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Abstract

Ex situ electrokinetic (EK) bioremediation of a laboratory-prepared pentadecane-contaminated kaolinite was carried out. Extraneous bacte-
ria and ionic nutrients were continuously supplied to the soil specimen by a hew electrolyte circulation method, which controlled electrical pH
change of electrolyte solution to keep bacterial activity. During the EK bioremediation the anode region showed the highest colony forming unit
(CFU) due to electrical attraction between anode and bacteria. Simultaneous increases of CFU and uniform pentadecane removal in most soll
regions demonstrated that electro-osmosis as well as electrophoresis affected the bacterial transport in soil. At 3%1Bwra4ss in soil
temperature to above 48 inhibited bacterial activity, which caused the decrease of removal efficiency. The removal amount of pentadecane
increased with initial pentadecane concentration at the same current densities (0.63 and 1.88 ivédanse of the increased amount of
weakly bound pentadecane onto the soil surface. The highest removal efficiency (77.6%) was obtained at 0.68m40mMmg/kg pentade-
cane after 14 days. Consequently, the present methods of EK bioremediation demonstrated superiority over the conventional bioremediation,
which had inherent demerits of slow degradation and low removal efficiency.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tion, risk elimination with long-term liability and combina-
tion with other treatment techniqugd. In a heterogeneous
The widespread usage and storage of petroleum fuels haveand/or low permeability soil, however, bacteria cannot suffi-
made petroleum hydrocarbons the most prevalent soil andciently metabolize contaminants due to the transport limita-
groundwater contaminants. The treatment of sites contami-tion of bacteria or nutrients, and so an additional management
nated with long chain alkanes and polycyclic aromatic hydro- is required4,5].
carbons involved in petroleum fuels has limitations because  When a direct current (dc) field is introduced across soil
of their properties such as low volatility, low mobility, low  deposits through inert electrodes, the EK phenomena such as
solubility and low degradability1,2]. electro-osmosis, electrophoresis, and electromigration cause
Bioremediation has been applied to various contaminatedthe transport of various compounds even in a low permeabil-
sites for several decades, because it has many advantagesy soil [6—10]. Therefore, application of EK phenomena to
such as permanent elimination of waste, cheaper biologi- bioremediation, namely EK bioremediation, can uniformly
cal system, positive public acceptance, minimum site disrup- and rapidly supply nutrients, electron donors/acceptors, and
bacteria to soil. It is generally known that electrophoresis is
* Corresponding author. Tel.: +82 42 869 3924; fax: +82 42 869 3910, a@n important mechanism for bacterial transgér], which
E-mail addressjwyang@Kkaist.ac.kr (J.-W. Yang). depends upon the surface charge density of individual or
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aggregative bacteria. However, few researches on EK biore- l
2 DC \
mediation have been reported.
In this study, ex situ EK bioremediation of a laboratory-
prepared pentadecane-contaminated kaolinite was carriec ’»
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2.1. Microorganism and electrolyte composition Fig. 1. Schematic diagram of the experimental EK bioremediation.

out. A new electrolyte circulation method was employed to ;e;z:(::ttgkmehc
improve the process efficiency by supplying bacteria and

ionic nutrients continuously and preventing electrical pH

change. The effects of electric current density and initial pen-  bioreactor —
tadecane concentration were investigated on bacterial behav
ior and removal efficiency. The process feasibility was eval-

uated for petroleum hydrocarbon-contaminated sites com-
pared to other conventional bioremediation.

2. Materials and methods

The microorganism used in this study was a bacterial
consortium consisting of seve@seudomonasp. (L Com- 450 g kaolinite at 121C for 15 min the soil water contentwas

pany, Korea). Electrolyte was prepared to supply the bac- controlled to be 25% with deionized water of 150 ml. Initial
terial consortium with ionic nutrients and to increase the concentrations of pentadecane artificially contaminated were
electrical conductivity of soil11]. The composition of elec- 1000, 5000, 10,000 and 20,000 mg/kg dry soil. The specimen
trolyte is as follows (g/l): NeHPOy-12H,0 18.1; KHPO, was loaded into the EK test cell, which was constructed with

4.4; MgSQ-7H,0 0.2; NH,Cl 1.0; glucose 10. a horizontal rectangular polyacrylate (20 s cmx 4 cm)

with stainless steel electrodes coated by platinum immersed
2.2. Shaker-flask culture for bacterial growth and in the electrode reservoirs (2.5 ce¥ cmx 4 cm) as shown
pentadecane degradation in Fig. 1 A peristaltic pump was used to circulate the elec-

trolyte solution at a rate of 4.2mlmint to control ionic

Bacterial growth and pentadecane degradation were ob-concentrations and sudden pH change in soil and biore-
served in a 250 ml flask containing 100 ml of culture solution, actor [12,13] Bioreactor contained 11 of the electrolyte
of which composition was same as the electrolyte including solution.
5% (v/v) pentadecane (3845 mg/l). Three growth media were
prepared to avoid the loss of culture solution and pentade-2.4. EK bioremediation
cane content in measuring bacterial growth and pentadecane
removal each week. The flask cultivation was carried outina  Before the start-up of EK bioremediation, the bacte-
shaking incubator at 30C and 150 rpm. The bacterial growth  rial consortium was cultivated up to 0.5 of optical density
was determined by measuring the optical density at 600 nm (600 nm) in a bioreactor. After filling electrode reservoirs
using an UV spectrophotometer (Hewlett Packard 8562A, with the harvested bacterial solution, the EK bioremediation
USA). Prior to pentadecane analysis, the bacterial activity was operated with a constant current for 2 weeks. The biore-
was eliminated by adding NaOH into the culture solution to actor was operated at 250-300 rpm and@0
increase pH to above 12. After extracting pentadecane with  In a preliminary EK experiment, current densities to
n-hexane at 25C and 150 rpm in a shaking incubator, its increase soil temperature to between 25 andQG5at

content was measured by HPLC (details in Secfd). which microorganisms grew rapidly were found to be about
0.31-3.13 mA/crh. Therefore, the ranges of current densities
2.3. Specimen preparation applied in the present experiment of ex situ EK bioremedia-

tion were between 0.31 and 3.13 mAZusing a dc power
Pentadecane (Sigma, USA), one of the long-chain alkanessupply with maximum output of 300 V.

contained in diesel fuel, was selected as a model pollutant, The experimental condition is summarizedable 1 the
because EK bioremediation is appropriate for low volatile effect of high current density on the removal efficiency was
pollutants. The model soil used in this EK experiment was investigated by experiments 1 and 2. The relationship be-
kaolinite (Sanchung, Korea) screened with the No. 50 sieve tween contamination level and removal amount was exam-
(US standard screen). Kaolinite has a relatively low cation- ined at 20,000, 10,000 and 5000 mg/kg pentadecane (experi-
exchange capacity so that several parameters such as eleenents 2, 3and 4). Three different current densities were tested
trical potential gradient, bacterial transport, and soil pH un- to find an optimum value for 5000 mg/kg pentadecane (ex-
der dc field can be evaluated precisely. After autoclaving of periments 4, 5 and 6). The process feasibility was evaluated
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Table 1 2.0
Experimental condition = L7
, ” , , S (A)
Experiment Initial pentadecane concentration  Current density S 151
number (mg/kg dry soil) (mA/cn?) = 6 -
1 20000 313 g =
2 20000 1.88 = 109 5,
3 10000 1.88 £
4 5000 1.88 S sl -4
5 5000 0.63 o —e——=— without pentadecane
6 5000 0.31 —o———o— with pentadecane [ 3
7 1000 0.63 00 . , . , . . .
0 20 40 60 80 100 120 140
for the low concentration of 1000 mg/kg pentadecane (exper- Time (hr)
iment 7). %
A control EK treatment (5000 mg/kg pentadecane at
0.63 mA/cn?) by a non-inoculated bioreactor was carried out £ 75 | ®)
to see the washing effect without contribution of biodegrada- g
tion. < 701
= —e— without pentadecane
-3 —O— with pentadecane
2.5. Analysis % 65 1
s
Pentadecane concentration was analyzed by HPLC (Wa- § 601
ters, USA) with Gg symmetry column and RI detector. At 55 . . ' ' . . '
the end of the experiments, the soil specimen was promptly 0 20 40 60 80 100 120 140
removed from the EK cell, and sliced into 5 or 10 segments Time (hr)
of uniform thickness. Each segment was dried at room tem-
perature for 4 days, and 5g of the dried soil powder was  __ 100 {
mixed with 10 ml ofn-hexane in a 50 ml serum bottle. The S 95 | 7 ©
extraction was performed at 26 and 180 rpm in a shaking 2
incubator for 2 days. After centrifuging the suspended soil § %01
at 6000 rpm for 10 min, clear supernatant was injected into é 85 1 %
the HPLC system. The flow rate of eluent was 1.0 mImin S &0 /
which consisted of acetonitrile and ethanol (3:2, v/v). Colony § 75 | %
forming unit (CFU) in saill solutigp was calculated from rel- g " / %
ative light unit measur Profile(New Horizon A). ¢
e light unit measured by Profile(New Horizons, USA) mof% 7 %{
0 1 2 3
3. Results and discussion Time (weeks)
3.1. Shaker-flask culture for bacterial growth and Fig. 2. Change in bacterial growth (A), surface tension (B) and pentadecane

degradation (C) in shaker-flask cultur@®,(l) Without pentadecane and

pentadecane degradation (O, O) with pentadecane.

As shown inFig. 2A, the optical density with the addition i i _
of pentadecane was higher than that in the absence of pentaddD@t the bacterial consortium was effective on pentadecane
cane. This is because the bacterial consortium used pentadd€moval in EK bioremediation. The surface tension decrease
cane as an additional carbon source and fine emulsions con?Vas S0 small that pentadecane dissolution would hardly occur

taining bacteria, pentadecane, and water were formed. Then EK bioremediation.

pH decrease below 5 in all bioreactors was caused by some

organic acids produced through the bacterial glucose oxida-3.2. Electrical potential gradient and soil temperature

tion and pentadecane degradatjtd]. The surface tension

with pentadecane was lower than that without pentadecane Fig. 3A shows the change of electrical potential gradient
because of bacterial biosurfactant productibig(2B). The during EK bioremediation. As ions were electrically supplied
color of culture solution became milky as the amount of fine to soil[16], the electrical potential gradient continuously de-
emulsion increased. The dissolution type was Winsor type creased. As ionic concentrations reached the steady state by
I, which could be made under an excess oil phid$3. Af- electrolyte circulation, the electrical potential gradients were
ter 3 weeks, the removal efficiency of pentadecane was 26%maintained constantly. At the steady state, the electrical po-
(Fig. 2C). Consequently, the obtained results demonstratedtential gradient was proportional to current density.
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Fig. 3. Change in electrical potential gradient (A) and soil temperature Fig. 4. Change in bacterial growth (A) and pH (B) in bioreactor with ini-

(B) with initial pentadecane concentration and current density. (experi- tial pentadecane concentration and current density during EK bioremedi-

ment 1 @): 20,000 mg/kg pentadecane and 3.13 mA/cexperiment 2 ation. (experiment 1@): 20,000 mg/kg pentadecane and 3.13 mAfm

(O): 20,000 mg/kg and 1.88 mA/dnexperiment 3¥): 10,000 mg/kg and experiment 2 (0): 20,000 mg/kg and 1.88 mA/cin experiment 3 ¥):

1.88 mA/cn?; experiment 4{): 5000 mg/kg and 1.88 mA/ctnexperiment 10,000mg/kg and 1.88mA/ch experiment 4 ¢): 5000mg/kg and

5 (M): 5000 mg/kg and 0.63 mA/ctn experiment 6 [(J): 5000 mg/kg and 1.88 mA/cnt; experiment 5M): 5000 mg/kg and 0.63 mA/cfnexperiment

0.31 mA/cnt; experiment 7 ¢): 1000 mg/kg and 0.63 mA/ci 6 O): 500r??rmg/kg and 0.31 mA/cfn experiment 7 ¢): 1000 mg/kg and
0.63mAlcnt).

~As shown inFig. 38, the soil temperatures were changed the pacterial quantity in bioreactor was appropriate for pen-
with electrical potential gradient, because it depended uponiagecane degradation in soil.

electric field strength and the resistivity of the medium. At
current densities between 0.63 and 1.88 mAicthe soil
temperatures were changed between 23 antC37%vhich
were proper for bacterial growth. At 3.13 mA/énnowever,
the soil temperature increased to abové@snitially when
the bacterial activity was severely inhibited.

The pH in bioreactor decreased with the increases of cur-
rent density and initial pentadecane concentrati6g.(4B),
because oxygen generation rate through electrolysis reac-
tion depended upon total current concerning the produc-
tion of organic acids through glucose oxidation and pentade-
cane degradatiofi4]. The difference in pH among 20,000,
10,000, and 5000 mg/kg pentadecane at 1.88 mA nims

3.3. Bacterial growth in bioreactor clearly observed. The highest pH in 1000 mg/kg pentadecane
was due to its lowest concentration.
As shown inFig. 4A, optical density in bioreactor rapidly Inageneral EK process pH values of anolyte and catholyte

increased initially, because the bacterial growth rate was ac-are changed to below 2 and above 12, respectively. However,
celerated by oxygen generated at anode by electrolysis reacthe electrolyte circulation method used in this study neutral-
tion, which implied the improvement of pentadecane degra- ized anacid (F) and a base (OH) in a bioreactof12,13]and
dation in soil as wel[17]. The microorganism used in this  thus electrolyte pH and bacterial activity were not influenced
study was not single strain, but bacterial consortium consist- by electrolysis reaction.

ing of severaPseudomonasp. and thus the optical density

was changed irregularly. Even in the same cultivation con- 3.4. Microorganism in soil

ditions such as medium composition, temperature, shaking

speed, etc., the bacterial growth was sometimes differentac- Fig. 5 shows the change of bacterial population in an-
cording to the instantaneous condition of inoculated bacteriaode, middle, and cathode regions of soil specimen dur-
such as strain composition and growth phase. Neverthelessing EK bioremediation. Anode region showed the highest
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Fig. 5. Change of bacterial population in ano@® (middle (O) and cath-
ode (¥) regions of soil specimen during EK bioremediation of 5000 mg/kg
pentadecane-contaminated kaolinite. (A:0.31, B: 0.63 and C: 1.88 nti\/cm

CFU because of electrical attraction between anode and bac
teria. The bacterial transport flux by EK phenomena de-
pended upon electric field intensity and thus CFU increase
rate at 0.31 mA/crh was smaller than those at 0.63 and
1.88 mA/cn?. The CFU at 0.31 mA/chwas higher than the
others due to a longer residence time in soil.

It was generally known that microbial transport under dc
field mainly depended upon electrophorgSis In this study,

however, increases of CFU were observed over all soil regions4

both at 0.63 and 1.88 mA/cmwhich indicated that electro-

osmosis as well as electrophoresis was the major mechanisn®

for bacterial transport in sojlL8]. At the low current density
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Fig. 6. Final/initial pentadecane concentration with initial pentadecane con-
centration and current density after 2 weeks of EK bioremediation. (exper-
iment 1 @): 20,000 mg/kg pentadecane and 3.13 mAlcexperiment 2
(O): 20,000 mg/kg and 1.88 mA/cinexperiment 3¥): 10,000 mg/kg and
1.88 mA/cn?; experiment 4Y): 5000 mg/kg and 1.88 mA/cfnexperiment

5 (M): 5000 mg/kg and 0.63 mA/cfn experiment 6 [{J): 5000 mg/kg and
0.31 mA/cnt; experiment 7 ¢): 1000 mg/kg and 0.63 mA/cfi

of 0.31 mA/cnt, the CFU increased in order of anode, middle
and cathode regions mainly by electro-osmosis.

3.5. Pentadecane removal

In the case of EK soil flushing, extractants such as surfac-
tant, solvent, absorbent, etc., are supplied from anode reser-
voir and moved towards cathode reservoir through soil pore
and thus the removal efficiency near anode is higher than the
other soil region$19]. However, in the present EK bioreme-
diation pentadecane was evenly removed in most soil regions
(Fig. 6), because the bacterial consortium was transported
in both directions: electro-osmosis transported the bacterial
consortium from anode to cathode along bulk water flow
while the direction of transport by electrophoresis was from
cathode to anode. Similar results were reported by Wick et
al.[18]. Moreover, small pH difference between anolyte and
catholyte generated similar pH in all soil regions, which did
not make any difference in bacterial activity with location of
soil specimen (data not shown).

Table 2shows summary of pentadecane removal after 2
weeks of EK bioremediation. At 3.13 mA/&nthe soil tem-
perature increased to above“binitially when the bacterial
activity was severely inhibited and so a very low removal
(8.2%) at 3.13 mA/crAwas obtained compared to 22.1% at

Table 2
Summary of pentadecane removal after 2 weeks of EK bioremediation

Removal amount
(mg/kg dry soil)

Experiment number Removal efficiency (%)

1 1640 82
2 4420 221
3 4030 403
1335 267

5 2585 517
1590 318

776 776
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1.88 mA/cnt for the same concentration (20,000 mg/kg) of current density (3.13 mA/cf) decreased the removal effi-
pentadecane. The removal amount of pentadecane increaseciency, because increase in soil temperature to aboVe #6

with initial pentadecane concentration at the same currenthibited bacterial activity. The removal amount of pentadecane
densities (0.63 and 1.88 mA/@nbecause of the increased increased with initial pentadecane concentration at the same
amount of weakly bound pentadecane onto the soil surface.current density, because of the increased amount of weakly
The optimum current density for 5000 mg/kg pentadecane bound pentadecane onto the soil surface. The optimum cur-
was 0.63 mA/crf presumably because of appropriate envi- rent density for 5000 mg/kg pentadecane was 0.63 mA/cm
ronmental conditions for the bacterial growth. The low con- The highest removal efficiency (77.6%) was obtained for
centration (1000 mg/kg) of pentadecane at 0.63 mA/ain 1000 mg/kg. From the control experiment, it was found that

lowed the highest removal efficiency (77.6%). the biodegradation in the soil specimen was dominant mech-
In a non-inoculated control EK treatment of 5000 mg/kg anism of removal.
pentadecane at 0.63 mA/épronly 320 mg/kg was removed Consequently, the present methods of EK bioremediation

from the soil specimen and thus it could be deduced that demonstrated superiority over the conventional bioremedia-
less than 320 mg/kg for 1000 mg/kg pentadecane would betion, which had inherent demerits of slow degradation and
removed by washing effect alone. The result of present con-low removal efficiency.
trol experiment is similar to that of Saichek and Redlti§)]
who reported that EK flushing without extractants hardly re-
moved phenanthrene for about 6 months. Considering theAcknowledgement
similar difficulties in transport through soil pores because
of large carbon numbers of both pentadecane and phenan- This work was supported by a grant (M1-0203-00-0001)
threne, we could easily make sure that the amount of pen-from Korean Ministry of Science and Technology through
tadecane carried by electro-osmotic flow and found in the National Research Laboratory program.
effluent stream from the soil system was very small, which
implies the biodegradation in the soil specimen was dominant
mechanism of removal.
Boopathy[20] and Hess et al[21] reported that in a _ , ,
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