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Featured Application: This study will be of interest to the readership as it works with increas-
ingly popular biore-mediation and oxidation methods, offering a low-cost and green method for
enhancing the ef-ficacy of both.

Abstract: Surface foam spraying technologies, employing natural infiltration processes, have recently
been suggested to not disturb or mix contaminated soils. However, effective delivery of reactive
remedial agents to the bottom area of a contaminated region using only natural infiltration processes
can be a challenge. This study aimed to improve the delivery of remedial agents such as oxidants,
microorganisms, and nutrients to all depths of 30 cm thick unsaturated diesel-contaminated soil
using small vertical soil holes. Three vertical holes, occupying 0.8% of the total soil volume and
3% of the soil surface area, were made inside the 17.3 kg soil column. Persulfate oxidation foam
and subsequent bioaugmentation foam spraying were applied for remediation of contaminated soil.
Foam spraying with vertical soil holes improved the uniformity of distribution of remedial agents
throughout the soil, as evidenced by the uniform pH, higher volumetric soil water content, and a
microbial population of >107 CFU/g. Therefore, the total petroleum hydrocarbon (TPH) removal
efficiency (88–90%) from bottom soils was enhanced compared to soil columns without holes (72–73%)
and the control test (5–9%). The kinetic study revealed that relatively similar TPH biodegradation
rates (0.054–0.057 d−1) can be obtained for all soil depths by using this new and simple approach.

Keywords: diesel-contaminated soil; surfactant foam; infiltration; oxidation; biodegradation; TPH

1. Introduction

There are several cost-effective and green remediation processes (e.g., natural atten-
uation or bioremediation) for hydrocarbon-contaminated sites in current practice [1–3].
Although biological treatments are promising methods, they are tedious because the cycle
times of bioremediation for total petroleum hydrocarbon (TPH) are relatively long and
exhibit incomplete removal of hydrocarbons [4,5]. Furthermore, the remedial agents may
suffer poor contact or poor infiltration in the soil [6], owing to which the degradation
potential may be insufficient to meet soil-TPH regulatory limits throughout the soil. The re-
mediation of contaminated soils in the unsaturated zone is challenging because the access
of the remedial agents to the contaminants is limited by factors such as depth, water
saturation, soil anisotropy and gravity in unsaturated soils [7].

Chemical oxidation is a more powerful means for remediation compared to the biore-
mediation method. However, its efficiency is often limited by low soil permeability, high
reactivity of oxidants with soil components (e.g., natural organic matter), radical scav-
enging, and the difficulty in controlling the heat emitted from oxidation reactions, which
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could further affect biological forms in the soil [6,8–11]. For faster and enhanced reme-
diation efficiency, current practice is to combine chemical oxidation with bioremediation
treatment for the remediation of petroleum-contaminated soil [11–17]. Although chemical
oxidation pretreatment is required for faster remediation of oil contaminants, good contact
between contaminants and remedial agents is essential to achieve the remediation goals.
The uniform delivery of chemical reactants to the unsaturated zone is a difficult task [18].

The inherent issues related to solution-based delivery to an unsaturated medium (e.g.,
preferential flow and contaminant mobilization) can be overcome by using foam to deliver
the remedial agents [19]. Some methods for foam transport in vadose zone remediation
using unsaturated narrow columns (with an internal diameter (i.d.) of 2.4 to 5 cm) have
been documented [18–20]. Surfactant foam can be applied for non-aqueous phase liquid
(NAPL) flushing; thermal remediation; and nanoparticle, chemical, and nutrient delivery
to enhance remediation of organic contaminants [19–22]. Furthermore, Srirattana et al. [22]
demonstrated that surfactant foam was effective at carrying iron nanoparticles (NZVI) to
enhance TCE volatilization in unsaturated sand-packed columns (16 cm long, 2 cm i.d.).
They suggested that there was a relative improvement in the delivery of reagents when
pressurized foam was injected into porous media. Indeed, most studies of foam application
to porous media have used pressure-driven injection.

Recently, surface foam spraying remediation technology using natural infiltration with-
out soil mixing or disturbance has been suggested. As such, serial oxidation-bioaugmentation
foam spraying has been tested in small scale reactors containing 5 cm thick unsaturated
soil [23,24]. However, the delivery of remedial agents to unsaturated soil thicker than 5 cm
using natural infiltration has been scarcely studied. In this study, we evaluated the natural
infiltration of surfactant foam carrying reactive reagents through vertical holes in order to
improve poor and uneven distribution of remedial agents throughout the soil. Furthermore,
spreading reagents using foam and slowly introducing reagents into the soil are the main
ideas of the study. The remediation reagents into the soil can be gradually introduced, as
foam dissolves, but the instant release of liquid may result in preferential flows.

The first objective of this study is to evaluate the oxidation-bioaugmentation coupled
system with unsaturated 30 cm thick soil to check the delivery limitations of reagents to
the soil via gravity driven natural infiltration. The second objective of this study is to
improve delivery of remedial agents to the soil using surfactant foam spraying with three
vertical soil holes at triangular points. This is a column study using persulfate for oxidation
pretreatment coupled with microbes and nutrients for bioaugmentation. Surfactant foam is
used to carry the persulfate, nutrients, and microbes. The goal of this study is to achieve
higher TPH biodegradation rates in the bottom area of the soil column. The results of this
study will be helpful in field-scale soil remediation to achieve an enhanced contaminant
removal from contaminated soil by simple gravity driven foam spraying technology that
uses lower cost, materials, energy, and manpower.

2. Materials and Methods
2.1. Soil Used for This Study

This study used artificial soil made in the laboratory by mixing 80% fine sand (Hi-
Tech, Seoul, Korea), 10% kaolin clay (Samchun, Pyeongtoek, Korea), and 10% peat-moss
(Lithuania). The important physicochemical properties of the experimental soil are summa-
rized in Table S1 (supplementary data). The soil was then artificially contaminated with
diesel-oil (SK-oil, Seoul, Korea) at 120 mL diesel per kg soil. Finally, the contaminated soil
was left for weathering (stabilization of diesel in soil) and stabilized for 60 days. During
weathering process, the contaminated soil was mixed with a small hand shovel once a
week. After stabilization, the experimental soil was transferred into the soil columns.

2.2. Preparation of Remediation Solutions

Two types of remedial solutions were used in this study, an oxidant solution and a
bioaugmentation solution. For the former, this study used sodium persulfate (Samchun)
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at a 50 mN concentration for oxidation pretreatment as reported in literature [24], and it
is also advantageous over other oxidants for higher infiltration [6]. The bioaugmentation
solution was prepared by incubation of the TPH-degrading bacterial strain, Acinetobacter sp.
K-6 in sterilized R2A (MB cell) broth for 12–15 h in a horizontal shaker at 21 ◦C and 150 rpm.
This oil-degrading bacterium was isolated from the oil-contaminated soil; this has been
identified, characterized, and investigated elsewhere [25]. Inorganic fertilizers, NH4NO3
(Samchun) and KH2PO4 (Daejung, Siheung, Korea), were added to the bacterial solution to
maintain the C:N:P ratio of 100:10:1 [26]. For the control treatment, deionized water from a
water purification system (Human Power Corporation, Seoul, Korea) was used.

2.3. Oxidant and Bioaugmentation Foam Generation and Characterization

The surfactant, sodium C14–16 alpha olefin sulfonate (AOS; AK Precision Chemical
Co., Ltd., Daejeon, Korea), was used to generate the foam. In this study, two types of
remedial foams were prepared, oxidant foam for the pretreatment of TPH by oxidation and
bioaugmentation foam for the biodegradation of TPH. The oxidant foam was generated by
injecting air at a flow rate of 800 cc/min through a capillary tube into the mixture of oxidant
(50 mN Na2S2O8) and 0.1% AOS solution. In this study, persulfate oxidation (“PS”) foam
refers to sodium persulfate-surfactant foam. The bioaugmentation foam was generated
by injecting air at the same flow rate into the mixture of bacterial solution inoculated
in R2A, 0.1% AOS, and inorganic nutrients (1:1 ratio of bacterial solution with the AOS
solution). It was found that the surfactant (AOS) did not show a negative impact on the
population of bacteria (Acinetobacter sp K-6). An analysis using bacterial solution (prepared
in R2A medium) found that the colony forming units (CFU) were 6.1 × 109 CFU/L and
5.2 × 109 CFU/L before and after adding AOS, respectively.

We characterized the two foams using several techniques. Foam quality was identified
as suggested in the literature [19,27]. The foam stability was determined in terms of half-life,
defined as the time taken for the foam to decline to half the original aerated volume [28].
Foamability [29] was identified as the time taken to generate 1000 mL of surfactant foam
inside a mass cylinder. From the half-life and foamability, we determined the performance
of the foam in terms of the Foam Composite Index (FCI) [30]. The foam density was
measured by pouring surfactant foam in an apparatus of known volume and measuring its
weight [31]. Foam expansion ratio was identified as the ratio of liquid used to produce a
certain volume of foam [32]. In this experiment, we produced 1000 mL of foam by which
an expansion ratio was calculated. Finally, in situ generation of surfactant bubbles was
captured using 0.001 g of brilliant blue dye that was added to 65 mL of the surfactant
solution. The properties of the foam were not affected by the addition of the dye.

2.4. Soil Column and Vertical Holes in the Soil Column

The soil column experiment was conducted in a laboratory using oxidation foam
conjugated with bioaugmentation serial foam spraying (column diameter, 25 cm; height,
70 cm, see Figure S1). The bottom of the soil columns had several holes for leachate
discharge. A fine iron mesh was placed at the soil column bottom to prevent the soil loss.
Of the diesel-contaminated soil, 17.3 kg was compressed into each tank, resulting in a soil
thickness of 30 cm (soil volume = 14,726 cm3, bulk density = 1.175 g/mL).

Three small vertical holes (2.5 cm diameter each) from surface to 25 cm depth were
made in an equilateral triangular point (Figure 1) by using a soil core sampler (Eijkelkamp
Agricultural Equipment, Giesbeek, The Netherlands). The vertical holes occupied 0.8% of
the total soil volume and 3% of the soil column surface area. Two soil-moisture sensors
(Em50, Decagon Devices, Inc., WA, USA) were installed at depths of 15 and 25 cm (in the
center of soil tanks). A total of 1.2 pore volume (PV) of oxidant-bioaugmentation solution
was used in the soil column. Note that solution was loaded in foam. The oxidation foam
was sprayed on day 1 (0.2 PV solution; 1.64 L) and left for oxidation reaction for 2 days.
Then, from day 3, an equal volume of bioaugmentation foam was periodically sprayed
every second day for 28 days (total 1 PV; 8.19 L). For the control tank, the same volume
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of deionized water was poured onto the soil surface. The soil columns were placed on
metal shelves and containers were installed below them for leachate collection. All the
experiments were conducted at ambient laboratory temperature (21 ± 1 ◦C).
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Figure 1. Schematic diagram of the top view of the soil tank indicating position of holes (only 3% of
soil surface area) and soil sampling locations for total petroleum hydrocarbon (TPH) concentration
and other parameters (70 cm long column containing 30 cm soil height).

2.5. Sampling and Measurements

Soil sampling was performed three times during the experiment to minimize soil
disturbance: on the first day (initial conditions), third day (after oxidation), and 31st day
(after biodegradation). Soil was sampled by using a graduated core sampler at depths of 5,
15 and 25 cm, and composite samples were prepared from each depth profile measuring
10 g for TPH extraction. After sampling, the holes created by the core sampler were re-filled
with soil from the tanks. TPH analysis was performed by the Korean Soil Analysis Method,
ES 07552.1a [28,33,34]. TPH was then extracted with dichloromethane (Samchun) by using
a sonicator (Sonics Vibra Cell, CT, USA) and analyzed by GC-FID with a capillary column
(Agilent, HP 6890, CA, USA) [28,35]. The hydrocarbons (n-alkanes) within the range C8–
C40 (i.e., n-octane to n-tetracontane) were quantified as TPHs [28] using an eight-point
calibration curve obtained from the injection of standard TPH solution of n-alkanes (Florida
TRPH Standard 500 µg/mL, Restek, PA, USA).

The pH (soil: deionized water = 1:5) and electric conductivity (EC) were measured
by using a pH meter (MultiMeter K5000-CP, NeoMet, iSTEK, Seoul, Korea). Similarly,
the oxidation-reduction potential (ORP) of soil was measured using an ORP electrode
(iSTEK). Gravimetric soil water content (w/w) was determined by placing 10 g of soil
samples in a drying oven (JEIO TECH, FO-600M) at 105 ◦C for 24 h and water content
was measured using a digital balance after drying [36]. The volumetric soil water content
(VWC) was monitored for the experimental period by using soil-moisture sensors and
recorded using software (ECH2O Utility). Soil organic matter (SOM) was determined by
the loss on ignition (LOI) method after oven drying at 105 ◦C using a furnace (WiseTherm,
Wisd.B). The leachate volume was measured by using a measuring cylinder the day after
each foam spraying/solution pouring. The bacterial population (CFU/g of dry soil) was
monitored throughout the experimental period by the dilution and plating method [24].
Briefly, a 1 g soil sample was serially diluted in water, and 100 µL of each diluted soil
suspensions was sprayed over the surface of solid agar in petri plates (Agar A + nutrient,
R2A). Then, the petri plates were incubated in an incubator at 28 ◦C for 48–72 h. All the
measurements were performed in duplicate.
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2.6. Statistical Analysis

The data were entered into an Excel file (Microsoft Office Excel 2016) to calculate
descriptive statistics (mean; standard deviation, SD; standard error, SE). These data were
used in one-way ANOVA analysis, and the significant difference of the mean values of the
various treatments at p < 0.05 were determined through the Tukey (honestly significant
difference) test using OriginPro 8.5 software.

3. Results and Discussion
3.1. Volumetric Soil Water Content (VWC) during Soil Column Experiment

This study monitored volumetric soil water content (VWC, m3/m3) over a one-month
period (2 day oxidation and 28 day bioaugmentation). The liquid uptake in the sediment
is an indicator of the amount of remedial agent delivered to the contaminated area [18].
Figure 2a depicts the change in soil water content at 25 cm soil depth during the oxidation
period of 2 days (48 h). During Na2S2O8 foam spraying, the soil water content sharply
increased up to maximum value (for the first five hours) which remained constant for 48 h
of oxidation period. Na2S2O8 can be transported to the bottom region twice as fast using
vertical soil holes. The VWC in soil reached 0.171 m3/m3 when Na2S2O8 was applied to
the soil surface with holes, whereas without holes, the VWC only reached 0.094 m3/m3.
Moreover, a greater value of VWC at 25 cm soil depth was recorded rather than at 15 cm
soil depth (Supplementary Figure S2), implying a faster movement of remedial agents
through holes. Initially, a slight increase in VWC from 0.027 to 0.032 m3/m3 was observed
in the control soil column, though the change was negligible. The results show that the
combination of surfactant foam use and holes plays an important role in the movement of
remedial agents into the bottom region of unsaturated soil.
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Figure 2. Change in volumetric water content (VWC) in soil columns with or without using vertical holes at 25 cm depth
during (a) persulfate oxidation (PS) for two days, and (b) oxidation followed by bioaugmentation (PS + bio) for 28 days
(4 weeks). Note that foam was sprayed onto the soil surface. Control indicates the treatment of water in soil columns
with holes.

Figure 2b shows the change in soil water content during the bioaugmentation 28 day-
period. In this period, a 2–3-fold increase in VWC oxidation period was observed. The VWC
in the soil column with vertical holes, Na2S2O8 foam + bio foam (with holes), had a value



Appl. Sci. 2021, 11, 781 6 of 12

of 0.322 m3/m3 at soil depth of 25 cm; however, the VWC without holes, Na2S2O8 foam
+ bio foam (w/o holes), reached only 0.151 m3/m3 holes. The results show that small
vertical holes improved the distribution of remedial agents in soil, demonstrating a 2–3-fold
increase in VWC. Enhanced delivery of remedial agents occurred in the bottom area of
the soil column when using a combination of surface surfactant foam spray and vertical
small holes.

In the control test using holes, “Water for control (with holes)” in Figure 2, the VWC
reached a maximum value of 0.076 m3/m3, even though the same volume of water as the
volume of surfactant solution (for foam) was poured onto the soil. The results imply that
water may infiltrate only through preferential flow paths in the unsaturated soil, showing a
low VWC at 25 cm soil depth [37,38]. Leachate collected from the bottom of the soil column
(see Figure S3) clearly showed that the volumes thereof in “water for control (with holes)”
were always higher than that in other conditions. These results imply that water infiltrated
only through preferential flow paths in the unsaturated soil.

After being broken, surfactant foam may slowly change into a solution, allowing
its gradual infiltration into the soil. This suggestion was supported by the visualization
experiment shown in Figure S4. During this experiment, foam was poured into a plastic
box of 22 cm long, 13 cm wide, and 7.5 cm tall; it had a 2.5 cm hole at the bottom that
was connected to the neck (2.5 cm i.d., similar to the soil holes used in this study) of a 1 L
volumetric flask (see Figure S4). No foam movement through the neck was immediately
observed after the foam was poured into the box. Only after it broke was 200 mL of liquid
collected; this amount is equal to the volume of the injected liquid.

The results of foam characterization are summarized in Supplementary Text S1.
Our generated foam was very light, expandable, dry, and hexagonal in shape (see Table S2
and Figure S5). It could not flow directly through the hole without pressure. After the foam
broke and changed into a liquid, the liquid reagent was easily transported through the
holes in the soil columns. This breaking led to a slow release of remediation reagents into
the soil, preventing a fast flow along preferential flow paths. As shown in the volume of
leachate collected from the bottom of soil column (see Figure S3), the release of remediation
reagent using a foam spray (either with or without holes) produced lower leachate volumes
than if a water pulse was used, even with holes. The lower leachate volume indicated that
the remediation reagents released were more present in the contaminated soil.

3.2. TPH Degradation in the Soil Column

Monitored TPH concentrations during the experimental period are compiled in
Figure 3. Residual TPH concentrations were averaged from the composite samples (soil
mixed from all depths). After the 2 day application of Na2S2O8 in soil containing holes,
almost half (49.3%) of the TPH was oxidized, while only 33.5% TPH was oxidized in the
soil without vertical holes. A greater TPH degradation in the soil column with vertical
holes is attributed to higher soil water content during oxidation (Figure 2a, Supplementary
Figure S2), resulting in a higher infiltration of the reagent (oxidant) into the soil. In addition,
the ORP of soil (initially 310 mV) increased after oxidation. When AOS was added to
Na2S2O8, there was a slight decrease in ORP from 442 to 424 mV, showing that a retained
capacity for oxidation after the addition of AOS could oxidize TPH in soil.

Figure 3 shows that an enhanced TPH removal when employing vertical holes was
observed after bioaugmentation of persulfate treated soil. On day 30 after bioaugmentation,
the residual soil-TPH concentration with holes decreased to 776 mg kg−1 showing 88.4%
removal efficiency, suggesting that 39.1% of TPH was additionally removed through the
biodegradation process. The overall TPH degradation efficiency was clearly higher than
that without the holes by a 61% removal efficiency (final TPH, 2494 mg kg−1, “(PS + Bio)
w/o holes” in Figure 3). Our previous study found that the introduction of remedial
agents using a foam spray resulted in higher infiltration and thereby enhanced TPH
removal efficiency compared to the use of an aqueous solution of the same remedial
agents [23]. Furthermore, in the control soil column (“Control (water)” in Figure 3), the
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average TPH concentration somewhat decreased and did not show a distinct change
in TPH concentration, remaining above 6000 mg kg−1. The TPH fractional analysis by
Bajagain et al. [24], which used the same oxidant and oil-degrading microbes, showed
less biodegradation in the F2 section (C18–C22) than in the F1 section (C8–C16). Pretreating
persulfate significantly increased the biodegradation rate of 19% for the F2 section of TPH.
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Figure 3. Effect of vertical soil holes on TPH removal by surfactant foam spraying. “Control (water)”
indicates that water was poured onto the soil surface. “(PS + Bio) w/o holes” indicates persulfate
(PS) oxidation (2 days) followed by bioaugmenation (Bio) (30 days) in the soil column without holes.
“(PS + Bio) w/holes” indicates those with holes. The TPH was extracted from composite samples
by mixing soils from three depths. The different letters (a–e) above the bars indicate significant
differences (p < 0.05, Tukey’s test).

3.3. Vertical TPH Removal at Three Depths in Soil Column

Soil samples were taken at three depths (5, 15, and 25 cm) to verify the vertical TPH
remediation efficiency of chemical oxidation and biodegradation. Figure 4 shows residual
TPH concentrations in soil columns vertically at the three tested depths. TPH concentrations
at 25 cm depth always showed higher values than those at the shallower depths. The results
also demonstrated a difference in TPH removal efficiency between with holes and without
holes. In the soil column with holes, the residual TPH concentrations decreased to 3125
(5 cm depth), 3143 (15 cm depth), and 3742 mg kg−1 (25 cm depth) by using only 0.2 PV
of Na2S2O8 (1.64 L) in the first 2 days of the oxidation period with corresponding TPH
removal efficiencies of 43.8, 52.8, and 53.1% at the respective depths of 5, 15, and 25 cm.
In the soil column without holes, soil-TPH was reduced to 4296, 4785, and 4807 mg kg−1

from the respective depths of 5, 15, and 25 cm with corresponding efficiencies of 24.9, 25.2,
and 32.9%. In the control, there was no distinct breakthrough at 2 days with the residual
TPH in the range 6427–6545 mg kg−1.
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Figure 4. Residual TPH concentrations at three depths after PS oxidation (2 days) followed by biodegradation (Bio) (30 days).
The different letters (a–h) above the bars indicate significant differences (p < 0.05, Tukey’s test).

After 30 days, the TPH concentrations in the soil column with holes fell to 628, 653, and
825 mg kg−1 at the respective depths of 5, 15, and 25 cm with corresponding TPH removal
efficiencies of 90.6, 90.2, and 87.6%. The additional 37–44% removal of TPH from the 2 day
results was attributed to the biodegradation process. The residual soil-TPH values in the
column without holes were 658, 1750, and 1800 mg kg−1, with removal efficiencies of 89.7,
72.7, and 71.9% from the corresponding depths of 5, 15, and 25 cm. Although the TPH
degradation for 5 cm region was similar in both cases, the difference in TPH degradation
between soil regions at depths of 15 and 25 cm was higher. These results were as expected
by the VWC measurements at 25 cm, as shown in Figure 2. The VWC in the column with
holes was twice as high as without holes, implying that the aqueous phase remediation
agents were better delivered at the 25 cm depth.

Biodegradation generally relies on the ability of aqueous solutions containing amend-
ments to infiltrate into contaminated areas. Therefore, the success of aqueous-supplied
amendments is limited on the infiltration capacity and persistency since the electron accep-
tor or nutrient is often metabolized before it reaches the contaminated area [39]. The sur-
factant AOS used in the remedial agents not only enhanced the infiltration of remedial
agents but also accelerated the dissolution of oil from soil which assisted biodegradation of
soil-TPH [28,40]. However, Jeong et al. [28] reported that surfactant AOS did not result in
any significant reduction in TPH concentration during 33 days of foam spraying, although
there was a small variation during the initial 3–6 days of the observation period. More-
over, no significant contaminant movement occurred by surfactant foam flow; therefore,
contaminants stay in foam-occupied regions and react with reactants [18,20].

The result of the vertical soil-TPH change during experiment implies that it would be
difficult to remove TPH present in a region deeper than those tested using remediation
methods depending on natural-gravity-driven infiltration. The remediation of contami-
nated soils in unsaturated zones is challenging due to low access of remedial agents to
contaminants, which is often limited by depth, soil anisotropy, and gravity in unsaturated
soils [7]. The results of this study suggest that the coupling of oxidation and bioaugmenta-
tion foam spraying through vertical holes can be used for enhanced removal of TPH from
various depths. Notably, these vertical holes comprise only 0.8% of the total soil volume
and 3% of the soil surface in the column.
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There are several limitations in interpreting the results of this study, which evaluated
the role of soil holes in the delivery of remediation agents to a 30 cm deep soil. An eval-
uation should be conducted on a larger scale to increase reliability of the hole impacts
when foam spray is used. The delivery processes for liquid transport through holes after
the foam breaks should be made clearer and explained in more detail. Making some soil
holes would also enhance delivery of oxygen into the deeper area and might accelerate
biodegradation. Finally, more removal mechanisms to use between pre-oxidation and
biodegradation should be studied further.

3.4. Vertical Biodegradation Kinetics of TPH in a Soil Column

The biodegradation of TPH in contaminated soil is assumed to follow the first-
order degradation kinetics. The first-order degradation rates for the treatments in this
study are shown in Figure 5. Note that the biodegradation rates were calculated from
the TPH removal results to reflect only biodegradation after the oxidation pretreatment
was completed.
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Figure 5. Comparison of the first order biodegradation rates (k, d−1) as a function of soil depth.

In the soil column without holes, the biodegradation rate constant was found to be
0.0670 d−1 at 5 cm soil depth, whereas the rate constants at 15 and 25 cm depths were
0.0359 and 0.0350 d−1, respectively. The vertical TPH biodegradation rates were distinct
in that the rates at the two lowest depths were almost half the rate of the 5 cm depth.
In contrast, similar TPH decay rates of 0.0573, 0.0561, and 0.0540 d−1 at 5, 15, and 25 cm,
respectively, were achieved in the column with vertical holes. The biodegradation rates for
deeper soils (column with holes) were significantly higher than for the column without
holes. These results showed that the TPH biodegradation rate was improved for deeper
soil areas by using vertical holes with surfactant foam spray application. The TPH decay
rate constants in control treatment (for 3–30 days) were found to be negligible with rate
constants ranging from 0.0009 to 0.0030 d−1.

The higher biodegradation rates are attributed to the enhancement of bioavailabil-
ity and biodegradability [28,41–44]. Thus, a one-time foam-sprayed oxidation pretreat-
ment in conjunction with vertical holes may enhance bioavailability and biodegrad-
ability, accelerating the bioremediation of TPH contaminated soil at various depths in
unsaturated conditions.
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3.5. Changes in Microbial Population

Results of the vertical change in microbial population after oxidation and biodegra-
dation at various depths are presented (Figure 6, Supplementary Table S3). In general,
the soil microbial population (CFU/g) decreased by one order of magnitude with soil pH
decreasing after chemical oxidation (Table S4). This deleterious effect was minimal in the
case of persulfate oxidation as the concentration of sodium persulfate (50 mN) used was
low. With the reclamation of pH after applying bioaugmentation foam, an exponential
increase in CFU by 4 to 5 orders was observed. Moreover, the variation in the number of
microorganisms as a function of depth in the column without holes was more significant
compared to the column with holes.

The notation (Y-axis) of Figure 6 are changed to scientific as the editor required. Please revise the 
manuscript according to following Figure. 
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Figure 6. Change in soil microorganisms in three different soil depths (5, 15, and 25 cm from the surface) during persulfate
oxidation and bioremediation of TPH.

High CFU counts after 4 weeks indicated that the supplemented microorganisms
had multiplied and reduced the total petroleum hydrocarbons through biodegradation.
The results demonstrate that the TPH degradation is often related to the total microbial
population which, in turn, is correlated to the pH of the soil. At day 30, the microbial growth
reached 107 (maximum at 5 cm depth) CFU/g soil, while the TPH was significantly reduced.
The CFU counts in deeper soils were slightly lower than shallower soils because of the lower
pH, insufficient nutrients, and lower oxygen levels at lower depths. The overall results
of this study also suggest that the coupling of foam spray and vertical holes accelerated
distribution of added microorganisms throughout diesel-contaminated soil.

4. Conclusions

A 30 cm soil column study was performed with and without vertical holes (occupying
0.8% of the soil volume and 3% of total surface area), and corresponding TPH removal
efficiencies were evaluated at three depths (5, 15, and 25 cm). As compared to the column
without holes, the vertical holes improved the water content in the soil columns suggesting
better transport and distribution of remedial agents throughout the soil. As such, an
enhanced TPH degradation result was obtained from lower depths in the soil column
having vertical holes, achieving a TPH degradation efficiency of 88–90%. In contrast, only
71–72% of TPH was removed from the lowest depth in the column without vertical holes.

An exponential increase in bacterial population (CFU) with a similar number
(107 CFU/g soil) in all soil depths was observed after treatments through holes. The results
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demonstrated that application through vertical hole oxidation followed by bioaugmenta-
tion is an effective method to increase the following: evenly distributed reactive reagents
throughout the soil, maintenance of soil pH condition, and exponential bacterial growth.
The results show the possibility of a simple natural delivery method of remediation agents
to the unsaturated contaminated soil.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-3
417/11/2/781/s1, Figure S1: Foam sprayed soil columns. Figure S2: Change in volumetric water
content (VWC) in soil columns using vertical holes during (a) persulfate oxidation (PS) for two days,
and (b) oxidation followed by bioaugmentation (PS + bio) for 4 weeks. Note that the VWC was
continuously monitored during experimental period (one month). Figure S3: Volume of leachate
collected from the bottom of soil column as a function of time. Figure S4: Simple laboratory set-up to
identify whether foam was propagated through the holes or remedial agent after the foam broken.
Figure S5: Surfactant foam bubbles at different nodal angles and plateau border lengths for (a)
pure AOS, (b) pre-oxidation, and (c) bio-augmentation. Table S1: Physicochemical properties of
experimental soil. Table S2: Properties of the different surfactant foams applied in this study. Table S3:
Change in microbial population (CFU/g) of soil during remediation. Table S4: Change in pH of soil
during remediation. Text S1: Foam characterization.
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