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Abstract A two-stage system for octachlorinated dibenzo-

p-dioxin (OCDD)-contaminated soil remediation was

developed. Soil washing using emulsified oil (EO) was

applied in the first stage for OCDD extraction followed by

the second stage of bioremediation using P. mendocina

NSYSU for remaining OCDD biodegradation. The major

tasks included (1) determination of optimal soil washing

conditions for OCDD extraction by EO, (2) evaluation of

feasibility of OCDD biodegradation by P. mendocina

NSYSU under aerobic cometabolic conditions using EO as

the primary substrate, and (3) assessment of the effec-

tiveness of OCDD removal using the two-stage system.

During the soil washing stage, EO with two different oil-to-

water ratios (1:50 and 1:200) and pore volumes were tested

with initial soil OCDD concentration of 21,000 lg/kg.
Results indicate that EO could effectively improve the

solubility and desorption of OCDD in soils. Up to 74% of

OCDD removal could be obtained after washing with 60

PVs of EO and dilution factor of 50. After the soil washing

process, enriched P. mendocina NSYSU solution was

added into the reactor to enhance the aerobic biodegrada-

tion of remaining OCDD in soils. P. mendocina NSYSU

could use adsorbed EO globules as substrates and caused

significant OCDD degradation via the aerobic cometabolic

mechanism. Approximately 82% of the remaining OCDD

could be removed after 50 days of operation, and P.

mendocina NSYSU played important roles in OCDD

biodegradation. Up to 87% of OCDD was removed through

the EO washing and biodegradation process. The two-stage

system is a potential technology to remediate dioxin-con-

taminated soils.

Keywords Emulsified oil � Octachlorinated dibenzo-p-

dioxin � Pseudomonas mendocina NSYSU � Soil washing

Introduction

Dioxins, which are persistent and toxic chemicals, include

75 polychlorinated dibenzo-p-dioxins (PCDDs) (Warenik-

Bany et al. 2016). Researchers have reported that many

dioxin isomers [including the highly chlorinated octachlo-

rinated dibenzo-p-dioxin (OCDD)] have been released to

the environments due to various natural and man-made

chemical and combustion processes, which result in the

contamination of the ecosystems and environmental media

(e.g., sediments and soils) (Shin et al. 2016; Warenik-Bany

et al. 2016).

Although physicochemical treatment technologies have

been used for dioxin-contaminated sites remediation (Hung

et al. 2016), they are costly to cleanup significant amounts

of polluted media (e.g., soils and sediments). Bioremedia-

tion can be a more cost-effective technology for dioxin

removal. However, it might not be applicable for dioxin
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sites with high dioxin concentrations due to the bacterial

inhibition effect (Piskorska-Pliszczynska et al. 2016).

Thus, a combined system containing physicochemical and

biological techniques could be more feasible to remediate

highly dioxin-contaminated sites.

Dioxins can be biotransformed to less-chlorinated by-

products through the anaerobic reductive dechlorinating

mechanisms (Liu et al. 2014). There are two different

processes of reductive dehalogenation: hydrogenolysis

and dichloroelimination. Reductive dechlorination can be

carried out under cometabolic conditions, which proceeds

with enzymes that catalyze other reactions (Hiraishi

2008). Some aerobic bacteria also possess unique cata-

bolic pathways, which enable them to degrade less-

biodegradable and persistent chlorinated compounds.

These bacteria could oxidize and open the aromatic ring

structures via the dioxygenase processes (Jeon et al.

2016). Compared to anaerobic biodegradation, aerobic

biodegradation can be used to enhance and accelerate the

biodegradation rates (Nam et al. 2014). However, aerobic

transformation of chlorinated organic compounds is usu-

ally occurred under cometabolic conditions, indicating

that addition of primary substrates is required. Less-

chlorinated dioxins are susceptible to partial degradation

via aerobic cometabolism, and only monochlorinated

congeners can serve as the primary substrates in some

cases (Bastviken 2013).

Soil washing is a more efficient soil remedial technique

compared with bioremediation. Surfactant is a commonly

used soil washing reagent used for contaminated soil

cleanup (Mousset et al. 2016; Trellu et al. 2016). Soil

washing is based on the desorption of contaminants from

soils via the washing reagents (e.g., water and surfactant).

After soil washing, the water phase containing contami-

nants is disposed or further treated by other methods. The

efficiency of soil washing process is dependent on the

desorption and solubility rates of contaminants (Ishiguro

and Koopal 2016). Some researchers indicate that applying

specific washing solutions (e.g., surfactant solution and

solvents) could enhance contaminant removal and reduce

the soil cleanup time (Im et al. 2015; Mousset et al. 2016;

Trellu et al. 2016).

When surfactant solution is mixed with soils, surfactant

molecules would adsorb onto the surface of soil particles

and interactions with the hydrophobic contaminants would

occur (Im et al. 2015; Mao et al. 2015). Surfactants could

result in the increase in the contaminant solubility, and

thus, the bioavailability and contaminant biodegradation

rate could also increase (Mousset et al. 2016; Trellu et al.

2016).

Food-grade edible oils have been applied as the envi-

ronmentally friendly solvents for hydrophobic chemical

sorption (Gong et al. 2006; López-Blanco et al. 2016). The

edible oils can also serve as the long-lasting substrates to

enhance the biodegradation processes. However, edible oils

might cause the clogging of soil pores because of the large

diameters of the oil globules. Thus, edible oils need to be

emulsified to reduce the globule diameters (Sheu et al.

2015; López-Blanco et al. 2016). The emulsion process

could create higher capacity of hydrophobic contaminant

solubilization than the normal micellar system, and thus,

the contaminant removal rate could be facilitated (Sheu

et al. 2015).

In our previous study, emulsified oil (EO) has been

produced to provide biodegradable substrates to enhance

the reductive dechlorination process (Liang et al. 2013).

The produced EO contained edible oil, cane molasses, and

surfactants [soya lecithin (SL) and Simple GreenTM (SG)].

The EO (with a droplet size of 0.2–0.9 lm) could supply

primary substrates continuously for the enhancement of

trichloroethylene (TCE) biodegradation in groundwater

and also remove TCE via the sorption mechanism. Results

from our previous study show that EO could improve

contaminant solubilizing activity and bioavailability (Liang

et al. 2013; Tsai et al. 2014).

The Pseudomonas mendocina NSYSU (P. mendocina

NSYSU) was isolated and enriched from soils collected

from a PCP spill site (Kao et al. 2005). The site was also

polluted by OCDD with concentrations up to 20 mg/kg

(NSC 2012). Results from NSC (2012) show that the site

soils and groundwater were under aerobic conditions and

that higher cell density was observed for P. mendocina

NSYSU when it was incubated under aerobic conditions.

Thus, it is possible that P. mendocina NSYSU has the

potential to biodegrade dioxins under aerobic biodegrada-

tion processes.

Because dioxins have high potential toxicological

impact, the development of cost-effective processes with

high pollutant removal efficiency is a major challenge for

researchers and soil remediation companies. In this study,

OCDD was treated as the target compound, and its

biodegradability by P. mendocina NSYSU was evaluated.

Batch soil washing and biodegradation studies were per-

formed to assess the effectiveness of the developed two-

stage system (soil washing using EO followed by

biodegradation with inoculation of P. mendocina NSYSU)

on OCDD removal. The goals of this study were to (1)

assess the feasibility of biodegrading OCDD under aerobic

conditions with the addition of P. mendocina NSYSU as

the inocula, (2) evaluate the feasibility of using EO as the

OCDD desorption and solubilization reagent to cleanup

OCDD-contaminated soils and determine the optimal

operational conditions of the soil washing process, (3)

evaluate feasibility of biodegradation of the remaining

OCDD in soils using P. mendocina NSYSU as the inocula

after the soil washing process, (4) evaluate the changes of
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bacterial diversity and dominant bacteria in aerobic

biodegradation mechanisms.

Materials and methods

Preparation of EO and growth of P. mendocina

NSYSU

EO was prepared following the procedures described in

Liang et al. (2013). Preliminary study was performed to

assess an appropriate component of the EO mixture to

generate stable O/W emulsions with small globules with a

uniform size.

In our previous study, a PCP-degrading bacterium (P.

mendocina NSYSU) was isolated from the PCP-contami-

nated site (Kao et al. 2005). The bacterial strain was kept in

a freezer at -80 �C before cultivation. In this study, P.

mendocina NSYSU culture was cultivated in the 10-mL

nutrient broth (NB, Difco 003-01) under aerobic condi-

tions. NB was applied for substrate (carbon and energy

sources) supplement to grow P. mendocina NSYSU.

Spectrophotometry method was applied for cell density and

growth conditions of the P. mendocina NSYSU evaluation

(APHA 2005). All chemicals (reagent grade) for bacterial

incubation were obtained from Sigma-Aldrich Co. (USA).

OCDD biodegradability study

This experiment was performed to evaluate the effective-

ness of EO addition on OCDD biodegradation enhance-

ment. Collected OCDD-contaminated soils from low

contamination zone (OCDD concentration was approxi-

mately 3.5 mg/kg) were used in this study. Soils were air-

dried, and a 2-mm mesh sieve was used for preliminary

separation.

In the aerobic microcosms, EO was supplied as the

substrate. Each microcosm contained 35 mL of mineral

solution, 20 g of OCDD-polluted soils, 5 mL of P. men-

docina NSYSU solution, and 1 mL of EO in a 100-mL

serum bottle sealed with Teflon-lined rubber septa. In the

control batch group, same amount of mineral solution was

used to replace the P. mendocina NSYSU and EO solution.

The following components were added in the media (units

are in mg per liter of water): CaCl2�2H2O, 44.1; Mg2SO4-

7H2O, 98.6; NH4Cl, 10.7; KH2PO4, 326.4; Na2HPO4,

1263.8; and 3.35 mg of trace elements [MnSO4�4H2O, 1;

FeSO4�7H2O, 1; Na2B4O7�10H2O, 0.25; (NH4)6-
Mo7O24�4H2O, 0.25; CoCl2�6H2O, 0.25; CuCl2�2H2O,

0.25; NH4VO3, 0.1; ZnCl2, 0.25]. The preparation of the

mineral solution was described in Tu et al. (2014).

Table 1 lists the components of four groups of aerobic

microcosms. Group A was live control microcosms without

P. mendocina NSYSU and EO addition. Groups B to C

were used to evaluate the effectiveness of P. mendocina

NSYSU and EO supplement on OCDD biodegradation,

respectively. Group D was used to evaluate the efficiency

of OCDD removal with the addition of both P. mendocina

NSYSU and EO. P. mendocina NSYSU strain was added

into Groups B and D, and EO was only added into Groups

C and D microcosms. P. mendocina NSYSU was incubated

in NB under aerobic conditions for 36 h until a cell density

of 1.7 9 109 cells/mL was obtained. Microcosms were

inoculated in the dark at room temperature (20 �C). The
quantification of the dioxins in all samples from the

experiments was performed by high-resolution gas chro-

matography–high-resolution mass spectrometry (HRGC/

HRMS) analysis. The QA/QC criteria followed US EPA

Method-1613B (EPA 1994). The procedures for OCDD

analytical methods were described in Tu et al. (2014).

Stage 1—soil washing experiment

Collected OCDD-contaminated soils from dioxin-contam-

inated site were analyzed to determine the initial OCDD

concentration. Soils were collected from highly contami-

nated area with OCDD concentrations of approximately

21,000 lg/kg of soil. Table 2 presents the characteristics of

tested soils. A semi-continuous batch experiment was

performed to assess the feasibility of using the proposed

two-stage scheme on OCDD-polluted soil remediation.

During the soil washing stage, EO with two different oil-to-

water ratios (1:50 and 1:200) and five pore volumes (PVs)

(5, 10, 20, 30, and 60) (1 PV = 64 mL) was applied for

their effectiveness on OCDD removal. In each batch

experiment, 200 g of OCDD-polluted soils was added into

the reactor (500-mL glass bottle), and then, 1 PV of EO

was added each time for soil washing. The reactors were

shaken in a shaker at 200 strokes per min for 5 min before

analysis. After washing with a certain amount of PVs of

EO solution, the second stage of remedial process was

performed to bioremediate the residual OCDD in soils. In

the control experiment, deionized (DI) water was used as

the soil washing reagent for OCDD washing. Thus, no EO

was applied in the control group. Duplicate samples were

analyzed at each monitoring time point.

Stage 2—biodegradation experiment

After the EO washing process, the biodegradation process

was applied to further cleanup the remained OCDD in

soils. The biodegradation experiment was performed to
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evaluate the feasibility of OCDD biodegradation after the

soil washing process. P. mendocina NSYSU strain was

used as the inocula in the batch bottles. The optimal soil

washing conditions were applied to prepare the EO

washed soils for the second-stage experiment. After soil

washing, EO solution was removed and replaced with P.

mendocina NSYSU culture solution.

After the soil washing stage, 1 PV (64 mL) of P. men-

docina NSYSU culture solution (or 1 PV of mineral solu-

tion) and 1 PV of mineral solution (or 1 PV of DI water or

0.5 PV of mineral solution ?0.5 PV of NB solution) were

added into each bottle for the biodegradation of residual

OCDD adsorbed on the soils (the second stage). In the

control bottle, no P. mendocina NSYSU culture solution

was supplied. Table 3 describes the characteristics of the

second-stage biodegradation batch experiments.

In the aerobic experiments, the remaining EO was used

as the primary substrate. Each 500-mL batch bottle con-

tained 64 mL of mineral medium (or NB or DI water),

200 g of contaminated soils after EO washing, and 64 mL

of P. mendocina NSYSU solution as inocula (or 64 mL of

mineral solution in the control bottles) sealed with Teflon-

lined rubber septa.

Group A was live control group without P. mendocina

NSYSU strain addition. Group B was the group with P.

mendocina NSYSU strain addition but no mineral or NB

addition. In Groups C and D batch bottles, mineral nutrient

solution and NB solution were added to enhance the

OCDD biodegradation efficiency, respectively. Live con-

trol group was used to assess the effectiveness of indige-

nous soil bacteria on OCDD removal after the soil washing

by EO. Duplicate samples from different bottles were

Table 1 Components of four groups of microcosms

Microcosm Inocula Components

A (Live

control)

OCDD-contaminated soils OCDD-contaminated soils ? mineral solution

B OCDD-contaminated soils ? P. mendocina

NSYSU

OCDD-contaminated soils ? mineral solution ? P. mendocina NSYSU

solution

C OCDD-contaminated soils OCDD-contaminated soils ? mineral solution ? EO

D OCDD-contaminated soils ? P. mendocina

NSYSU

OCDD-contaminated soils ? mineral solution ? P. mendocina NSYSU

solution ? EO

Table 2 Characteristics of tested soils

pH Soil type Organic matter

content (%)

Moisture

content (%)

Total nitrogen

(g/kg)

Total phosphorus

(mg/kg)

Total heterotrophs

(CFU/g)

OCDD (lg/kg)a

7.4 Sandy

loam

0.1 ± 0.02b 23 ± 4 0.21 ± 0.03 0.01 ± 0.002 2.5 9 103 ± 3.2 9 102 21,000 ± 18503

a OCDD in highly contaminated area
b Mean ± standard deviation

Table 3 Characteristics of the four groups of batch experiments

Batch Inocula Components

A OCDD-contaminated soils after EO washing OCDD-contaminated soils after EO washing

B OCDD-contaminated soils after EO

washing ? P. mendocina NSYSU

OCDD-contaminated soils after EO washing ? P. mendocina NSYSU solution

C OCDD-contaminated soils after EO

washing ? P. mendocina NSYSU

OCDD-contaminated soils after EO washing ? mineral solution ?

P. mendocina NSYSU solution

D OCDD-contaminated soils after EO

washing ? P. mendocina NSYSU

OCDD-contaminated soils after EO washing ? mineral solution ?

P. mendocina NSYSU solution ? NB
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collected and analyzed for OCDD concentrations at each

time point. Molecular biological techniques were used to

evaluate the changes in bacterial diversity of the collected

soil samples.

The OCDD degradation efficiency was determined as a

percentage of the initial OCDD concentration. The char-

acteristics of the four groups of batch experiments are

presented in Table 3. At each sampling event, the water

sample in each bottle was also analyzed for other param-

eters including dissolved oxygen, pH, and oxidation–re-

duction potential (ORP). The batch bottles were shaken in

a shaker at 100 rpm and incubated in the dark at room

temperature for 50 days. DO meter (Oxi 330) was used for

DO measurement, and a MP120 pH/Eh meter (Mettler

Toledo) was used for pH and ORP analyses. The total plate

counts were conducted using plate count agar (Difco) to

assess the approximate size of the total heterotrophic bac-

teria in samples using the spread plate method (APHA

2005).

Statistical analysis was applied in this study to evaluate

the performance of each treatment process on OCDD

removal as directed. The results in all tables and figures are

presented as the mean ± standard deviation. The one-way

analysis of variance (ANOVA) was used to evaluate dif-

ferences between two different tests of experiments, and a

level of 0.05 was used as the lower bound to determine the

significance of the variation. The stochastic package for

social science (SPSS software, version 17) (SPSS 2007)

was applied to perform the statistical analyses.

Molecular biological analyses

Soil DNA extraction and the PCR amplification process

were conducted using procedures in Shrestha et al. (2010).

The amplified PCR was conducted with denaturing gradi-

ent gel electrophoresis (DGGE) to evaluate the bacterial

species and dominant bacteria (Shrestha et al. 2010).

Microcosm soils were applied for the PCR analyses to

determine the bacteria responsible for the aerobic

biodegradation of OCDD. Soil DNA extraction and the

PCR amplification process were conducted using proce-

dures in Shrestha et al. (2010). The PCR-amplified prod-

ucts were electro-eluted from gel and sequenced. The

sequences were assessed using the alignment search tool to

determine the closest relatives in the GenBank (http://

www.ncbi.nlm.nih.gov).

Results and discussion

OCDD biodegradability study

In the biodegradability study, low level of OCDD-pol-

luted soils (approximate OCDD concentra-

tion = 3500 lg/kg) was collected from a dioxin site

located in Tainan City, Taiwan. Figure 1 presents the

variations in OCDD concentrations in batch bottles

during the 50-day operational period. In Group A

microcosms (live control without P. mendocina NSYSU

and EO addition), no significant OCDD concentration

drop (3% of OCDD removal) was detected. This

demonstrates that indigenous soil bacteria could not

effectively biodegrade OCDD without appropriate bac-

teria and substrate supplement.

In Group B microcosms (with P. mendocina NSYSU

addition only), approximately 6% of OCDD was

removed (OCDD concentration dropped from 3702 to

3489 lg/kg) after 50 days of operation. This indicates

that OCDD biodegradation could not be enhanced

without primary substrate supplement although P. men-

docina NSYSU was added. The slight OCDD removal

could be due to the adsorption and intrinsic biodegra-

dation mechanisms using the natural organic carbon as

the primary substrate. Approximately 12% of OCDD

could be removed (OCDD concentration dropped from

3761 to 3302 lg/kg) in Group C microcosms after

50 days of operation. The OCDD removal could be due
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Fig. 1 Variations in OCDD concentrations in soils after the aerobic

biodegradation process
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to sorption and the occurrence of OCDD biodegradation

by indigenous OCDD-degrading bacteria using the EO

as the primary substrate.

In Group D microcosms (with P. mendocina NSYSU

and EO addition), approximately 53% of OCDD was

removed (OCDD concentration dropped from 3730 to

1769 lg/kg) after 50 days of operation. This indicates that

OCDD could be biodegraded with P. mendocina NSYSU

and substrate addition. Results also imply that P. men-

docina NSYSU can only biodegrade OCDD under come-

tabolic conditions, and thus, primary substrate supplement

is required to accelerate the OCDD biodegradation.

Moreover, results demonstrate that EO can serve as the

carbon source for the growth of P. mendocina NSYSU

during OCDD biodegradation.

In Fig. 1, the significance of variance for OCDD

decay curves between microcosm groups of A (live

control) and D (NSYSU strain and EO addition), B

(NSYSU strain addition only) and D, and C (EO addi-

tion only) and D (NSYSU strain and EO addition) was

performed using the ANOVA analyses. Results from the

ANOVA analysis show that significant variations were

observed (at p\ 0.05) for CODD decay curves of A

and D, B, and D, and C and D microcosms. This

indicates that NSYSU strain and EO addition could

effectively enhance the OCDD removal in microcosms.

However, results from the ANOVA analyses show that

no significant variation was observed (at p[ 0.05) for

the OCDD decay curves of A to C microcosms. This

indicates that addition of NSYSU strain or EO only

could not significantly enhance the OCDD removal

under aerobic conditions.

Soil washing experiment (Stage 1)

Figure 2 presents the OCDD concentrations in soils versus

the PVs using DI water and EO as the washing reagents.

Results show that less than 6% of OCDD removal was

observed after 60 PVs of DI water washing. This indicates

that OCDD could not be significantly removed via the

water extraction solely. Because OCDD had high octanol–

water partition coefficient (logKow = 8.2), it would be

sorbed onto the soil particles tightly with low mobility

(McKay 2002). Thus, surfactant application is required

when soil washing is applied to remediate OCDD-con-

taminated soils.

Results also show that approximately 74 and 67% of

OCDD removal were obtained after washing with 60 PVs of

EO solution with EO-to-water ratio of 1:50 and 1:200,

respectively. Results demonstrate that using EO solution as

soil washing reagent obtained much higher OCDD removal

efficiency compared with the tests applying DI water along.

Thus, EO addition could enhance OCDD mobility and sol-

ubility in the soil washing system. Higher OCDD removal

efficiency was obtained in batch system with higher EO-to-

water ratio (1:50). However, the trend of OCDD removal

leveled off after approximately 20–30 PVs of washing

(Fig. 2). This implies that the system approached equilib-

rium conditions after 20–30 PVs of EO washing.

In Fig. 2, the significance of variance for OCDD

extraction curves (extracted with EO-to-water ratio of 1:50

and 1:200) was performed using the ANOVA analyses.

Results from the ANOVA analysis show that a significant

variation was observed (at p\ 0.05) for CODD decay

curves of EO-to-water ratio of 1:50 and 1:200. This
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indicates that using the extraction solution of EO-to-water

ratio of 1:50 could obtain a higher OCDD extraction

efficiency.

Figure 3 presents the increased organic carbon content

in soils after the soil washing process using EO as the

washing reagent. Results indicate that the organic carbon

content increased from 0.1% before the EO washing to 2.1

and 2.6% after 60 PV of EO washing using 1:200 and 1:50

EO-to-water ratio, respectively. Results also show that the

organic carbon content approached equilibrium conditions

after 50 PV of EO washing (EO-to-water ratio = 1:50).

This indicates that the equilibrium conditions could be

reached shortly with higher EO-to-water ratio. Because the

EO contained substantial amounts of vegetable oil (around

35%) with small globule diameter (around 200–900 nm)

(Liang et al. 2013), part of the EO globules would be

adsorbed onto soil particles, resulting in increased soil

organic content, which could be used as the primary sub-

strate for OCDD biodegradation.

In Fig. 3, the significance of variance for two soil

organic carbon content curves (extracted with EO-to-water

ratio of 1:50 and 1:200) was performed using the ANOVA

analyses. Results from the ANOVA analysis show that a

significant variation was observed (at p\ 0.05) for two

soil organic carbon content curves. This indicates that

using the extraction solution of EO-to-water ratio of 1:50

could result in the increase in the soil organic content

significantly.

Although the percentages of OCDD removal went up

from 67 to 74% when the EO-to-water ratios increased

from 1:200 to 1:50, the increment was not significant. To

minimize the possible soil pore clogging problem and

reduce the cost of EO, further increase in the EO-to-water

ratio would not be a necessity.

Because EO contained surfactant component, the phos-

pholipids structures of the surfactant molecules could form

micelles, bilayer sheets, or lamellar structures, which

makes EO a special amphipathic chemical with smaller

diameter (Liang et al. 2013). Moreover, OCDD is the

hydrophobic compound with relatively higher oil affinity;

the OCDD originally existed within the soil pores or

adsorbed onto the surface of soil particles would dissolve

in the EO phase. Thus, linear desorption mechanism

(physical adsorption mechanism) was observed in the ini-

tial soil washing process (0–10 PVs EO washing). Because

most of the removable OCDD was desorbed during the

early phase of soil washing process, slower desorption

mechanism was observed after the occurrence of equilib-

rium during the latter part of the EO washing (Mao et al.

2015). Results also show that up to 25–33% of the OCDD

could not be desorbed during the EO washing process. This

could be due to the following three phenomena: (1) Some

of the OCDD was adsorbed inside the micropores of the

soil particles, and the diameter of EO globule was smaller

than the diameter of soil particle. Thus, the EO could not

effectively contact and react with the OCDD molecular

retained within the microsites in soils during the soil

washing process. Although the molecular diffusion mech-

anisms could remove the OCDD in microsites after solu-

bilization mechanisms, the solubilization time might not be

appropriate from the engineering and remediation point of

view (Ishiguro and Koopal 2016). (2) Because the EO

globules had negative electric charges (Tsai et al. 2014),

they would be adsorbed onto some of the soil particles with

positive electric charges (chemical adsorption mechanism).

This rapid chemical reaction between the electrons with

opposite electric charges would limit the OCDD removal

from the EO globules. (3) Aggregation of EO globules

resulted in the increase in the diameter of EO globules,

which limited the EO globule transport and OCDD

removal due to the sorption of aggregates onto the soil

particles (Lowry et al. 2012). Thus, other feasible remedial

techniques needed to be applied to remove the remained

OCDD in soil micropores (Li and Chen 2009). OCDD-

degrading microorganism, which could transport into the

EO globules, was able to degrade OCDD via the biological

mechanisms.

Biodegradation study (Stage 2)

In the biodegradation study (Stage 2), OCDD-polluted soils

(OCDD concentration = 21,000 lg/kg) were collected and

pretreated with EO solution (EO-to-water ratio = 1:50) for

OCDD removal. After 60 PVs of EO washing, the pre-

treated soils were used for the Stage 2 biodegradation

process to bioremediate the remaining OCDD.
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Fig. 4 Variation in OCDD concentrations in soils via the second-

stage biodegradation process
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Figure 4 presents the remained OCDD in microcosms

along the 50-day operational period. In Group A batch

bottles (no P. mendocina NSYSU addition), only slight

OCDD removal was obtained (8% of OCDD removal) after

50 days of operation. However, up to 32% of OCDD was

removed from Group B bottles (with P. mendocina NSYSU

addition). This implies that the indigenous soil bacteria

were not able to biodegrade OCDD significantly. This was

due to the fact that the dioxin-biodegrading bacterial strains

were not the dominant bacteria in site soil environment.

Therefore, dioxin-degrading strain inoculation is necessary

to improve OCDD biodegradation efficiencies. Results

demonstrate that the P. mendocina NSYSU was able to use

the remaining EO and enhance the OCDD biodegradation

under aerobic cometabolic conditions.

Approximately 39 and 50% of OCDD was removed in

Groups C and D batch bottles, respectively. This demon-

strates that the mineral nutrient media and NB broth (with

carbon source) could enhance the aerobic biodegradation.

Because the soil contained low levels of total nitrogen and

phosphorus (Table 2), the low N and P concentrations

might limit bacterial growth, and thus, nutrient addition

could improve the bacterial growth and subsequent OCDD

removal. Results from Group D batch experiment indicate

that the carbon source in NB (beef extract) was more

biodegradable than vegetable oil in EO. Thus, more effi-

cient OCDD biodegradation rate was observed in Group D

bottles due to the addition of more applicable substitute

primary substrate. Results show that substrate supplement

(e.g., EO and NB) is required to enhance the OCDD

biodegradation under aerobic cometabolic conditions.

In Fig. 4, the significance of variance for OCDD

removal curves between four microcosm groups (A to D)

was performed using the ANOVA analyses. Results from

the ANOVA analysis show that significant variations were

observed (at p\ 0.05) for CODD removal curves between

Groups A (no NSYSU strain addition) and B, A and C, and

A and D microcosms. This indicates that NSYSU strain

addition could effectively enhance the further OCDD

biodegradation after EO washing. However, results from

the ANOVA analyses show that no significant variation

was observed (at p[ 0.05) for the OCDD decay curves

between Groups B and D, C, and D, and B and C micro-

cosms. The results could be due to the fact that the initial

OCDD concentrations in Groups C to D microcosms were

similar, which resulted in insignificant differences between

these three degradation curves. Result also reveal that NB

and mineral solution addition had similar weights on the

improvement of OCDD removal compared to NSYSU

strain addition only.

Results from the ANOVA analyses also show that a

significant variation was observed (at p\ 0.05) for the

OCDD decay curves between B and D, C, and D, and B

and C microcosms only during the operational period from

Day 30 to Day 50. Thus, higher OCDD biodegradation rate

was detected in Groups C and D microcosms with EO and

NB supplement in the latter part of the operation. This also

implies that carbon substrates could enhance the OCDD

removal when a loner operational period was reached.

Tables 4, 5, 6 present the averages of analytical results

during the operation of biodegradation experiment (Stage

2). Results demonstrate that decreased pH, DO, and ORP

measurements were observed after the biodegradation

process. The total bacterial population in Groups B to D

increased ([109 CFU/mL) during the early operational

period but dropped to below 106 CFU/mL during the latter

operational period. Because the P. mendocina NSYSU

culture was cultivated and added into the Groups B, C, and

D, compared to the Group A without P. mendocina

NSYSU addition, the increased total bacterial population

could be due to the increased population of P. mendocina

NSYSU. This indicates that the EO, nutrient, and NB

supplement enhanced the bacterial growth at the beginning

of the experiment. However, the EO biodegradation also

resulted in the consumption of DO and drop of ORP. The

aerobic biodegradation of EO caused the fatty acid pro-

duction, which resulted in decreased total bacterial popu-

lation. The phenomena might be the causes of decreased

OCDD removal efficiency after 30 days of operation.

Table 7 presents the removal efficiencies of four groups

of batch systems after the two-stage treatment. Results

show that the removal efficiencies of the EO washing stage

ranged from 73 to 75%. The total OCDD removal effi-

ciencies in Groups 1–4 system reached 75, 82, 83, and

Table 4 Averages of analytical

results during the operation

(Day 0) of biodegradation

experiment (Stage 2)

Parameter pH ORP (mv) DO (mg/L) Total bacterial population (CFU/mL)

A 8.0 ± 0.2a 251 ± 19 5.2 ± 0.3 3.2 9 103 ± 5.1 9 102

B 7.9 ± 0.1 238 ± 21 5.1 ± 0.2 4.5 9 108 ± 7.6 9 107

C 7.5 ± 0.1 225 ± 17 4.8 ± 0.1 7.8 9 108 ± 6.9 9 107

D 7.5 ± 0.1 214 ± 15 4.8 ± 0.2 4.3 9 108 ± 1.7 9 107

a Mean ± standard deviation
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87%, respectively. Results indicate that the two-stage

system (EO washing and biodegradation) could remove

OCDD in soils significantly. Although EO washing could

remove abundant OCDD within a short period of time, the

high OCDD soil/water partition coefficient limits its com-

plete desorption. Thus, biodegradation could be applied to

replace the soil washing step. Due to its biodegradable and

slow-release characteristics, EO could be used as a

continuous substrate supplement to enhance the cometa-

bolism of OCDD. The decreased pH and DO values might

cause the declined OCDD removal efficiencies after

30 days of operation (Table 4, 5, 6). In the practical field-

scale study, pH and DO monitoring and control would be a

necessary task to maintain an acceptable OCDD removal

efficiency.

Table 5 Averages of analytical

results during the operation

(Days 5 to 20) of biodegradation

experiment (Stage 2)

Parameter pH ORP (mv) DO (mg/L) Total bacterial population (CFU/mL)

A 6.7 ± 0.12a 209 ± 25 1.6 ± 0.11 1.5 9 104 ± 7.8 9 103

B 6.6 ± 0.09 158 ± 19 1.4 ± 0.09 7.3 9 109 ± 1.3 9 108

C 6.4 ± 0.11 75 ± 12 1.5 ± 0.12 4.2 9 109 ± 5.7 9 108

D 6.4 ± 0.13 36 ± 8 1.2 ± 0.15 3.1 9 1010 ± 4.2 9 108

a Mean ± standard deviation

Table 6 Averages of analytical

results after the operation (Days

35 to 50) of biodegradation

experiment (Stage 2)

Parameter pH ORP (mv) DO (mg/L) Total bacterial population (CFU/mL)

A 6.6 ± 0.1a 151 ± 16 1.9 ± 0.11 6.4 9 104 ± 2.8 9 103

B 6.4 ± 0.12 87 ± 12 1.3 ± 0.08 8.4 9 105 ± 3.2 9 104

C 6.2 ± 0.11 -103 ± 15 1.1 ± 0.12 6.1 9 106 ± 7.1 9 105

D 6.1 ± 0.08 -128 ± 16 0.8 ± 0.1 7.3 9 106 ± 3.5 9 105

a Mean ± standard deviation

Table 7 Efficiency of OCDD removal with the application of the two-stage remedial system

Stage Treatment OCDD conc. (lg/kg) OCDD removal

efficiency (%)a
Total (or accumulated) OCDD

removal efficiency (%)b

Initial Final

1Ac Soil washing with EO solution (EO-to-water

ratio = 1:50, 60 PVs)

21,137 ± 1952d 5783 ± 628 73 73

1B Soil washing with EO solution (EO-to-water

ratio = 1:50, 60 PVs)

21,137 ± 1952 5621 ± 559 74 74

1C Soil washing with EO solution (EO-to-water

ratio = 1:50, 60 PVs)

21,137 ± 1952 6034 ± 385 71 71

1D Soil washing with EO solution (EO-to-water

ratio = 1:50, 60 PVs)

21,137 ± 1952 5693 ± 412 75 75

2A Biodegradation (Group A) following EO soil

washing (50 days of operation)

5783 ± 628 5296 ± 395 8 75

2B Biodegradation (Group B) following EO soil

washing (50 days of operation)

5621 ± 559 3847 ± 316 32 82

2C Biodegradation (Group C) following EO soil

washing (50 days of operation)

6034 ± 385 3516 ± 239 42 83

2D Biodegradation (Group D) following EO soil

washing (50 days of operation)

5693 ± 412 2830 ± 220 50 87

a (initial concentration of each treatment - final concentration of each treatment)/initial concentration of each treatment
b (initial concentration of the first-stage experiment - final concentration of each treatment)/initial concentration of the first-stage experiment
c Group A batch experiment (Table 3)
d Mean ± standard deviation
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To accelerate the site cleanup efficiency, application of

soil excavation and on-site or ex situ two-stage batch

reactor system can be applied for the OCDD-contaminated

soil treatment for the future practical and field application

to cleanup OCDD-contaminated soils. In the batch reactor

system, controlled operational conditions (including EO-

to-water ratio, number of PV, P. mendocina NSYSU

inoculation) can be applied to achieve the optimal OCDD

removal efficiency during the two-stage operational

processes.

Microbial diversity analyses

Figure 5 presents the DGGE trends of the PCR-amplified

16S rDNA for soils from four groups of experiments on

Days 5 and 40 during the operational period. DGGE

results demonstrate that soil sample from Group A (no P.

mendocina NSYSU addition) had lower bacterial diver-

sity. This could be due to the fact that the soil samples

were highly contaminated with OCDD, which inhibited

bacterial growth. Because the soils did not contain

appropriate and significant OCDD-degrading bacteria,

only slight OCDD removal was observed (Fig. 4). After

the addition of P. mendocina NSYSU in Group B, P.

mendocina NSYSU and mineral nutrient in Group C, and

P. mendocina NSYSU and NB in Group D, higher bac-

terial diversities were observed in these three groups of

microcosms. P. mendocina NSYSU was the dominant

bacterium in these three groups of microcosms during the

operational period. Thus, results imply that the inoculated

P. mendocina NSYSU played a significant role in OCDD

biodegradation.

DGGE results also show that the decay of P. mendocina

NSYSU was observed in Groups B, C, and D microcosms

on Day 40. This could be due to the changes of the envi-

ronmental conditions (e.g., decreased substrates, pH, total

bacteria, DO) after 40 days of incubation, which resulted in

the decreased P. mendocina NSYSU population. The

results also corresponded with the decreased OCDD

degradation rates in these three microcosms (Fig. 4). To

maintain a higher OCDD removal rate, frequent P. men-

docina NSYSU inoculation might be required.

DGGE results show that there were three other apparent

bands on the DGGE gels in Groups B, C, and D micro-

cosms. To determine the representatives for bacteria, the

three specific bands (labeled as a, b, and c) were amplified

and sequenced for the nucleotide sequences. The nucleo-

tide sequences of 16S rDNA of three dominant bacteria

were compared with the database from GenBank. Up to

99% of identities of specific bacteria of the nucleotide

sequences of three bands were observed as compared to

database of GenBank. Based on the results from GenBank,

Acidobacteria bacterium, Brevundimonas sp., and Pseu-

daminobacter sp. were the most possible bacterial species

for bands a, b, and c, respectively. Researchers reported

that Acidobacterium capsulatum could biodegrade poly-

chlorinated biphenyls (PCB) (Nogales et al. 1999). Bre-

vundimonas sp. (MCM B-427) and Brevundimonas sp.

(X08) were able to degrade dimethoate and phenanthrene,

respectively (Xiao et al. 2010). Pseudaminobacter sp.

(C147 or C195) could biodegrade atrazine (Zhang et al.

2011). Because these chemicals had structures similar to

dioxins, the specific bacteria might be able to biodegrade

dioxins under the aerobic cometabolic conditions.

Conclusion

In this study, a two-stage treatment system for OCDD-

contaminated soil remediation was developed. Results

indicate that the addition of EO caused the increase in

OCDD dissolution and solubility and resulted in increased

OCDD removal in the soil washing stage. Results show

that up to 74% of OCDD removal could be obtained after

washing with 60 PVs of EO solution (EO-to-water

ratio = 1:50). Because the EO contained substantial

amounts of vegetable oil with small globule diameter, it

would adsorb onto soil particles causing increased soil

organic carbon content, which could be used as the primary

substrate for OCDD biodegradation.

The OCDD-degrading bacterium, P. mendocina

NSYSU, was able to use EO as its carbon and energy

sources and caused significant degradation of OCDD via

the aerobic cometabolic mechanism (53% of OCDD

removal within 50 days in the biodegradability study).

P. mendocina 
NSYSU

Group 
5 5 5 5 04 04 40Day

a

c

b

A B C D A B C D
40

Fig. 5 DGGE trends of the PCR-amplified 16S rDNA for soils from

four groups of microcosms on Days 5 and 40
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After the soil washing process, enriched P. mendocina

NSYSU solution was added into the batch bottles to

enhance the aerobic biodegradation of the remaining

OCDD in soils. More than 87% of OCDD removal could

be obtained through the EO washing (first stage) followed

by the biodegradation process (second stage). Results

indicate that the on-site two-stage (washing and bioreme-

diation) remedial system has the potential to be developed

into a practical technology to remediate dioxin-polluted

site.
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