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Featured Application: This paper dealt with high concentrations of PCDD/Fs in soil by
washing with winery solvents, which are believed to be more environmentally benign than
chemical surfactants.

Abstract: Poly-chlorinated dibenzo-p-dioxins (PCDDs) and poly-chlorinated dibenzo-furans (PCDFs)
negatively affect human health and are often found as unwanted by-products of chemical handling
and manufacture procedures. While commercial solvents have been used to remove dioxins
from contaminated soil, these solvents themselves may adversely affect soil health. In this study,
we examined the effects of washing highly PCDD/F contaminated field-soil with two natural
solvents (sugarcane and pineapple wine) under ambient temperature. Performing an initial
three-washing-cycle experiment, we found that sugarcane wine more effectively removed the
contaminants than pineapple wine (removal, 60% vs. 50%) and chose it to perform a six-washing-cycle
experiment facilitated by mechanical stirring and ultrasonication. Sugarcane wine was found to have
a high removal efficiency (almost 80%), largely due to its higher alcohol and acid content. We believe
that both wines can be used in soil remediation tasks without further damage to soil health. This is
the first study employing naturally made wines as soil washing solvents in treating highly PCDD/F
contaminated field soil. After soil washing processes, the winery solvents are believed to be beneficial
to (if necessary) bioremediation methods and/or monitored natural attenuation.

Keywords: sugarcane wine; pineapple wine; soil washing; PCDD/Fs; green and sustainable remediation

1. Introduction

Dioxins, polychlorinated dibenzo-p-dioxins (PCDDs), and polychlorinated dibenzofurans
(PCDFs) negatively affect the environment and human health [1,2]. They are considered nonvolatile
chemicals and because of their characteristics of hydrophobicity and lipophilicity, their water-solubility
is considerably low, meaning that they are often attached to soil and sediments [3]. Dioxins can
accumulate in the food chain and may cause various cancers and mutations. PCDD/Fs have been
reported to possibly be associated with sarcomas, lymphomas, chloracne, and other types of cancer
and fatalities [4]. Toxic equivalent quantities (TEQs) are often employed to indicate the toxicity of
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dioxin compounds. The TEQ value of 2,3,7,8-TCDD (tetra chlorinated dibenzo dioxin) is designated
to be 1.0 and for other congeners, TEQ values are expressed as fractions of the 2,3,7,8-TCDD’s value.
According to Boening (1998), PCDDs and PCDFs have 75 and 135 possible congeners, respectively.
However, only seven PCDD isomers and 10 PCDF isomers are considered as having a dioxin toxicity
and assigned TEQ values.

A variety of treatment methods have been proposed for the removal of organic compounds from
contaminated soil, such as thermal desorption [5], soil washing [3,6], advanced oxidation processes [7],
photodegradation [8], bioremediation [9-11], etc. Among them, soil washing has been considered an
effective method taking into account its low treatment cost, particularly when dealing with highly
contaminated soil [6]. Several studies have been performed for assessing the capacity of soil washing
in remediating different types of contaminants in soil. For example, Huguenot, et al. [12] used a
commercial surfactant, Tween® 80, to enhance the efficiency of soil washing, which was coupled with
an electro-Fenton process in treating soil contaminated with petroleum hydrocarbons. Cao, et al. [13]
treated pentachlorophenol contaminated soil by the combination of soil washing with laboratory-made
tetrapolyphosphate solvent and zero valent ion (ZVI)/ Air treatment.

In soil washing remediation, the power of ultrasonication is often employed with mechanical
stirring because its sonophysical effects, which are induced by acoustic cavitation, can enhance the
removal of the contaminants [14]. Ultrasound-assisted soil washing was reported to result in better
removal efficiencies than the cases where only either mechanical stirring or ultrasonic power was used
alone [15]. Ultrasound-assisted soil washing has been employed to treat different types of organic
contaminants in soil, e.g., diesel [16] and polycyclic aromatic hydrocarbons (PAHs) [17]. It is reported
that the combined effects of macro-scale mixing (mechanical) and micro-scale mixing (ultrasonic) could
result in high removal efficiencies [14,16].

Regarding the solvents used in soil washing, various types of solvents, both synthetic and natural,
have been studied for different types of contaminated soils [3,18]. Moutsatsou, et al. [19] employed
four synthetic solvents, including HCl, H,SO4, HNO3, and NapyEDTA, for the washing of heavy
metals from mining soils. Li, et al. [20] used three types of surfactants (the nonionic: Tween20, Triton
X-100; the cationic: CTAB and the anionic: Dodec-MNS, NPS-10) in their petroleum-contaminated
soil remediation study. Jonsson, Lind, Lundstedt, Haglund and Tysklind [6] washed different
concentrations of PCDD/Fs from aged-soils using ethanol as a solvent. In general, a good solvent
should be capable of achieving a high removal efficiency, while being inexpensive and easily used
without causing harm to humans and the environment, including soil bio-activity. Chemical solvents
are highly effective in the washing of soil contaminated with organic pollutants [21-23], but they
also remove micro-organisms, some of which may be beneficial for further bio-attenuation or
cultivation [3,18]. Wine, being rich in alcohols, might also serve as a healthier alternative bio-surfactant
in the removal of dioxins. It might be used to enhance the bio-attenuation ability of soil without
dramatically harming the lives of micro-organisms within.

Tainan City, located in southern Taiwan, was once a center for the manufacture of
pentachlorophenol (PCP). PCDD/Fs are the unwanted byproducts of PCP manufacturing, which
involves processes such as the alkaline hydrolysis of chlorobenzenes and the direct catalytic
chlorination of phenols. Although there has been no PCP manufacturing activities in Tainan City
since 1989, residual contaminants, including PCDD/Fs, pose a significant threat to human health [24].
In this study, the contaminated field soil was taken from a highly PCDD/F-contaminated site in
southern Taiwan. The washing was performed with naturally fermented sugarcane wine or pineapple
wine solvents. The removal efficiency of soil washing using the combination of ultrasonic power and
mechanical mixing was investigated.
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2. Materials and Methods

2.1. Chemicals

All solvents used (sulfuric acid, n-hexane, methylene chloride and toluene) were analytical
or glass distilled grade and purchased from Merck (Darmstadt, Germany). Silica gel (90 g silica
gel mixed with 20 mL sulfuric acid 98.08%) and sodium sulphate were purchased from Merck
(Darmstadt, Germany) and were activated at 135 °C (24 h) and 550 °C (48 h), respectively. Potassium
hydroxide and sulphuric acid were purchased from VWR International AB (Stockholm, Sweden)
and hydrochloric acid from Fisher Chemicals AG (Zurich, Switzerland). Standard solutions were
purchased from Sigma-Aldrich (St. Louis, MO, USA). They included 17 dioxin compounds mixed
in solvent nonane: 2,3,7,8-TCDD; 2,3,7,8-TCDF; 1,2,3,7,8-PeCDD; 1,2,3,7,8-PeCDF; 2,3,4,7,8-PeCDEF;
1,2,3,4,7,8-HxCDD; 1,2,3,6,7,8-HxCDD; 1,2,3,7,8,9-HxCDD; 1,2,3,4,7,8-HxCDF; 1,2,3,6,7,8-HxCDF;
1,2,3,7,8,9-HxCDF,; 2,3,4,6,7,8-HxCDF; 1,2,3,4,6,7,8-HpCDD; 1,2,3,4,6,7,8-HpCDF; 1,2,3,4,7,8,9-HpCDEF;
OCDD; OCDE. Deionized (DI) water was used for all experiments. All other chemicals and reagents
were analytical grade.

2.2. Sugarcane and Pineapple Wine Production

Sugarcane purchased from a local market was first compressed and filtered to yield the
concentrated juice. Then, the juice was boiled at low temperature (approx. 70 °C) to sterilize the
filtered sugarcane juice. Following this, it was cooled down to room temperature, and the liquid was
added with ferment (the ratio is about 3 g ferment/5 kg sugarcane liquid) as a traditional treatment
of sugarcane wine. The mixture of sugarcane liquid and ferment was then stored in a tightly sealed
vessel in a completely dark environment. After 15 days, the liquid was distilled to produce sugarcane
wine. The ambient temperature varied between 25 °C and 30 °C.

Newly ripe pineapples were also collected from a local market and cut into slight slices.
Then, they were mixed with rice wine with the ratio of 1 kg pineapple/2 L rice wine. The mixture was
stored in a porcelain vessel in a completely dark environment. The temperature of the storage varied
from 25 °C to 30 °C.

2.3. Soil Sample Preparation and Washing Experiments

The details of soil sample preparation were described in our previous publications [1,2]. Briefly,
a soil screening standard of the American Society for Testing and Materials [25] was employed for soil
sample preparation. The contaminated soil first taken from a hazardous waste site in Tainan City, South
of Taiwan, was manually screened through six different sieving sizes (2, 1, 0.5, 0.25, 0.125, 0.053 mm)
with water (wet screening) prior to being sun-dried. The soil chosen for the washing experiments in
this study was in the range 0.125-0.250 mm (fine sand) as this accounts for around 70% of the total
mass. It should be noted that the other particle sizes, even the finest ones, could be economically
treated by the current treatment method employed at the contaminated site (incineration) considering
that the amount of these particles is somewhat small. The dioxin TEQs of the other particle sizes can
be viewed from our previous publication [1].

The contaminated soil (100 g) and the liquid wine solvents (250 g) were combined in a Teflon-lined
600 mL Pyrex vessel at a ratio of 1:2.5 (mass basis). The soil and solvent were stirred mechanically by a
double-blade propeller powered by a motor (rpm 700) (Figure 1). The vessel was placed in a plate-type
ultrasonic cleaner (200 Watt, 40 KHz, model DC200H, Delta New Instrument Co., Ltd, Taipei, Taiwan).
Each washing cycle took sixty minutes under an ultrasonic set temperature of 30 °C (to represent the
ambient temperature in the contaminated site in southern Taiwan). Our washing experiments were
performed under the conditions (ambient temperatures and a relatively low agitation—700 rpm) that
should be energy-advantageous according to Nakamiya, et al. [26], Meguro, et al. [27] and Jonsson,
Lind, Lundstedt, Haglund and Tysklind [6]. After treatment, the particles were allowed to settle
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before the liquid phase was vacuum-filtered through a 110 nm hydrophilic membrane filter (Millipore,
Billerica, MA, USA). A portion of washed soil (10 g-12 g) was used for PCDD/F analysis.

Figure 1. The combination of ultrasonic power and mechanical mixing by double-blade propeller in
the washing experiments.

2.4. Analytical Method

The details of sample analysis can be viewed in our previous studies [1,2]. Technically, extraction
was performed using a method recommended by the United States Environmental Protection
Agency [28]. The sample (10 g) was first lyophilized in an Eyela FDU-1200 freeze dryer (Tokyo
Rikakikai, Japan). Anhydrous sodium sulfate was then added and mixed before toluene was
added for solvent exchange (40 mL). A sonicator (VCX 750, Sonics Materials, Newtown, CT, USA)
was used for the extraction in three cycles (approx. 3 min/cycle). The conditions were set at an
amplitude of 62%, pulse on was set at 6.0, and pulse off was set at 3.0. The clean-up was performed
using another USEPA method [29]. After ultrasonic extraction, sample was processed through a
column with three filtering layers: glass wool, acid silica gel (90 g silica gel mixed with 20 mL
sulphuric acid 98.08%), and anhydrous sodium sulfate. The eluate was evaporated in a Turbo Vap
II concentrator (Biotage, Charlotte, NC, USA) using nitrogen (pressure 10 psi). The concentrate
was solvent exchanged with n-hexane 95% (50 mL) and then added with acid silica gel before
being passed through Whatman®filter paper (pore size 110 mm; manufactured by GE Healthcare
UK Limited, Amersham Place, United Kingdom). The final extract was added with sulfuric acid
before storage at —4 °C until analysis. PCDD/F analysis was performed according to USEPA [30].
A 6890-5973 gas chromatography-mass spectrometry (GC-MS) system with a column HP-5MS
(B0m x 0.25 mm x 0.5 um) was used to quantify PCDD/Fs. The oven temperature was set at 40 °C
for four minutes before ramping to 300 °C (10 °C/min) for twenty minutes. Selective ion monitoring
(SIM) mode was employed according to the retention time and characteristic ions. Concentration
calculations and calibrations were based on the standard calibration curve. To efficiently interpret
removal efficiencies, PCDD/Fs” concentrations were transformed into TEQs as introduced by the
World Health Organization at the Stockholm Convention.

2.5. Measurement of Bio-Surfactants in Sugarcane Wine and Pineapple Wine Solvents

As some volatile organic compounds (VOCs) are considered organic solvents [31,32], they may
have taken part in the removal of PCDD/Fs in our washing experiment and need to be quantified
to better grasp the mechanisms underlying their dioxin removal. Because target compounds were
unknown, USEPA method 8260B was adopted for the qualification and quantification of VOCs [33].
In order to clarify the mechanism of the high removal efficiencies of the wine solvents, we spiked them
(10 pL each) into a 40 mL deionized water vial [1,2]. Then, using a purge and trap system combined
with 6890-5973 GC-MSD for this analysis [33], we compared the peaks we found with those established
in the NIST mass spectra library [34]. The concentrations of the compounds were calculated using the
concentrations appearing in the automatic report and the known weight of the sample.
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2.6. Statistical Analysis

The non-parametric Kruskal Wallis test was employed to analyze the difference in PCDD/F
concentrations. The H statistic value was compared with the critical chi-square ()(IZJ) value (o = 0.05
was considered significant). Statistical analysis was conducted with IBM SPSS statistics for Windows,
Version 22.

3. Results and Discussion

3.1. Preliminary Washings with Sugarcane Wine and Pineapple Wine

The results of this preliminary washing experiment are shown in Figure 2. The initial total TEQs
of the soil is 10024.15 ng-TEQ/kg, which was contributed mostly by OCDF (5112.51 ng-TEQ/kg)
and 1,2,3,4,6,7,8-HpCDF (3865.65 ng-TEQ/kg), while the TEQ concentration of OCDD was only
1046.00 ng-TEQ/kg. After the third wash, sugarcane wine washing resulted in 60.7% total TEQ
removal, decreasing from 10024.15 ng-TEQ/kg to only 3938.74 ng-TEQ/kg, while the experiment
with pineapple wine achieved only 50.2%, finishing at 4991.33 ng-TEQ/kg. After the last wash,
the soil in the washing experiment with sugarcane wine contained approximate TEQ concentrations
of OCDF (1586.62 ng-TEQ/kg) and 1,2,3,4,6,7,8-HpCDF (1824.73 ng-TEQ/kg). Similarly, the last
washing in the experiment with pineapple wine also led to the soil being mostly occupied by OCDF
(1985.16 ng-TEQ/kg) and 1,2,3,4,6,7,8-HpCDF (2329.11 ng-TEQ/kg). The removal efficiencies for
each congener in the sugarcane wine washing were better than those of the pineapple wine washing,
eg., 1,2,3,4,6,7,8-HpCDF (52.8% versus 39.8%) and OCDD (49.6% versus 35.3%) (H value > X%).
The difference between the highest (69%) and lowest (49.6%) removal efficiencies in the sugarcane wine
washing experiment was 19.4%, which was lower than that in the pineapple wine washing experiment
(25.9%), indicating that sugarcane wine washing might be more non-selective than pineapple wine
washing and that sugarcane wine washing might at the same time reduce different PCDD/F congeners.
As sugarcane wine proved to be the better solvent of the two, it was chosen for a later experiment
determining its capacity to reach a higher removal efficiency after six washing cycles.
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Figure 2. Changes in dioxin toxic equivalent quantities (ng-TEQ/kg dry wt.) and final removal
percentages in a preliminary three-cycle soil washing experiment using both sugarcane wine and
pineapple wine solvents (HpCDF: Hepta-chlorinated dibenzo-p-furans; OCDEF: Octa-chlorinated
dibenzo-p-furans; OCDD: Octa-chlorinated dibenzo-p- dioxins).
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3.2. Extended Sugarcane Wine Washing

In the next experiment, the soil mostly contained the following dioxin compounds:
1,2,3,4,6,7,8-HpCDF; 1,2,3,4,6,7,8-HpCDD; OCDEF; and OCDD (Figure 3). We also conducted a control
washing experiment with DI water to clarify the removal efficiency of the wine solvent (Figure 4).
The initial total TEQ value of the contaminated soil was 8902.33 ng-TEQ/kg, which was mainly
occupied by OCDD (3853.12 ng-TEQ/kg) and 1,2,3,4,6,7,8-HpCDF (2519.65 ng-TEQ/kg). The removal
efficiency of sugarcane wine washing was clearly positive, finishing at a total of 78.7% removal, which
was almost three times higher than the removal efficiency of the control washing experiment with
DI water (28.08%) (H value > X%})- The washed soil of the sugarcane wine washing experiment was
also mostly occupied by OCDD (571.36 ng-TEQ/kg) and 1,2,3,4,6,7,8-HpCDF (805.44 ng-TEQ/kg).
The removal efficiencies of the sugarcane wine washing experiment for each congener involved
were 1,2,3,4,6,7,8-HpCDF (72.0%), 1,2,3,4,6,7,8-HpCDD (75.5%), OCDEF (75.1%), and OCDD (85.2%).
The removal efficiencies of the control washing experiment were 1,2,3,4,6,7,8-HpCDF (35.67%),
1,2,3,4,6,7,8-HpCDD (46.15%), OCDF (33.94%), and OCDD (15.55%). It seems that different from
other studies [6,26,27], our washing experiment with sugarcane wine as a solvent seemed to result
in almost no distinct selective removal of dioxin congeners as the removal percentages of different
congeners were not much different, which again indicates the non-selectivity washing potential
of sugarcane wine. Although the highest and lowest removal percentages were 85.2% (OCDD)
and 72.0% (1,2,3,4,6,7,8-HpCDF), it should be noted that we conducted our washing experiment
on contaminated field soil, of which the characteristics may greatly vary and considerably affect
the removal efficiency [3,6]. Therefore, our results of sugarcane washing seemed to display more
nonselective removal.
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Figure 3. Changes in dioxin toxic equivalent quantities (ng-TEQ/kg dry wt.) and final removal
percentages in a soil six-cycle washing experiment using sugarcane wine as the major solvent (HpCDD:
Hepta-chlorinated dibenzo-p-dioxins).
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Figure 4. Changes in dioxin toxic equivalent quantities (ng-TEQ/kg dry wt.) and final removal
percentages in a soil six-cycle washing experiment using deionized (DI) water.

3.3. Proposed Mechanisms of PCDD/F Soil Washing

3.3.1. Mechanical Stirring and Ultrasonication

There were two physical processes affecting the tested soil washing experiments—mechanical
stirring and ultrasonication (Figure 1). Mechanical stirring is the cause of macro-scale mixing, which
may facilitate the desorption of the contaminants from the surface of the soil [16,35]. Ultrasonication,
meanwhile, induces micro-scale mixing, which may then facilitate the desorption of the contaminants
from either the soil surface or the pores [14,36]. Additionally, it has been reported that it is less
likely for the efficient particle-surface-damaging effect of ultrasonication to reach the inner region of
the soil matrix, which could be attributed to large attenuation [14]. In other words, ultrasonication
alone can only affect the contaminants on the soil particle surface. Therefore, for the contaminants
residing deep inside the soil particles, ultrasonication alone cannot have a strong removing effect
since its power is largely reduced (attenuated). To test this hypothesis, we conducted a set of washing
experiments with DI water and the results are shown in Figure 5. From Figure 5, it can be clearly
seen that the effect of ultrasonic power alone is far less effective than the effect of mechanical stirring
(H value > x})), probably because ultrasonic power is unable to reach the inner areas of the soil
particles without the macro-scale mixing effect of mechanical stirring. Further, the results of our
sequential washings (ultrasonic power followed by mechanical stirring and vice versa) were similar to
those of only mechanical stirring (H value < x?)) and lower than those of the combined mechanical
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stirring and ultrasonic power (H value > x?)), indicating that either the micro-scale mixing effect of
ultrasonication followed by the macro-scale dispersing effect of mechanical stirring or the dispersing
effect of mechanical stirring followed by the particle-surface-damaging effect of ultrasonic power
is not as effective as the combined forces of both. As mechanical stirring helps to maintain stable
slurry conditions (or the suspension of solid particles in the liquid), the micro-scale mixing effect
of the ultrasonication can easily reach the contaminants residing deep inside the soil particles [16].
Therefore, in this study, the combination of both mechanical stirring and ultrasonication would be the
combination of dispersing and surface-damaging effects, helping the soil washing process achieve its
potentially highest efficiencies.
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Figure 5. Effects of different physical mechanisms for the removal of PCDD/Fs from contaminated soil.

The position of the propeller is also important for large and homogenous mechanical stirring.
We positioned the propeller close to the bottom of the vessel so that the stirring of the double-blade
was able to affect as much space within the vessel as possible. As the liquid level was close to the
ridge of the cap, sonication was more likely to reach all particles inside. The double-blade propeller
was designed to create a space between the two blades, where the particles collided with each other,
resulting in the greater breakage and desorption of PCDD/Fs.

3.3.2. Bio-Surfactant Extraction

Nakamiya, Furuichi and Ishii [26] compared four commercial solvents, e.g., ethanol, methanol,
acetone, and Triton X-100, in removing dioxins from contaminated soil (initial TEQ wvalue
10,000 ng-TEQ/kg) by only mechanical mixing (3000 rpm at room temperature) and concluded
that ethanol washing resulted in the highest removal efficiency of 76% (soil: solvent ratio 10%, 10 min).
Since that study, ethanol has been considered a very effective solvent for removing dioxins in soil.
Ethanol was also used as a washing solvent in the study of Meguro, Lee, Nakai and Hosomi [27].
The authors washed dioxin-contaminated soil (9714 ng-TEQ/kg) and sediment (1208 ng-TEQ/kg) with
ethanol 98% (3 g of soil/sediment with 12 mL of solvent, 200 rpm at room temperature). After five
washes (24 hours per wash), the removal efficiencies were very positive, with 89% for soil and 72%
for sediment. In another study of Jonsson et al. (2010), ten washing times (20 g of soil 60 mL of
washing solvent) were used with 75% ethanol at 60 °C, producing very high removal efficiencies (81%
to 97%). In the current study, the removal efficiencies for sugarcane wine and pineapple wine were
slightly lower than the three abovementioned studies, possibly due to the fewer washing cycles used,
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the higher soil: solvent ratio, and the lower ethanol content of these two types of wine. Nevertheless,
the idea of using naturally made solvents for soil decontamination is novel, and their benefits in the
remediation in soil may outweigh their drawbacks [3,17].

It is reported that commercial ethanol can facilitate the transfer of the contaminants from the soil to
the liquid. Its extraction is highly efficient and can be considered for field-scale applications. However,
its weakness in this regard is its effect on the bioactivity of the soil. Bio-attenuation and cultivation
of soil washed this way is restricted. Therefore, using wine, which has a high fermented alcoholic
content, might reduce the possibility of this effect because it also produces a favorable environment for
bacteria and fungi growth, which could further facilitate bioremediation methods (if necessary) and/or
monitored natural attenuation. The composition of sugarcane wine and pineapple wine solvents
was dominated by fermented ethanol in this study (Tables 1 and 2), and thus the relatively high
removal efficiency seems understandable. Acidic compounds also affect the solubility of dioxins [37].
The other bio-surfactant compounds, including aldehyde, ketone, and ester, in the wine might also
create good conditions for dioxins to be solubilized in the liquid solvent [1,38]. Future studies will be
needed to characterize the potential effects of limiting and enhancing the bioactivity and bio-toxicity of
post-washed soil. In addition, the specific mechanisms underlying of wine’s efficiency as a soil-washing
solvent and the effects of the wine solvent on the physical and chemical properties of the washed
soil also need to be elucidated. Yet, the preliminary results of this study suggest that naturally made
solvents possess the ability to replace chemical solvents in washing highly contaminated soils.

Table 1. Identified biosurfactant ingredients from the sugarcane wine.

Category Compounds Formula Concentration (mg/L)

Alcohol(s) Ethanol C,HgO 3,071.00
1-Propanethiol C3HgS 719.41

Acid(s) 2-Hexynoic acid CeHgO, 435.20
Boric acid H3BO;3 449.40

Ethanedioic acid CoH,04 94.90

Formic acid CH,0, 72.50

Propanoic acid C3HgO, 103.90

Aldehyde(s) Acetaldehyde C,H4 O 182.90

Ketone(s) 2-Butanone, (2,4-dinitrophenyl) hydrazone  C1oH12N4O4 79.40

Ester(s) Diethyl ester CyH19O 94.90

Table 2. Identified biosurfactant ingredients from the pineapple wine.

Category Compounds Formula Concentration (mg/L)
Alcohol(s) Ethanol C,HgO 1499.20
Ledene alcohol Ci5Hp4O 382.00
2-Propanol, 1-chloro C3H;CIO 485.20
Acid(s) 2-Pyrazinecarboxylic acid CsH4N,O, 307.20
2-Methylpyrazine-5-carboxylic acid CgHgN2O, 290.03
Pyrrolidine-1-thiocarboxylic acid C11H15N5 167.00
Benzenesulfonic acid C7H7N3 193.00
2-Pyrrolidinone C4HsNO 363.00
2-Amino-4-hydroxypteridine-6-carboxylic acid =~ C;HsN503 172.00
1H-Purine-6-sulfonamide CsH5N50; 217.60
Aldehyde(s) 2-ethyl crotonic aldehyde C,HgO 253.00
Ester(s) 2-octynoic acid, methyl ester CoH140, 205.20
Ethyl acetate C4HgO, 210.00
(2,3-Butadienyloxy)benzene C10H190O 218.00

3.4. Cost Feasibility of Ultrasonic-Assisted Solvent Soil Washing

This study was performed at a lab-scale level. In larger remediation scales, the energy cost remains
a concern. For a volume of between 3500 and 4000 litter, ultrasonic cleaner and industrial stirrer (mixer)
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can cost about 4 and 5 kW per hour of operation, respectively. Since the electricity unit price in Taiwan
is 0.13 USD/kWh, the total electricity cost of washing a volume between 3500 and 4000 litter can be
1.18 USD/h, resulting in a cost of 7.08 USD for six hours (washing cycles). As the electricity cost is
minimal, the cost of the soil washing would strongly depend on the solvent.

Tropical Asian countries like Vietnam, Thailand, and Taiwan have a large amount of sugarcane and
pineapple farming to provide raw materials for wine and confectionery production. In fact, although
there could be some variations between areas and seasons, the price for one litter of sugarcane wine
or pineapple wine in those mentioned countries varies between 1 and 8 USD, while the price for
industrial-grade ethanol fluctuates from 50 to 100 USD/litter. However, although our study used the
newly-made wine, the field-scale remediation taking wine as a washing solvent can take advantage
of materials from winery wastes, and leftovers of the wine and confectionery production, which
also contain a high amount of alcoholic and other organic biosurfatants [39]. The use of leftovers for
soil washing could help reduce the remediation cost. Besides, during the distillation/purification
stage of the wine-making process, high molecular-weight volatile organic compounds (SVOCs)
were collected and removed as residues although they, together with the light molecular-weight
VOCs, may well be beneficial for the washing removal of organic contaminants. Therefore, future
applications of sugary/winery leftovers in washing contaminated soil are suggested, using one before
the purification stage or one which is less purified so that the heavy alcoholic products are not removed
and can contribute to improving the washing efficiency and reducing the overall cost. Additionally,
the traditional winery fermentation technique can be applied to ferment recycled food wastes to
produce surfactant-rich compost tea for similar soil washing applications, which could improve
the removal efficiency (therefore reduce the number of washing cycles) and thus will be covered
in our future studies. Studies on the treatment of the washed solvent are also needed as treating
the wastewater is always a major concern for soil washing studies. Although this study mainly
focuses on the remediation of highly dioxin-contaminated field soil, we suggest biological treatment
methods for treating the washed wine solvents since it is believed that the natural wine solvents are
bacteria-friendly and can be degraded economically by different biological processes.

4. Conclusions

This study evaluated the PCDD/F removal efficiency of soil washing using two natural solvents
(sugarcane wine and pineapple wine). The washing experiments were performed under ambient
temperatures and a relatively low agitation (700 rpm). Compared to other similar studies, the tested
high soil: solvent ratio (1:2.5 by weight) could be cost-advantage considering the lower amount of
washed solvent needing to be treated. In a preliminary study, sugarcane wine removed 60% of the
PCDD/Fs after three washes and pineapple wine 50%, leading us to perform an extended experiment.
In the second experiment, sugarcane wine was found to remove around 80% PCDD/F after six washes.
This high removal efficiency is attributed to its high ethanol and organic acid content. We conclude that
these two wines might be used as washing solvents when remediating field soil highly contaminated
with PCDD/Fs. The residual product coming from the manufacture of wine and sugar may be used for
this and the washed soil can be backfilled for further monitored natural attenuation or even cultivation.
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