically the same as that of the contaminated site,
which was set at 8.32%.

To study the influence of scoria particle size, oxidant type and ratio on the removal of extracted gas, the pre-
pared scoria adsorption and oxidation material was added to the extraction well, the subsequent experimental
device was connected to seal the device, and then the extraction experiment was started.

The TOSVE experimental test considered three different scoria particle size ranges (0.1-0.25, 0.25-0.5 and
0.5-1.0 mm), and the central heating well was set to 80 °C after the start of the experimental device. The concen-
tration of gas extraction was monitored to analyze the impact of different scoria particle sizes on the extraction
gas adsorption removal and thus determine the optimal scoria particle size. Next, Na,S,04 and KMnO,, with mass
percentages of 5%, 10% and 20% were added to the scoria to act as adsorptive oxidation materials and consider
the treatment efficiency based on the tail gas.

Results

Factors affecting the efficiency of SVE. The removal rates of 1,2-DCA contamination from the soil by
SVE under different water content conditions are shown in Fig. 3a. As the extraction time increased, the removal
rate of 1,2-DCA under all experimental conditions increased rapidly at first and then gradually stabilized. The
time of stable removal rate was 9-15 h, and the overall removal rate was relatively low, roughly in the range
of 40%-60%. This was mainly because the permeability of cohesive soil is poor, which is not conducive to the
formation of gas channels and cannot effectively promote the migration and transformation of organic matter,
making the removal of organic matter difficult. Besides, higher organic matter contents making it harder to
remove pollutant. Furthermore, because the organic compounds cannot be completely evenly distributed, the
removal rate will naturally fluctuate with time, but the overall trend does not change, similar to the situation at
the actual contaminated site. A comparison of the 1,2-DCA removal under different water content experimental
conditions shows that removal was best at 15% water content, with a mean value of 56.74% during the stable
period (18-36 h) and a peak value of 58.37%.

Some soil pores are closed and thus have no effect on the migration of organic matter, and some are effective
pores, which have the possibility of forming airflow channels. These pores are partially occupied by organic matter
or water. At low water contents, the adsorption of 1,2-DCA by clay mineral particles is dominant, which is not
conducive to its desorption from the particle surface. As the water content increases, the contact opportunity
between 1,2-DCA molecules and water molecules increases. Since water molecules are polar molecules, they
can more easily attract 1,2-DCA molecules than nonpolar molecules, and they are carried out in the soil layer
with airflow. However, when the water content is high, the effective channel of air circulation will be blocked,
and the removal rate of 1,2-DCA will also be reduced.

Figure 3b shows that with increasing pumping rate, the duration of the stable period continuously advanced,
and the removal rate of 1,2-DCA also continuously improved. The increase in the pumping rate can effectively
improve the removal rate of 1,2-DCA, which is roughly between 45 and 65%. The causes of this experimental
phenomenon were similar to those of Experiment (1), suggesting a strong relationship between soil permeability
and organic matter content. When the pumping rate was 5 L/min, it began to enter a gentle stable period after
approximately 6 h. The average removal rate during the stable period from 18 to 36 h was 62.20%, and the peak
value was 65.01%. As the pumping speed increased, the rate of 1,2-DCA migration in the soil (diffusion velocity)
increased, promoted the first outward migration in a state of freedom and dissolved organic matter, and as the gas
molecular diffusion resistance decreased, the mass transfer rate increased. Second, because the balance changes
toward a closer association with soil organic matter, the 1,2-DCA removal rate becomes more stable over time.
The removal rate of 1,2-DCA was also improved. When the concentration of organic matter was increased in
the advance period of extraction, 1,2-DCA could be easily separated from the water phase and organic matter
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Figure 3. Factors affecting conventional SVE. (a) Moisture content, (b) Organic matter content, (c) Extraction
speed.

particles under the action of soil negative pressure. As the extraction continued, the concentration of organic
matter decreased, the content of organic matter that could be desorbed decreased, and the removal rate slowed
down and stabilized.

Figure 3c shows that the time for the three curves to reach the stable period of removal rate was very similar,
at approximately 6 h; however, as organic matter content increased, the removal rate of SVE showed a trend of
gradual deterioration. Soils with higher organic matter contents tend to contain more adsorption-active func-
tional groups, and when 1,2-DCA enters such soils, it will be adsorbed. The desorption migration of 1,2-DCA
becomes difficult under this relatively strong force, thus reducing the removal rate of SVE. A comparison of the
three curves reveals that under the low organic matter content condition (2.26%), the removal rate of 1,2-DCA
was significantly increased, and the average removal rate reached 80.57% with a peak value of 83.29% during the
stable period of 18-36 h. The contact probability of organic matter and 1,2-DCA decreased, and the adsorption
strength of organic matter also decreased. Thus, the removal rate of contaminated soil remediation by SVE was
improved.

Figure 4a shows the removal rates of 1,2-DCA from contaminated soil by SVE at different sampling distances
under the experimental conditions in which the 1,2-DCA concentration was 20 mg/kg, the water content was
15%, the organic matter content was 2.26%, the pumping rate was 5 L/min and other influencing factors remained
unchanged.
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Figure 5. Pollutant extraction efficiency of thermally enhanced SVE.

According to the curve in Fig. 5a, when the sampling depth was 12.5+ 1.0 cm, the 1,2-DCA removal rate
increased rapidly with the extraction time and later stabilized. After reaching the stable period, there was little
difference in the removal rate of 1,2-DCA at different sampling distances. The average removal rates were 77.34%,
80.57% and 75.83% at distances of 3, 6 and 9 cm from the outer wall of the extraction well, respectively. The peak
value was 84.11% at a sampling distance of 3 cm, and the corresponding residual stock of 1,2-DCA was 3.18 mg/
kg. As the extraction time increased, the closer the sample was to the center of the extraction well, the more likely
stabilization was to occur more rapidly. At distances of 3 cm and 6 cm, the distance between the two sampling
point locations was different, but the repair curve changed, suggesting some influence of the position of the gas
injector. At a 6 cm distance from the extraction well wall, the location of the gas injector was closer to the air
circulation, and rapid removal of 1,2-DCA was promoted. In addition, the recovery curve at the sampling point
9 cm away from the outer wall of the extraction well took a long time to reach stabilization. The sampling point
was far from both the extraction well and the gas injection well and was relatively lagged under the influence of
the extraction flow; thus, the time to reach stabilization was prolonged.

Figure 4b shows the removal rates of 1,2-DCA from contaminated soil by SVE at different sampling depths
6 cm away from the central extraction well under the experimental conditions in which the concentration of
1,2-DCA was 20 mg/kg, the water content was 15%, the organic matter content was 2.26%, the pumping rate
was 5 L/min and other influencing factors remained unchanged.
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Figure 6. Temperature (a—c) and concentration (d-f) simulation.

It was found that as the extraction time increased, the removal rate of 1,2-DCA increased rapidly at first,
tended to stabilize after 9-12 h, and then gradually entered the trailing period. The overall repair efficiency was
approximately 65%-83%, and the removal rate did not increase positively with the sampling depth but increased
initially and then decreased. The removal rate was optimal when the sampling depth was 12.5+1.0 cm, and
the average removal rate was 80.57% during the stable period from 18 to 36 h. The main reason for the overall
change of the curve was that at the early stage of the experiment, the concentration of 1,2-DCA was high and
could easily be removed by airflow, showing a rapid increase in the removal rate. However, as the concentration
of 1,2-DCA decreased, the repair efficiency decreased and tended to stabilize. The curve changed with depth
because as the extraction continued, the organic molecules of 1,2-DCA in the soil column tended to converge
to the middle extraction well. According to the design of the extraction well and gas injection well in the experi-
mental equipment, the depth of the mesh distribution of the well was 5-20 cm, and the main area of airflow
generation was also within this depth range. However, when the sampling distance was located at the middle
depth (12.5+ 1.0 cm), the airflow density was higher than that at the two sides, and thus, the removal efficiency
at the middle depth was higher than that at the two sides. In addition, the recovery efficiency of the sampling site
located at the highest sampling depth (20.0 + 1.0 cm) was slightly higher than that of the sampling site located at
the shallow sampling depth (5.0 £ 1.0 cm). This was because of the upward migration of 1,2-DCA under its own
volatility as the extraction time increased. Second, the adsorbed or dissolved 1,2-DCA also evaporated as water
vapor moved upward. As a result, the 1,2-DCA concentration in the upper layer increased. Thus, under the same
extraction conditions, the removal rate of the shallow layer was lower than that of the deep layer.

Factors affecting the efficiency of TOSVE. As shown in Fig. 5, the temperature increases not only
shortened the time needed to reach stabilization but also significantly increased the removal rate of 1,2-DCA for
sampling points at different distances, and the mean removal rate of the T1 point (8-18 h) increased by 42.92%.

The temperature field and the concentration field of 1,2-DCA under the optimal experimental conditions
were simulated for a circular cross-section with a depth of 12.5 cm under the condition that the central heating
well was 80 °C and the moisture content was 15%. The simulation range was a circular area 0-11.5 cm from
the center. The circular area of 0-2.5 cm represents the location of the extraction well, and the soil area was
between 2.5 and 11.5 cm. The experimental room temperature was approximately 18 °C. Based on the obtained
temperature and concentration data, simulations at 2, 4 and 6 h when the temperature and concentration change
greatly are shown in Fig. 6.

When the temperature of the central well remained constant at 80 °C, the temperature from the wellbore
wall to the surrounding area increased continuously with increasing extraction time from 2 to 6 h (Fig. 6). The
closer the central well is, the faster the temperature increase. However, in the marginal area, the temperature
of the central well was unchanged, and the temperature remained basically consistent with room temperature.

The concentration field diagrams of 1,2-DCA in Fig. 6d-f show that the 1,2-DCA concentration decreased
rapidly over time. When the extraction time reached 2 h, the 1,2-DCA at the edge of the central well wall was
largely removed. However, the 1,2-DCA concentration remained high in areas far away from the central well. The
effect of the temperature increase on the removal efficiency of 1,2-DCA with a lower boiling point was very clear.

The comparison of the temperature field and concentration field revealed that the temperature increase rate
in the experimental soil column was not consistent with the removal rate of 1,2-DCA, and the temperature rise
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Figure 8. Adsorption effects of different oxidant ratios on the concentrations of 1,2-DCA in TOSVE tail gas.

rate was relatively slow. However, with the accumulation of heat, 1,2-DCA with a lower boiling point could be
quickly carried away by the airflow, and the temperature rise promoted the desorption and migration of 1,2-
DCA. This not only shortened the time required for the removal rate to stabilize but also improved the removal
rate of 1,2-DCA.

The effect of the ratio of scoria and oxidant on tail gas treatment. Figure 7 shows the effects of
variation of the particle size of scoria under the experimental condition of central heating well at 80 °C and no
oxidant on pollutant concentrations in the tail gas.

According to the curve in the Fig. 7, as the extraction time increased, the concentration of 1,2-DCA gas
increased rapidly at first and then decreased gradually. At a scoria particle size of 0.5-1.0 mm, the peak concen-
tration reached 357.8 ppm, which was still lower than the peak concentration of gas without scoria under the
same conditions (466.6 ppm). This indicates that the pore structure of scoria can adsorb 1,2-DCA gas effectively.
As the particle size of scoria decreased, the peak value of the curve decreased, and the lowest peak value was
245.1 ppm, indicating that the capacity of 1,2-DCA adsorbed by scoria was continuously increasing. As a highly
porous medium, the large specific surface area of scoria can effectively adsorb organic matter. As the scoria parti-
cle size decreased, the specific surface area increased continuously, thus increasing contact with gaseous organic
matter, increasing the adsorption capacity of scoria and reducing the peak value of the concentration curve.

Synergistic repair effect of the scoria and oxidant. At 80 °C in the central heating well, the TOSVE
experiment was carried out with 0.1-0.25 mm scoria prepared with the two oxidants at three ratios. The experi-
mental results are shown in Fig. 8, and the scattered points were fitted.

Figure 8 shows that all curves initially increased and then decreased, but the amplitude and time of the peak
values were different. Under the experimental conditions of 20% Na,S,0j in scoria, the peak value of extraction
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gas concentration was 108.4 ppm, and the addition of an oxidant could significantly reduce the concentration
of extraction gas. In addition, although the oxidant type varied, the peak concentration clearly decreased with
the increase in the mass percentage of oxidants. When the mass of scoria was constant, the increase in oxidants
caused more S,05~ or MnO," to bind to the effective sites on the surface of scoria particles, which can effectively
improve the probability of organic matter coming into contact with it. When the gaseous organic matter passes
through these sites, an oxidation reaction will occur, thus reducing the concentration in the tail gas.

Moreover, when the mass percentage of the oxidant was constant, the peak concentration of the extraction
gas of Na,S,0; was significantly lower than that of KMnO,, and the oxidation of Na,S,0, was better than that
of KMnO, (Fig. 8). This effect is mainly related to the experimental temperature. Increased temperature has
been shown to improve the formation rate of the excited state sulfate group. It has a strong reactivity, which sig-
nificantly promotes the oxidation capacity of Na,S,0;. After coming into contact with 1,2-DCA molecules, the
excited sulfate group will react to promote the oxidative degradation of the pollutant. Although the temperature
increase can promote the oxidation reaction intensity of KMnO,, because 1,2-DCA is an alkane organic mat-
ter and does not contain available electron pairs, the ability of KMnO4 to oxidize 1,2-DCA is poor compared
with that of Na,S,04. Therefore, the effect of Na,S,04 on the extraction of gas by oxidation is better than that
of KMnO,.

Discussion

In conventional SVE experiments, the variation of extraction efficiency under different conditions (organic matter
content, water content, extraction rate) was discussed, and it was proved that the three factors all have different
effects on the extraction efficiency, which is basically consistent with some recent research conclusions®'%.
Labianca et al.’ conducted a full scale SVE remediation and proved that soil texture affects air rate and vapor
movement through the ground and, subsequently, the total VOC removal. Qin, et al.!! proved that soil texture,
organic matter content, water content and air flow rate all have different degrees of influence on SVE efficiency,
and the influence trend is consistent with this study. Shi et al.’* designed a hierarchical extraction device for
benzene-contaminated soil remediation to increase the extraction efficiency for more than 90%. This approach
does contribute to the desorption of the target pollutant. However, for chlorinated hydrocarbons with higher
boiling points, heating extraction can be more effective. It is also easier to operate for full-scale case applications,
and costs can be reduced by inserting heating devices instead of layered extraction.

In the TOSVE experiment, we proved that the increase of heating temperature can significantly improve
the extraction efficiency, many researchers have proven this finding through experiments'*-"”. Lundin et al. '*
found that low heating temperature is not conducive to the removal of pollutants, and the extraction efficiency
is significantly improved by increasing the heating temperature, which is consistent with our research conclu-
sions. However, it is worth considering that too high heating temperature will dramatically increase the energy
consumption of extraction, which has to be considered in practical engineering. Therefore, we believe that the
heating temperature should not exceed 100 ‘C, which not only ensures the extraction efficiency but also improves
the output/input ratio in practical application.

In the extraction stage, pollutants are volatilized from the soil and transported by carrier gas to the exhaust
gas treatment system. The main components of waste gas include carrier gas, a small amount of air, gaseous
pollutants, steam, pyrolysis products of soil organic matter and soil particles. If these gaseous pollutants are not
effectively removed, secondary pollution will occur. Therefore, the tail gas treatment stage should be another
focus of the research. As a mature technology, thermal combustion is easy to operate, occupies little space and
has high exhaust gas treatment efficiency'>*’. However, this method lacks effective safety guarantee and generates
new pollutants such as SO2, HCI, NOX. Other researchers have tried to avoid these problems by using Catalytic
combustion, but other types of pollutants are inevitably generated®'~*. Biodegradation is highly praised by many
researchers due to its harmlessness and energy saving®*?*. However, the processing efficiency of this method
is low and it has certain requirements for external conditions®. Solid adsorption uses porous media to adsorb
pollutants by physical or chemical means, and its treatment efficiency depends on the selection of materials and
subsequent waste treatment?*?. This method is efficient and easy to use, but the price of the adsorbent material
affects the feasibility of practical applications®”?%. In this research, Solid adsorption and liquid oxidation are
combined effectively. Firstly, volcanic slag, a common porous material in nature, is selected as the solid adsorp-
tion medium, and the oxidant of the target pollutant is added into the volcanic slag. By means of adsorption-
chemical reaction, the contact efficiency between oxidizer and harmful substances in tail gas is improved, and
the harmful emissions are greatly reduced.

Conclusion

In this study, the influence of three factors (soil water content, organic matter content and air flow rate) on the
extraction efficiency of SVE was revealed, and the self-designed heating device was added to improve the extrac-
tion efficiency of soil pollutants. In the aspect of tail gas treatment, the natural material-scoria and oxidizer are
innovatively filled into the tail gas treatment device to improve the efficiency of tail gas treatment.

® Under the soil condition of this study, the SVE efficiency reached about 55% when the soil moisture content
was 15%.

® The separation efficiency of pollutants was effectively improved by heating device from soil to more than
60-80%.

® Scoria with smaller particle size has more significant adsorption effect on pollutants in tail gas and improved
the oxidation efficiency of pollutants after mixing with oxidizer.

Scientific Reports |

(2022) 12:6495 | https://doi.org/10.1038/s41598-022-08734-8 nature portfolio



www.nature.com/scientificreports/

Received: 7 November 2021; Accepted: 8 March 2022
Published online: 20 April 2022

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

Ossai, I. C., Ahmed, A., Hassan, A. & Hamid, E. S. Remediation of soil and water contaminated with petroleum hydrocarbon: A
review. Environ. Technol. Innov. https://doi.org/10.1016/j.eti.2019.100526 (2020).

Cao, W, Zhang, L., Miao, Y. & Qiu, L. Research progress in the enhancement technology of soil vapor extraction of volatile petro-
leum hydrocarbon pollutants. Environ. Sci. Process Impacts 23, 1650-1662. https://doi.org/10.1039/d1em00170a (2021).

Perina, T. General well function for soil vapor extraction. Adv. Water Resour. 66, 1-7. https://doi.org/10.1016/j.advwatres.2014.
01.005 (2014).

. Guo, H,, Qian, Y., Yuan, G. X. & Wang, C. X. Research progress on the soil vapor extraction. J. Groundw. Sci. Eng. 8, 57-66. https://

doi.org/10.19637/j.cnki.2305-7068.2020.01.006 (2020).

. Yoon, H., Kim, J. H,, Liljestrand, H. M. & Khim, J. Effect of water content on transient nonequilibrium NAPL-gas mass transfer

during soil vapor extraction. J. Contam. Hydrol. 54, 1-18. https://doi.org/10.1016/s0169-7722(01)00164-4 (2002).

. Shi, J. et al. Effect of water-level fluctuation on the removal of benzene from soil by SVE. Chemosphere 274, 129796. https://doi.

org/10.1016/j.chemosphere.2021.129796 (2021).

. Albergaria, J. T., Alvim-Ferraz, M. D. C. M. & Delerue-Matos, C. Soil vapor extraction in sandy soils: Influence of airflow rate.

Chemosphere 73, 1557-1561. https://doi.org/10.1016/j.chemosphere.2008.07.080 (2008).

. Brusseau, M. L., Mainhagu, J., Morrison, C. & Carroll, K. C. The vapor-phase multi-stage CMD test for characterizing contaminant

mass discharge associated with VOC sources in the vadose zone: Application to three sites in different lifecycle stages of SVE
operations. J. Contam. Hydrol. 179, 55-64. https://doi.org/10.1016/j.jconhyd.2015.05.006 (2015).

. Labianca, C., De Gisi, S., Picardi, F, Todaro, F. & Notarnicola, M. Remediation of a petroleum hydrocarbon-contaminated site by

soil vapor extraction: A full-scale case study. Appl. Sci. https://doi.org/10.3390/app10124261 (2020).

Zhao, C., Dong, Y., Feng, Y., Li, Y. & Dong, Y. Thermal desorption for remediation of contaminated soil: A review. Chemosphere
221, 841-855. https://doi.org/10.1016/j.chemosphere.2019.01.079 (2019).

Qin, C.-Y,, Zhao, Y.-S., Zheng, W. & Li, Y.-S. Study on influencing factors on removal of chlorobenzene from unsaturated zone by
soil vapor extraction. J. Hazard. Mater. 176, 294-299. https://doi.org/10.1016/j.jhazmat.2009.11.027 (2010).

Mainhagu, J., Morrison, C. & Brusseau, M. L. Using vapor phase tomography to measure the spatial distribution of vapor con-
centrations and flux for vadose-zone VOC sources. J. Contam. Hydrol. 177, 54-63. https://doi.org/10.1016/j.jconhyd.2015.03.002
(2015).

Shi, J. et al. A study of layered-unlayered extraction of benzene in soil by SVE. Environ Pollut 263, 114219. https://doi.org/10.
1016/j.envpol.2020.114219 (2020).

Albergaria, J. T., Alvim-Ferraz, M. C. & Delerue-Matos, C. Remediation of sandy soils contaminated with hydrocarbons and
halogenated hydrocarbons by soil vapour extraction. J. Environ. Manag. 104, 195-201. https://doi.org/10.1016/j.jenvman.2012.
03.033 (2012).

Bulmau, C., Marculescu, C., Lu, S. & Qi, Z. Analysis of thermal processing applied to contaminated soil for organic pollutants
removal. . Geochem. Explor. 147, 298-305. https://doi.org/10.1016/j.gexplo.2014.08.005 (2014).

Merino, J. & Bucala, V. Effect of temperature on the release of hexadecane from soil by thermal treatment. J. Hazard. Mater. 143,
455-461. https://doi.org/10.1016/j.jhazmat.2006.09.050 (2007).

O’Brien, P. L., DeSutter, T. M., Casey, E X. M., Khan, E. & Wick, A. F. Thermal remediation alters soil properties-A review. J.
Environ. Manag. 206, 826-835. https://doi.org/10.1016/j.jenvman.2017.11.052 (2018).

Lundin, L., Aurell, J. & Marklund, S. The behavior of PCDD and PCDF during thermal treatment of waste incineration ash. Che-
mosphere 84, 305-310. https://doi.org/10.1016/j.chemosphere.2011.04.014 (2011).

Warahena, A. S. K. & Chuah, Y. K. Energy recovery efficiency and cost analysis of VOC thermal oxidation pollution control
technology. Environ. Sci. Technol. 43, 6101-6105. https://doi.org/10.1021/es900626e (2009).

Khan, F I. & Ghoshal, A. K. Removal of volatile organic compounds from polluted air. J. Loss Prev. Process Ind. 13, 527-545. https://
doi.org/10.1016/50950-4230(00)00007-3 (2000).

Li, W.-B. & Gong, H. Recent progress in the removal of volatile organic compounds by catalytic combustion. Acta Phys. Chim. Sin.
26, 885-894. https://doi.org/10.3866/pku.Whxb20100436 (2010).

Li, W. B., Wang, J. X. & Gong, H. Catalytic combustion of VOCs on non-noble metal catalysts. Catal. Today 148, 81-87. https://
doi.org/10.1016/j.cattod.2009.03.007 (2009).

Kim, S. C. & Shim, W. G. Catalytic combustion of VOCs over a series of manganese oxide catalysts. Appl. Catal. B Environ. 98,
180-185. https://doi.org/10.1016/j.apcatb.2010.05.027 (2010).

Mudliar, S. et al. Bioreactors for treatment of VOCs and odours-A review. J. Environ. Manag. 91, 1039-1054. https://doi.org/10.
1016/j.jenvman.2010.01.006 (2010).

Arulneyam, D. & Swaminathan, T. Biodegradation of mixture of VOC'’s in a biofilter. J. Environ. Sci. 16, 30-33 (2004).

Lemus, J. et al. Removal of chlorinated organic volatile compounds by gas phase adsorption with activated carbon. Chem. Eng. J.
211, 246-254. https://doi.org/10.1016/j.cej.2012.09.021 (2012).

Martinez, E et al. Chemical surface modified-activated carbon cloth for catalytic wet peroxide oxidation of phenol. J. Chem. Technol.
Biotechnol. 89, 1182-1188. https://doi.org/10.1002/jctb.4368 (2014).

Rivera-Utrilla, J. et al. Activated carbon modifications to enhance its water treatment applications. An overview. J. Hazard. Mater.
187, 1-23. https://doi.org/10.1016/j.jhazmat.2011.01.033 (2011).

Acknowledgements
We thank Alex Boon, PhD, from Liwen Bianji (Edanz) (www.liwenbianji.cn/) for editing the English text of a
draft of this manuscript.

Author contributions
Y.D.: Writing—review & editing. Y.Z.: Conceptualization; Data curation; Funding acquisition; Investigation. Z.D.:
Investigation; Original draft. H.S.: Visualization. ].W.: Project administration. H.G.: Visualization.

Funding
This article was funded by National Natural Science Foundation of China(Grant No. U19A20107).

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2022) 12:6495 | https://doi.org/10.1038/s41598-022-08734-8 nature portfolio


https://doi.org/10.1016/j.eti.2019.100526
https://doi.org/10.1039/d1em00170a
https://doi.org/10.1016/j.advwatres.2014.01.005
https://doi.org/10.1016/j.advwatres.2014.01.005
https://doi.org/10.19637/j.cnki.2305-7068.2020.01.006
https://doi.org/10.19637/j.cnki.2305-7068.2020.01.006
https://doi.org/10.1016/s0169-7722(01)00164-4
https://doi.org/10.1016/j.chemosphere.2021.129796
https://doi.org/10.1016/j.chemosphere.2021.129796
https://doi.org/10.1016/j.chemosphere.2008.07.080
https://doi.org/10.1016/j.jconhyd.2015.05.006
https://doi.org/10.3390/app10124261
https://doi.org/10.1016/j.chemosphere.2019.01.079
https://doi.org/10.1016/j.jhazmat.2009.11.027
https://doi.org/10.1016/j.jconhyd.2015.03.002
https://doi.org/10.1016/j.envpol.2020.114219
https://doi.org/10.1016/j.envpol.2020.114219
https://doi.org/10.1016/j.jenvman.2012.03.033
https://doi.org/10.1016/j.jenvman.2012.03.033
https://doi.org/10.1016/j.gexplo.2014.08.005
https://doi.org/10.1016/j.jhazmat.2006.09.050
https://doi.org/10.1016/j.jenvman.2017.11.052
https://doi.org/10.1016/j.chemosphere.2011.04.014
https://doi.org/10.1021/es900626e
https://doi.org/10.1016/s0950-4230(00)00007-3
https://doi.org/10.1016/s0950-4230(00)00007-3
https://doi.org/10.3866/pku.Whxb20100436
https://doi.org/10.1016/j.cattod.2009.03.007
https://doi.org/10.1016/j.cattod.2009.03.007
https://doi.org/10.1016/j.apcatb.2010.05.027
https://doi.org/10.1016/j.jenvman.2010.01.006
https://doi.org/10.1016/j.jenvman.2010.01.006
https://doi.org/10.1016/j.cej.2012.09.021
https://doi.org/10.1002/jctb.4368
https://doi.org/10.1016/j.jhazmat.2011.01.033
http://www.liwenbianji.cn/

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to Y.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022)12:6495 | https://doi.org/10.1038/s41598-022-08734-8 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	An innovative method for soil vapor extraction to improve extraction and tail gas treatment efficiency
	Materials and methods
	Experimental set up. 
	Soil properties. 
	Scoria. 
	Oxidation filler. 
	Experimental design. 

	Results
	Factors affecting the efficiency of SVE. 
	Factors affecting the efficiency of TOSVE. 
	The effect of the ratio of scoria and oxidant on tail gas treatment. 
	Synergistic repair effect of the scoria and oxidant. 

	Discussion
	Conclusion
	References
	Acknowledgements


