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Abstract The effect of microemulsion on the biodegradation
of total petroleum hydrocarbons (TPH) in nitrate-induced
bioremediation of marine sediment was investigated in this
study. It was shown that the microemulsion formed with non-
ionic surfactant polyoxyethylene sorbitan monooleate (Tween
80), 1-pentanol, linseed oil, and either deionized water or
seawater was stable when subjected to dilution by seawater.
Desorption tests revealed that microemulsion was more effec-
tive than the Tween 80 solution or the solution containing
Tween 80 and 1-pentanol to desorb TPH from marine sedi-
ment. In 3 weeks of bioremediation treatment, the injection of
microemulsion and NO3 ™ seems to have delayed the autotro-
phic denitrification between NO3; and acid volatile sulfide
(AVY) in sediment compared to the control with NO5  injec-
tion alone. However, after 6 weeks of treatment, the delaying
effect of microemulsion on the autotrophic denitrification
process was no longer observed. In the meantime, the four
injections of microemulsion and NO; ™ resulted in as high as
29.73 % of TPH degradation efficiency, higher than that of
two injections of microemulsion and NO; ™ or that of four or
two injections of NO; alone. These results suggest that
microemulsion can be potentially applied to enhance TPH
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degradation in the nitrate-induced bioremediation of marine
sediment.
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Introduction

Petroleum hydrocarbons are an important group of organic
contaminants occurring in the environment. They mainly
consist of numerous hydrophobic hydrocarbons, including
linear (normal or n-), branched (iso- or i-), and cyclic alkanes
and alkenes, mono- and polyaromatic compounds, resins, and
asphaltenes (Frysinger et al. 2003) and have been demonstrat-
ed to be bioaccumulative (Rowland et al. 2001; Muijs and
Jonker 2010) and toxic (Brils et al. 2002; Jonker et al. 2006).
The contamination of marine sediment by petroleum hydro-
carbons is widespread in many coastal areas due to oil spills,
natural seepage, shipping, offshore drilling, and other human
activities (Richardson et al. 2001; Richardson et al. 2003;
Jonker et al. 2006).

In anaerobic sedimentary environments, a preferred op-
tion for stimulating the degradation of organic contami-
nants is to add some electron acceptors to provide micro-
organisms with a more energetically favorable mechanism
for hydrocarbon oxidation (USEPA 2005). Nitrate-induced
bioremediation has been shown to be an attractive option
for remediating the contaminated marine sediment (Hutch-
ins 1991; Wilson et al. 1997; Hutchins et al. 1998; Shao
et al. 2010). Nitrate, as an electron acceptor in nitrate-
induced bioremediation, is more than ten thousand times
more soluble than oxygen in terms of electron-accepting
capacity, and it can yield free energy almost as much as
that under aerobic conditions (Lu et al. 2011). Previous
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studies have revealed that NO5 stimulated the growth of
both heterotrophic and autotrophic denitrifiers, and the
former can out-compete sulfate-reducing bacteria for or-
ganics degradation (Eq. 1), while the latter can oxidize
sulfide (Eq. 2) (Zhang et al. 2009; Mbadinga et al. 2011).
The coexistence of heterotrophic and autotrophic denitrifi-
cation processes can result in the reduction of sulfide in
sediment and thus suppression of odor as well as the
biodegradation of organics such as petroleum hydrocar-
bons in sediment (Shao et al. 2009; Zhang et al. 2009;
Shao et al. 2011). However, it was reported that the deni-
trification process using NO;3  as the electron acceptor is
mostly useful for the biodegradation of short-chain alkanes
rather than long-chain alkanes (Coates et al. 1997;
Eriksson et al. 2003; Lei et al. 2005; Yuan and Chang
2007). Also, previous studies have demonstrated that low
molecular weight (LMW) PAHs, such as naphthalene and
phenanthrene, can be easily biodegraded under a nitrate-
reducing condition, but there was almost no enhancing
effect on the removal of high molecular weight (HMW)
PAHs (Johnson and Ghosh 1998; Lei et al. 2005).

Ci6Hss + 19.6NO; + 3.6H"—16HCO; + 9.8N,
+10.8H,0 (1)

8NO; + 587 + 8H™—4N, + 5803 + 4H,0 (2)

One of the possible reasons that lead to the low biodeg-
radation efficiency of petroleum hydrocarbons especially
the high molecular weight fractions is their low solubility
(Villemur et al. 2000; Lu et al. 2011), which makes them
present as non-aqueous pollutant liquids (NAPL)
(Martienssen and Schirmer 2007). The organic pollutants
can be mainly degraded by microorganisms or some spe-
cific enzymes present in solutions, where they are available
for microbial action. Previous studies have revealed that
the contact of petroleum hydrocarbons with microorgan-
isms for biodegradation only takes place at the interface of
the NAPL and water (Puig-Grajales et al. 2000), indicating
that the petroleum hydrocarbons in a sediment phase are
potentially less bioavailable for the microbial community
(Slater et al. 2005; Martienssen and Schirmer 2007). To
release petroleum hydrocarbons from the sediment phase
into an aqueous phase and thus make them available for
microbial degradation, many kinds of surfactants including
synthetic surfactants (Kim and Weber 2003; Zhu and
Aitken 2010), natural surfactants (Kommalapati et al.
1997), and biosurfactants (Mulligan 2005; Zhao et al.
2011) have been used to promote the solubility of petro-
leum hydrocarbons and hence improve the biodegradation
process in sediment.

Microemulsions are clear, thermodynamically stable, iso-
tropic liquid mixtures of oil, water, and surfactant, frequently
in combination with an alcohol (Testard and Zemb 1998). In
microemulsions, the surfactant molecules may form a mono-
layer at the interface between the oil and water, with the
hydrophobic tails of the surfactant molecules dissolved in
the oil phase and the hydrophilic head groups in the aqueous
phase (Zheng et al. 2011). In addition, the addition of alcohol
further enhances contaminants’ solubilization by lowering the
surface tension between the surfactant tails and the oil
(Testard and Zemb 1998). It is already revealed that, in
microemulsions, oil provides hydrophobic cores for solubiliz-
ing hydrophobic contaminants, while the interfacial film
formed by alcohol and surfactant can stabilize the
microemulsion system and meanwhile increase the degree of
solubilization of hydrophobic contaminants (Zheng et al.
2011, 2012a). Thus, microemulsions have some special prop-
erties including ultralow interfacial tension between the oil
and water phases, larger interfacial area, and higher solubiliz-
ing capacity for hydrophobic compounds over surfactant so-
lutions (Zheng et al. 2011, 2012a). Previous studies have
revealed that microemulsions can enhance the contact be-
tween hydrophobic substances and degradative microbes,
thereby accelerating the degradation of hydrophobic sub-
stances (Zheng et al. 2012b). However, it is still unclear
whether the microemulsions can enhance the biodegradation
of TPH during nitrate-induced bioremediation of marine sed-
iment, especially when the microemulsion is injected into the
marine sediment, as it would be subjected to dilution by pore
water during its diffusion in the sediment. Therefore, it is also
necessary to investigate whether the microemulsion is still
stable after being diluted with seawater, which is the pore
water of marine sediment.

The aims of the present study were to (1) study how pore
water in marine sediment influences the stability of
microemulsions through investigating their droplet size
change, (2) investigate whether microemulsions can enhance
the desorption of total petroleum hydrocarbons (TPH) from
the sediment phase to the aqueous phase, and (3) explore the
feasibility of using microemulsions with NO;  injection to
enhance the biodegradation of TPH in sediment through a
column study.

Materials and methods

Sediment and seawater

In the present study, the sediment sample was collected from
10 to 100 cm below the seawater/sediment interface in the
southern part of Kowloon in Hong Kong during March. The

collection was conducted using a corer hammered into the
sediment up to the required depth. Upon retrieval, the
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sediment was extruded from the corer by inserting a plunger
into the top of the corer and pushing the sediment out of the
bottom. The duplicate sediment cores with a total amount of
10 kg wet weight of the sediment sample were obtained. The
rocks and shells in the sediment were manually removed
during collection. Then, the collected sediment was sealed in
polyethylene bags to preclude the possibility of sediment
oxidation, transported to the laboratory, and stored in a dark
cold room at 4 °C (without sediment freezing) before use. The
particle size distribution of the sediment was determined by a
combination of wet sieving and hydrometer methods (Lacey
et al. 1999), and the sediment was classified as sandy silt
sediment according to the measurement results (Table 1) and
the Shepard diagram (Shepard 1954). The sediment was fur-
ther characterized by acid volatile sulfide (AVS) content,
oxidation-reduction potential (ORP) value, and SO4> and
NOs  concentrations, and selected physicochemical proper-
ties are shown in Table 1. Briefly, the AVS content in sediment
was measured following the USEPA protocol (1991). The
ORP value of the sediment was determined using a Multi
3420 meter (WTW, Germany) equipped with Sen Tix® pH
and ORP electrode probes. NO;  and SO,* in sediment pore
water were analyzed using ion chromatography (HIC-20A
super, Shimadzu). The eluent was a bicarbonate buffer
(1.8 Mm Na,COj5; and 1.7 Mm NaHCOs), as described else-
where (Kleikemper et al. 2002).

Seawater was also collected from the contaminated site and
filtered through a 0.22-um cellulose nitrate membrane
(Advantec MFS, CA, USA) before use. The pH and ORP
values were 7.03 and 233.6 mV, the salinity was 35.6 ppt, and
the concentrations of SO,>~ and NO; ™ in the seawater were
794.43 mg/L and 1.79 mg NO; -N/L, respectively.

Microemulsion preparation and its stability investigation

A microemulsion precursor containing surfactant, alcohol,
and oil was prepared by weighing and mixing 14.00 g of
polyoxyethylene sorbitan monooleate (Tween 80), 4.60 g of
I-pentanol, and 1.40 g of linseed oil (Zheng et al. 2011,
2012a). The precursor was gently mixed with 80.00 g of
deionized water or seawater to obtain microemulsion with a
concentration of 20 % (w/w). The prepared microemulsion
was a transparent dispersion in a single phase. No separation
of oil phase and aqueous phase was observed for several

weeks at a room temperature of 20+1 °C, suggesting a good
stability of microemulsion in terms of time course. The ratio of
the surfactant to alcohol and the ratio of the surfactant to oil in
the microemulsion were 3:1 (w/w) and 10:1 (w/w), respective-
ly (Zheng et al. 2011). In addition, it should be noted that the
concentration of microemulsion represents the total weight of
Tween 80, 1-pentanol, and linseed oil present.

After preparation, microemulsion with a concentration of
20 % (w/w) was diluted with deionized water or seawater to
obtain microemulsion covering a wide concentration range
from 0.001 to 10 % (w/w). The diameter of microemulsion
droplets in each microemulsion was determined using dynam-
ic light scattering (DLS) (Zetaplus, LaborScience S.A.) to
assess the stability of the microemulsion.

TPH desorption from sediment to aqueous phase
by microemulsion

The change of TPH desorption in a sediment-water system
with reaction time was performed in 20-mL glass vials. One
gram of freeze-dried sediment was added to each vial, and
then, 10 mL of microemulsion, prepared with deionized water
or seawater, at a concentration of 1 % was added to the vials.
0.02 % of NaN; was added to the mixture as a microbial
growth inhibitor. All vials were shaken on a rotary shaker at
250 rpm in the dark at 25 °C. During the incubation, duplicate
vials were sacrificed at 12-h intervals and the mixtures were
filtered through 0.22-pm glass fiber filter paper. A 5-mL
aliquot of the filtered solution was then carefully withdrawn
with a volumetric pipette and extracted in heptane. The TPH
concentration was analyzed using an Agilent 7890 series gas
chromatograph equipped with a flame ionization detector
(FID) and a RTX-5MS column (30 mx0.25 mm ID,
0.25-um film thickness). A splitless injection method was
used. The injection volume and injection temperature were
1 uL and 330 °C, respectively. Helium was used as the carrier
gas (1 mL/min). The temperature program was 10 min at
50 °C, 25 °C/min between 50 and 320 °C, and then held at
320 °C for 15 min. The amount of TPH was determined as the
sum of the resolved and unresolved components eluted from
the GC capillary column between the retention times of n-
decane and n-tetracontane (CEN 2004; Saari et al. 2007a). It
should be noted that the term TPH refers to all components
eluting from the gas chromatograph between the boiling range

Table 1  Selected physicochemical properties of sandy silt sediment

Moisture ORP (mV) pH AVS conc. NO; conc. SO4% conc. TPH Sand Silt Clay (<2 pum)

content (%) (mg/kg dw) (mg NO;  (mg/kg dw) (mg/kg dw) (>63 um) (63~2 pm) (% by mass)
-N/kg dw) (% by mass) (% by mass)

52.15+£0.02 —271.3+1.4 7.59+0.02 7218.42+416.37 ND

298.31+20.54 7746.32+33.49 42.37+237 49.57£9.57 8.06+0.67

conc. concentration, dw dry weight, ND non-detectable
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of n-alkane standards (n-decane and n-tetracontane) without
the identity of the sample component, which includes a wide
variety of mixtures containing hundreds to thousands of hy-
drocarbon compounds (Korda et al. 1997; Saari et al. 2007b).
The desorption efficiency of TPH was then calculated accord-
ing to the following equation:

Desorption efficiency(%)

B TPH amount in the aqueous phase
"~ TPH amount in the aqueous and sediment phases

x 100%

Desorption of TPH in the sediment-water system as a
function of different concentrations of the microemulsion
was also performed in 20-mL glass vials. One gram of
freeze-dried sediment was added to each vial, and then
10 mL of (1) Tween 80 solution, (2) solution containing
Tween 80 and 1-pentanol, in which the ratio of Tween 80 to
I-pentanol was 3:1 (w/w), or (3) microemulsion with a wide
range of concentrations of 0.5, 1, 2, and 5 % was added to the
vials. All the solutions and microemulsions were prepared
with either deionized water or seawater. 0.02 % of NaNj
was also added to the mixture as a microbial growth inhibitor.
The samples were shaken on a rotary shaker at 250 rpm in the
dark at 25 °C. After equilibration, all vials were sacrificed and
the mixtures were then filtered through 0.22-um glass fiber
filter paper. The extraction of TPH from the filtered solution,
the determination of TPH concentration, and the calculation of
TPH desorption efficiency were the same as described before.

Bioremediation experiment

A series of identical plexiglass columns with height of 50 cm
and inner diameter of 7 cm and with four evenly distributed
injection ports (10 cm apart) were employed in this column
study (Fig. 1). The volume of each column was 1.92 L, and
each column was packed layer by layer with increments of
10 cm with wet sandy silt sediment, lightly tapping the col-
umn to compress the sediment until the whole column was
filled. Before and after filling up each layer of the column, the
sediment was agitated using a wooden dowel to avoid creating
a distinct layer of packed sediment, as described elsewhere
(Merkel et al. 2002). Each column was packed with about
2.9 kg of the sediment. The bulk density of the sediment in
each column was 1.51 g/em’, and the particle density was
assumed to be 2.65 g/cm’. Total porosity (¢1) was then
calculated from the following equation: r=1—pp/pp, Where
pg 1s bulk density and pp is particle density (Li and Shao 2006;
Price et al. 2010). The calculated porosity was about 0.43,
which is close to the values reported in the literature (Lisle
et al. 1997; Kubo and Nakajima 2002).

(Not to Scale)
7y 7y —— Ocm
3
v
—“—Port 1
3
- —¥—Port2
s 5 Sediment
v g
v
—4—Port3
g
v
—a Portd
3
—Y_ S0cm

7 cm

Fig. 1 Schematic diagram of the column

An amount of 1010 g of Ca(NO;3),-4H,O was dis-
solved in 550 g of filtered seawater to get a 45 % (w/w)
Ca(NO3), solution. The density of this Ca(NOj3), solution
was about 1.43 g/mL, and the concentration of NO;3
was 119.46 g of NO; -N/L. Microemulsions with a
concentration of 20 % (w/w) were prepared with deion-
ized water according to the method described previous-
ly. Two kinds of injection patterns were employed: one
having equal amounts of injection in all four ports (i.e.,
four injections) and the other having equal amounts of
injection in ports 2 and 4 only (i.e., two injections). The
detailed arrangements are shown in Table 2. For each

Table 2  Dosage of microemulsion and nitrate solution with two kinds
of injection patterns

Four injections (port 1-4) ~ Two injections (port 2 and port 4)

Control Treatment®  Control Treatment
Port1 10.05 mL N® 182 mLM® 0 0
10.05 mL N
Port2 10.05SmL N 182mL M 20.09 mL N 364 mL M
10.05 mL N 20.09 mL N
Port3 10.05mL N 182mLM 0 0
10.05 mL N
Port4 10.05mL N 182mL M 20.09 mL N 36.4 mL M
10.05 mL N 20.09 mL N

*For all the treatment columns, the microemulsion was injected 24 h
before nitrate injection

®N refers to 119.46 g NO5 -N/L nitrate solution prepared with seawater

¢ M refers to 20 % (w/w) microemulsion with the density of 1.04 g/mL.
One percent of microemulsion on average in pore water is expected after
the injection
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injection pattern, there were five columns, including three
treatment columns with the same injection of microemulsion
and NO; and two control columns with the injection of
NO;  alone.

Firstly, 72.8 mL of microemulsion was injected into each
treatment column, and after 24 h, during which time the TPH
can be desorbed from the sediment phase to the aqueous phase
as determined in the present study, a total volume of 40.2 mL
of NO3  solution was injected into each control or treatment
column. After injection, one control column and one treatment
column in each injection pattern were incubated at a room
temperature of 20+1 °C for 3 weeks, and the other one control
column and two treatment columns in each injection pattern
were incubated at the same temperature for 6 weeks. After
incubation, the corresponding column was frozen at —20 °C
and the sediment in each column was sectioned into ten equal
pieces along the column, each 5 cm in length. As soon as
thawed, each sectioned sediment sample was analyzed for the
determination of pH, ORP, AVS, NO; , and SO427 concen-
trations following the respective standard methods as men-
tioned above. After that, 20 g of each sectioned sediment
sample was freeze-dried for TPH and Tween 80 measure-
ments. TPH in corresponding sediment samples were extract-
ed by the modern closed vessel microwave-accelerated ex-
traction method (Saari et al. 2007a). CEM Plus™ vessels
(XP-1500 Plus) and the CEM MDS 81D-system (CEM Corp.)
were used for microwave-assisted extraction. Briefly, 5 g of
freeze-dried sediment sample was extracted in a temperature-
controlled microwave system at 150 °C for 15 min, with a
solvent mixture (20 mL of acetone and 20 mL of n-heptane).
All the extracts were then washed twice with 100 mL of water
to remove acetone from the extracts, which is in accordance
with the standard method of the European Committee for
Standardization (CEN 2004). The determination of TPH con-
centration using GC-FID was the same as described before.
The total concentration of TPH in the column after the treat-
ment could be calculated by averaging the corresponding
concentrations in each sectioned sediment sample. The resid-
ual concentration of Tween 80 was also measured to assess the
biodegradation of Tween 80 in the sediment after 6 weeks of
treatment. A mass of 5 g of freeze-dried sediment in each
sectioned piece along the column was collected and mixed
with 40-mL deionized water. The mixture was shaken on a
horizontal shaker at 200 rpm for 4 h and then centrifuged at
8000 rpm for 10 min. A volume of 10 mL of the supernatant
was collected and filtrated through a 0.22-pm membrane
filter. The concentration of Tween 80 in the filtrate was then
analyzed using the Waters model 2690 chromatographic sys-
tem (Waters Corp, Milford, USA), as described elsewhere
(Zheng et al. 2012a). All measurements were conducted in
triplicate, and the experimental data shown in Figs. 2, 3, 4, 5,
6, and 7 are the mean values with standard deviation to show
their reproducibility and reliability.
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Fig. 4 Residual TPH concentration and TPH degradation efficiency in
columns with (a) 3 weeks of treatment and (b) 6 weeks of treatment

Results and discussion
Microemulsion stability during its dilution

The droplet diameter of the 20 % (w/w) microemulsion
formed with 14.00 g of Tween 80, 4.60 g of 1-pentanol,
1.40 g of linseed oil, and 80.00 g of deionized water was
86.7 nm, and the microemulsion droplet size was in the range
of 57-84 nm when it was diluted to as low as 0.001 % with
deionized water (Fig. 2), which is consistent with previous
studies that microemulsion prepared with deionized water was
very stable during dilution (Zheng et al. 2012a). When the
same microemulsion was diluted with seawater to a concen-
tration of 0.005 % (w/w), the droplet diameter of the
microemulsion was in the range of 81.7-248.3 nm. The drop-
let diameter of the 20 % (w/w) microemulsion formed with
14.00 g of Tween 80, 4.60 g of 1-pentanol, 1.40 g of linseed
oil, and 80.00 g of seawater was 316.6 nm, and the droplet size
varied from 195.2 nm to 444.8 nm when diluted with

1200
—e— Four injections of nitrate alone (a)
1000 —a— Four injections of microemulsion and nitrate
—a&— Two injections of nitrate alone
—a4— Two injections of microemulsion and nitrate
800
)
g
%]
> 600 -
<
E
g
Z 400 -
-4
200
0
0 5 10 15 20 25 30 35 40 45 50
Depth (cm)
1200
—8— Four injections of nitrate alone (b)
1000 - —=a— Four injections of microemulsion and nitrate
—#— Two injections of nitrate alone
—a&— Two injections of microemulsion and nitrate
800
en
g
z
= 600
E
b=}
& 400
~
200 ~
0

0 5 10 15 20 25 30 35 40 45 50
Depth (cm)

Fig. 5 Distribution of AVS along the depth of the column after (a)
3 weeks of treatment and (b) 6 weeks of treatment

seawater. These results indicate that the presence of seawa-
ter instead of deionized water makes the microemulsion
droplets much bigger. Despite the droplet diameter of the
microemulsion having increased, the appearance of the
sample was still transparent with no separation of oil phase
and aqueous phase observed and the droplet diameter
was still maintained in the typical range of 100—600 nm
(Sharma et al. 2010), indicating that the microemulsion
prepared with either deionized water or seawater is stable
during dilution with seawater.

TPH desorption from sediment to aqueous phase

After the marine sediment was mixed with 1 % microemulsion
formed with Tween 80, 1-pentanol, linseed oil, and either
deionized water or seawater, the desorption efficiency of
TPH increased rapidly in the first 24 h to about 32.9 and
27.6 %, respectively (Fig. A.1). However, further extension
of the incubation time could not further enhance the desorp-
tion efficiency. Thus, an equilibration period of 24 h is
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Fig. 6 Residual NO; along the depth of the column after (a) 3 weeks of
treatment and (b) 6 weeks of treatment

sufficient for desorbing TPH from the marine sediment phase
into the aqueous phase by microemulsion.

When microemulsions prepared with deionized water were
applied in four concentrations, 0.5, 1, 2, and 5 %, to desorb
TPH from the sediment, all tested microemulsions were more
effective than the same concentration of Tween 80 solution or
the solution containing Tween 80 and 1-pentanol in desorbing
TPH from the marine sediment (Fig. 3a), exhibiting superior-
ity over either the Tween 80 solution or the solution contain-
ing Tween 80 and 1-pentanol in enhancing TPH desorption
(Fig. 3a). The desorption efficiency of TPH reached 29.8 %
when using 0.5 % microemulsion, but only 5.1-6.6 % of TPH
was desorbed when using the same concentration of Tween 80
solution or the solution containing Tween 80 and 1-pentanol.
In addition, about 92.5 % of TPH desorption efficiency was
achieved when using 5 % microemulsion, while about 26.4—
29.32 % of TPH was desorbed when using the 5 % Tween 80
solution or the solution containing Tween 80 and 1-pentanol.
The superiority of microemulsions over either the Tween 80

@ Springer

(a)

6 F
z ST
o
4 r - .
—8— Four injections of nitrate alone
3k —a— Four injections of microemulsion and nitrate
—a— Two injections of nitrate alone
o L —a— Two injections of microemulsion and nitrate

0 5 10 15 20 25 30 35 40 45 50
Depth (cm)

-50 -

-100

-150 -

-200 -

ORP (mV)

-250

—a— Four injections of nitrate alone

-300 -
—a— Four injections of microemulsion and nitrate
350 F —a— Two injections of nitrate alone
—a— Two injections of microemulsion and nitrate
-400 :

0 5 10 15 20 25 30 35 40 45 50

Depth (cm)

Fig. 7 (a) pH and (b) ORP profiles of sediment along the column depth
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solution or the solution containing Tween 80 and 1-pentanol
indicates that the oil phase solubilized in the core of
microemulsion plays an important role in enhancing TPH
desorption. This is probably because the linseed oil in the
microemulsion can effectively provide hydrophobic cores
for solubilizing TPH (Testard and Zemb 1998, 1999). In
addition, it was previously reported that the application of
microemulsions in soil washing or bioremediation was advan-
tageous over surfactant solutions in loam soil or sandy soil
which both have low sorption capacities for oil molecules and
is not applicable for clay soil possessing much higher absorb-
ing capacity for oil molecules (Zheng et al. 2012a). From this
point of view, the tested sandy silt sediment may have a low
sorption capacity for linseed oil in microemulsions. When the
deionized water used in the microemulsion, Tween 80 solu-
tion, and solution containing Tween 80 and 1-pentanol was
replaced by seawater, the microemulsion was still the most
effective in desorbing TPH from the marine sediment among
these three types of solutions (Fig. 3b). The microemulsion
prepared with deionized water was more effective than the
corresponding counterparts prepared with seawater in
desorbing TPH at concentrations of 0.5, 1, and 2 %, while
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the microemulsion prepared with either deionized water or
seawater achieved a similar TPH desorption efficiency of
about 95 % when the microemulsion concentration was 5 %.
Therefore, microemulsion prepared with either deionized wa-
ter or seawater is effective in desorbing TPH from the sedi-
ment, suggesting a possibility of enhancing the bioavailability
of TPH in marine sediment using microemulsions. However,
considering the higher efficiency of microemulsions prepared
with deionized water at low concentrations (0.5-2 %) than
that with seawater, microemulsions prepared with deionized
water should be used in practice for bioremediation of marine
sediment. Therefore, the microemulsion prepared with deion-
ized water was used in the following column study for further
investigation of the feasibility of using microemulsions with
NOj3  injection for enhancing the biodegradation of TPH
during the bioremediation process.

TPH removal during bioremediation process

It can be seen from Fig. 4 that four injections or two injections
of NO; ™ alone resulted in 6.18 and 5.03 % of TPH biodegra-
dation after 3 weeks of treatment. When the incubation period
was prolonged to 6 weeks, the TPH biodegradation efficiency
in the columns with four injections and two injections of NO3 ™~
alone was 8.04 and 6.69 %, respectively. The relatively evener
injection of NO3 appears to be more beneficial for TPH
degradation. It is also worthy of note that although indigenous
sulfate and injected NO;  were copresent in the marine sedi-
ment during nitrate-induced bioremediation, the heterotrophic
denitrification process can out-compete the sulfate reduction
process for TPH degradation since NO3~ is a more preferential
terminal electron acceptor than sulfate (Zhang et al. 2009;
Shao etal. 2011). Interestingly, the injection of microemulsion
and NO; in both four injections and two injections led to
higher TPH biodegradation efficiencies compared to the con-
trols with the injection of NO3 ™ alone. It can also be seen from
Fig. 4 that after 6 weeks of incubation, 29.73 % of TPH was
removed in the columns with four injections of microemulsion
and NOs , and 17.18 % of TPH biodegradation was achieved
in the columns with two injections of microemulsion and
NO; . The higher TPH biodegradation efficiencies induced
by the presence of microemulsions may result from the en-
hanced bioavailability of TPH by microemulsions. Although
the addition of both NO; and microemulsion exhibited a
positive effect on TPH degradation, a high level of TPH was
still detected in the column after 6 weeks of treatment. This is
likely due to the reason that the low mass transfer of NO; ™ and
microemulsions in sediment matrix may limit the TPH degra-
dation efficiency (Bosma et al. 1997; Fang et al. 2008).
Besides, the incubation period (i.e., 6 weeks) may still be
inadequate for more substantial biodegradation of TPH since
some of the TPH components with condensed structures (e.g.,
high-molecular-weight branched alkanes, cycloparaffins,

asphaltenes, and polynuclear aromatic hydrocarbons) are very
recalcitrant (Salanitro 2001; Maletic et al. 2012), and thus, a
longer time may be required for their biodegradation. Further-
more, the injection of microemulsions seems not to suppress
the growth of heterotrophic denitrifying bacteria, since the
TPH biodegradation efficiencies after 3 weeks of treatment
in the columns with four injections and two injections of
microemulsion and NO3  were still as high as 14.23 and
12.01 %, respectively. Thus, about 2356.5 mg/kg dry weight
(dw) of TPH was successfully removed by the four injections
of microemulsion and NO;  after 6 weeks of treatment. The
calculated biodegradation rate of TPH was 56.11 mg TPH/kg/
day, which is about two times of the reported value of 28 mg
TPH/kg/day when using NO; ™ as the terminal electron accep-
tor and without the addition of any surface active agent
(Hasinger et al. 2012). Therefore, it can be concluded that
the introduction of microemulsions into marine sediment suc-
cessfully promoted the biodegradation of TPH by heterotro-
phic denitrifying bacteria with enhancing the bioavailability of
TPH. In addition, most of Tween 80, the major component of
the microemulsion, was also degraded by heterotrophic
denitrifying bacteria as a carbon source. After 6 weeks of
treatment, the concentration of residual Tween 80 in the
sediment was found to be lower than 2504.75 mg/kg dw at
all depths in the columns with four injections of
microemulsion and NO; , compared with the initial Tween
80 concentration of 6739 mg/kg dw after injection. More than
63 % of Tween 80 was degraded during the 6 weeks of the
bioremediation treatment, and a much lower concentration of
residual Tween 80 can be expected if the treatment period is
further prolonged. The high biodegradation potential of
Tween 80 observed in the present study can, to some extent,
evidence the environmental safety of using microemulsions to
enhance TPH biodegradation during nitrate-induced
bioremediation.

Besides heterotrophic denitrification, autotrophic denitrifi-
cation is also an important process in nitrate-induced biore-
mediation of marine sediment, in which autotrophic
denitrifying bacteria utilize AVS as an electron donor and
NO;  as an electron acceptor (Shao et al. 2009; Shao et al.
2010; Shao et al. 2011). In this study, AVS in the columns with
four injections of NO; alone was almost removed at the
depths of 0-30 cm after 3 weeks of treatment, and less than
200 mg could be detected at each sectioned depth of 30-50 cm
(Fig. 5a), which indicates that a significant autotrophic deni-
trification occurred with NO5~ injection. However, compared
with the columns with four injections of NO5  alone, it is
unexpected to find out that much higher amounts of AVS were
observed at all depths after 3 weeks of treatment in the
columns with four injections of microemulsion and NO; .
This implies that the injection of microemulsion may probably
lag the growth of autotrophic denitrifying bacteria in 3 weeks
of treatment, thus delaying the autotrophic denitrification
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process. The delaying effect of the microemulsion on the
autotrophic denitrification process was also observed for col-
umns with the two injections of microemulsion and NO; .
The two injections of microemulsion and NO;  resulted in
less AVS removal in all depths than that of two injections of
NO;  alone after 3 weeks of treatment. Based on our best
knowledge, this is the first time that a lag phase of autotrophic
denitrifying bacteria by applying microemulsion in nitrate-
induced bioremediation has been reported. Additional study
is required to understand the factor contributing to this
delaying effect of microemulsion on the autotrophic denitrifi-
cation process. When the incubation period was prolonged to
6 weeks, the delaying effect of the microemulsion on the
autotrophic denitrification process was no longer observed
as revealed from Fig. 5b in that the sediment in all the columns
achieved a similar degree of AVS removal at all depths in both
four injections and two injections of microemulsion and NO;
or NO; alone. Therefore, although the injection of
microemulsion may lag the growth of autotrophic denitrifying
bacteria, the extension of the incubation period could effec-
tively overcome the delaying effect of the microemulsion on
the autotrophic denitrification process to remove AVS in
marine sediment.

It can be seen from Fig. 6 that in the columns with four
injections or two injections of microemulsion and NO5 ", a high
amount of residue NOs; was detected in the sediment after
3 weeks of treatment. Although the consumption of NO; by
heterotrophic and autotrophic denitrification processes is hard
to differentiate, the high amount of residue NO3 ™ can only be
ascribed to the delayed autotrophic denitrification process
between AVS and NO; because no suppressing effect of the
microemulsion on the heterotrophic denitrification process was
noted. However, when the incubation period was prolonged to
6 weeks, a very low amount of NO3 was detected at all depths
of columns with four injections, and there is no significant
difference between columns receiving microemulsion and
NO;  and columns receiving NO; alone. A similar phenom-
enon was also found in the columns with two injections. After
6 weeks of treatment, the detected NO3~ decreased drastically
and was mainly found in the sediment near the injection
depths, and the NO;  distribution in the treatment columns
with the injection of microemulsion and NO5  and the control
column with the injection of NO; alone were very similar.
This result also confirmed that extending the incubation period
could overcome the delaying effect of microemulsion on the
autotrophic denitrification process.

After 6 weeks of treatment, the pH values of sediment
in all columns were in the range of 7.1 to 7.5 (Fig. 7a),
which were close to the initial sediment pH value before
treatment, and there was no obvious change along the
sediment depth in each column. These results indicate that
a neutral sediment pH could be maintained probably due
to the high buffering capacity of the sediment matrix,
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although some protons can be produced during sulfide
oxidation driven by autotrophic denitrifying bacteria
(Shao et al. 2010). It was shown in Fig. 7b that the
ORP of the sediment at all depths of the columns with
four injections of either NO53 ™ alone or microemulsion and
NO;  increased to higher than —107.2 mV. For the col-
umns with two injections of either NOj3; alone or
microemulsion and NOj3 , the sediment ORP was higher
than —118.1 mV at a depth of 10-30 and 35-50 cm after
6 weeks of treatment, because these depths are near the
injection ports. For the portion of the sediment with no or
low AVS removal (depths of 0-10 and 30-35 cm), its
ORP was still of strong reducing condition (ranging from
—193.3 to —240.5 mV), and this extreme reducing condi-
tion was close to the initial oxidation-reduction condition
of the sediment. Therefore, the injection of NO;3 led to
the increased sediment ORP, which is helpful for the
growth of both heterotrophic and autotrophic denitrifying
bacteria during such nitrate-induced bioremediation
(Vazquez-Rodriguez et al. 2008).

Conclusions and implications

In this study, it was revealed that the microemulsion formed
with Tween 80, 1-pentanol, linseed oil, and either deionized
water or seawater was stable when subjected to dilution by
seawater with a series of dilution to a concentration of as low as
0.005 % (w/w). The results from the desorption test showed that
microemulsion prepared with either deionized water or seawa-
ter at all tested concentrations (i.e., 0.5, 1, 2, and 5 %) was
effective in desorbing TPH from the sediment. Further column
study found that the combination of NO5; and microemulsion
prepared with deionized water could achieve a higher TPH
removal efficiency compared with the use of NO5  alone after
6 weeks of treatment. The results obtained here suggest that the
microemulsion formed with Tween 80, 1-pentanol, linseed oil,
and deionized water can be a good candidate for enhancing
TPH degradation during the nitrate-induced bioremediation of
marine sediment. However, when microemulsions are used in
the bioremediation practices, their injections in marine sediment
should be as even as possible and the treatment period should
be long enough so that the indigenous bacteria can adopt and
grow in the presence of microemulsions.
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