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Abstract: Pulsed electric discharge (PED) and bioreme-
diation were combined to create a novel two-stage sys-
tem which dechlorinates the halogenated pollutants, 2,4-
dichlorophenol and perchloroethylene, with repetitive
(0.1-1 kHz), short pulse ({1100 ns), low voltage (40-80 kV)
discharges and then mineralizes the less chlorinated
products with aerobic bacteria. A 6.1 mM aqueous di-
chlorophenol sample was cycled through the PED reac-
tor (60 kV of applied pulsed voltage and 300 Hz) 6 times,
resulting in the release of 55% of the initial dichlorophe-
nol chloride ions (1 mM CI~ removed each cycle). The
respective average specific efficiency is 0.4-0.6 keV/(Cl~
molecule). Pseudomonas mendocina KR1, which grows
in minimal medium supplemented with phenol but not
with dichlorophenol, increased in cell density in all cul-
tures supplemented with the PED-treated DCP samples
and yielded a maximum of two-fold additional CI~ re-
leased compared to the PED-related alone. The number
of PED-treatment cycles, voltage, and frequency were
also varied, showing that both cell densities and overall
dichlorophenol dechlorination were highly dependent
upon the number of PED-treatment cycles, rather than
the tested voltages and frequencies. Using this two-stage
treatment system, PED released 31% of the initial chlo-
ride ions from dichlorophenol (after three cycles at 40-45
kV and 1.2 kHz) while P. mendocina KR1 in the second
stage increased dechlorination to 90%. These results
were corroborated by the 35% additional chloride release
found with activated sludge cultures. Perchloroethylene
(0.6 mM) was similarly treated in a first-stage PED reactor
(80% chloride removal after four cycles) followed by bio-
degradation of the dechlorinated products with a recom-
binant toluene o-monooxygenase-expressing Pseudo-
monas fluorescens strain. Gas chromatographic analysis
showed that the PED reactor created less-chlori-
nated byproducts (i.e., trichloroethylene) that were
removed (74%) upon exposure to the recombinant bac-
terium. © 1998 John Wiley & Sons, Inc. Biotechnol Bioeng 59:
438-444, 1998.
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INTRODUCTION

Highly chlorinated compounds, such as chlorophenols and
perchloroethylene (PCE), are recalcitrant pollutants which
threaten our environment. For example, 2,4-dichlorophenol
(DCP) is a chlorinated aromatic that is a primary reagent in
the synthesis of a variety of more highly chlorinated phenols
(i.e., pentachlorophenol) and pesticides (i.e., 2,4-dichloro-
phenoxyacetic acid) (Kroschwitz, 1993). Because of its
many applications in chemical synthesis, this aromatic is
released into the environment through a wide range of in-
dustries. Consequently, DCP is recognized as an EPA pri-
ority pollutant identified in hazardous waste sites (Wentz,
1989) as well as in groundwater supplies, and water stan-
dard limits are set to 0.3Qg/L (United States Environmen-

tal Protection Agency, 1980). A National Organics Moni-
toring Survey detected DCP in over 50% of 108 sampled
finished drinking water sites (Syracuse Research Corpora-
tion, 1992). Damage to the nervous, epidermal, and skeletal
systems are some of the effects observed in humans and
animals exposed to DCP (Bleiberg et al., 1964; National
Toxicology Program, 1989; Syracuse Research Corpora-
tion, 1992).

Another important pollutant is PCE, a chlorinated ali-
phatic which has been used as an industrial degreasing sol-
vent and fumigant (Carter and Jewell, 1993). PCE is one of
the five most frequently detected volatile organic com-
pounds found in municipal groundwater supplies (Westrick
et al., 1984), and it is one of 14 volatile organic compounds
on the United States EPA’s Priority Pollutant List (Carter
and Jewell, 1993). Because this solvent is toxic and is a
suspected carcinogen to humans (Leung et al., 1992), PCE
is regulated under the Safe Drinking Water Act to a maxi-
mum contaminant level of wg/L. PCE is of particular
concern because it is resistant to degradation by aerobic
bacteria. In fact, only one aerobic bacterium has exhibited
evidence of metabolizing PCE (Deckard et al., 1994) and
those results have not been corroborated.

Bioremediation is an extremely attractive waste treatment
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process because microorganisms mineralize a variety df—~10 nm in water (Adamczewski, 1969). To treat liquids
compounds, and bioremediation is an in situ process thainder these conditions, systems have been developed for
minimizes transportation and disposal expenses. AlthougfiCE (Cooper et al., 1993), PCE (Cooper et al., 1993; Get-
many highly halogenated compounds are recalcitrant t@ff, 1990), and chlorinated phenols (Getoff and Solar, 1988)
aerobic bacteria, less halogenated compounds can often bebulk water with either a large-area, high-energy electron
mineralized to C@Q and H,O at rates much faster than an- beam (1.5-3 MeV) (Cooper et al., 1993) or low-impedance,
aerobic bacteria. For exampl®seudomonas mendocina high-current, short-pulse accelerators to create 1-2 MV
KR1 and Burkholderia cepaciaG4 PR1 are able to use nanosecond pulses in an electrode gap less than 10 cm (Bys-
phenol, but not dichlorophenol, as a sole carbon and energyitskii et al., 1997). Unfortunately, to achieve 100% dechlo-
source. Similarly, the toluene-monooxygenase (Tom) of rination, these approaches both involve significant installa-
B. cepaciaG4 PR1 cometabolically degrades trichloroeth-tion, maintenance, and operating costs (Bystritskii et al.,
ylene (Nelson et al., 1987) to G@nd CI, but is unable to  1997).
catalyze degradation of the more chlorinated PCE. Because This work demonstrates the feasibility of a two-stage re-
the degradation mechanism of anaerobic bacteria is by renediation process that first utilizes a novel PED reactor to
ductive dechlorination, anaerobic bacteria often do not mindechlorinate aqueous pollutants using voltages (up to 80
eralize the compounds to innocuous products such as COkV) much lower than the mega-voltages of high-energy
CH,, and HO (Freedman and Gossett, 1989). Conse-lectron beams and high-current accelerators (Cooper et al.,
quently, some researchers have suggested the use of twb993; Getoff, 1990). Efficient dechlorination of chlorinated
stage reactors that utilize anaerobic biofilters in the firstaromatic and aliphatic model compounds (i.e., DCP and
stage to produce less halogenated compounds that a secofzE) at these lower voltages is accomplished using an
stage filter of aerobic bacteria would be able to mineralizeunique inlet feed system that, rather than treating bulk wa-
Unfortunately, in such processes, the slow, anaerobic dder, utilizes an atomizer to introduce the pollutant into the
chlorination remains the rate-limiting step. With some an-reactor as an aerosol mist. Because the organic pollutant is
aerobic cultures requiring over 30 d to degrade 100% oftoncentrated at the surface of each aerosol droplet (liquid
initial PCE (50M) (Cabirol et al., 1996), continuous-flow atomization increases the surface area), the ionizing species
reactors run with retention times avé h can only dechlo- interact efficiently with the pollutant at the air-liquid bound-
rinate a fraction of the PCE in the feed stream (Enzien et alary. Hence, effective dechlorination results at these lower
1994; Fathepure and Tiedge, 1994). To achieve faster deroltages because discharge sparking is minimized and
chlorination rates of recalcitrant pollutants, an abiotic pro-streamer generation is enhanced. The less chlorinated efflu-
cess, such as the pulsed-electric discharge (PED) reactant from the PED reactor was then biodegraded by aerobic
can be used in place of the anaerobic biofilter in a similarmicroorganisms, which can mineralize many of the PED
two-stage system. reactor byproducts.

The PED reactor is one form of an advanced oxidation
process that uses non-thermal pulsed plasma in which me-
dium-voltage electricity (40-80 kV) is pulsed through an MATERIALS AND METHODS
array of electrodes to generate a stream of secondary elec-
trons within a cylindrical column and dehalogenate pollut-gacterial Strains and Culture Conditions
ants in an aqueous-feed stream. These secondary electrons
(or streamer discharge) collide with,& and Q in the = Pseudomonas mendocingR1 and P. fluorescens2-
column, producing free radicals (i.e., OH- and H:), hydrated?9TOM-S (Yee et al., 1998) were routinely cultured in 250
electrons (&), ozone, and ultraviolet radiation with suffi- mL Erlenmeyer flasks, containing 25 mL of either Luria-
cient energy (e.g., 1-10 keV) to cleave, for example, a C-CBertani medium (Sambrook et al., 1989) or modified M9
bond, resulting in less-chlorinated products. Similar electrigglucose minimal medium (Rodriguez and Tait, 1983) with-
discharge reactors using mega-voltages have been useddat chloride {10% (v/v) chloride-free salts stock solution
effectively treat gas-phase volatile organic compounds, infNa,HPO,, 56.8 g/L; KH,PO,, 30 g/L; (NH,),HPQ,, 12.3
cluding trichloroethylene and perchloroethylene (up tog/L], 1% (v/v) 0.0 CaSQ, and 1% (v/v) 0.M MgSQ,
99.8% and 85.4% removal, respectively) (Gentile andadded to either untreated or PED-treated DCP} in a New
Kushner, 1995; Shah et al., 1995; Virden et al., 1992). HowBrunswick Scientific Co. (Edison, NJ) Series 25 shaker at
ever, when used to treat pollutants in bulk water, thes&50 rpm and 30°C. Reclaimed activated sludge, obtained
irradiation processes are much less effective, demandinfyjom the Irvine Ranch Water District (Irvine, CA), was also
mega-voltage outputs and wasting energy by heating theultured at 30°C in the modified, chloride-free M9 glucose
bulk water. The higher density and dielectric constant ofminimal medium after washing a 10 mL sample with the
water compared to air require electric field strengths that arehloride-free minimal medium by centrifuging at 10,800
10-fold greater, which results in sparking and poor propafor 1 min at room temperature in a Beckman Instruments,
gation of the streamer discharge. For example, in air, thénc. (Fullerton, CA) J2-21 centrifuge. After decanting the
range in which secondary electrons possess 10-100 eV @ipernatant, the sludge was resuspended in the same volume
1000-6000 nm from the discharge source and decreases ¢b chloride-free medium.
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Pseudomonas fluorescer®ss79TOM-S degradation of the reactor top, the residence time of the pollutants could be
PED-treated PCE was performed by first harvesting a 2%ncreased in PED #2 by placing the atomizer on the reactor
mL LB + 400 pwg/mL kanamyan + 2 mM salicylate over-  bottom. The pulsed, high-voltage power system for both
night culture. The cell density of the overnight culture wasreactors consisted of a DC power supply, an inductive
first measured, and a culture volume was collected whictthoke, hydrogen thyratron trigger generator, thyratron bias
would yield the equivalent of 25 mL at4, = 0.5. The supply, and a pulse-forming network of 30 cables in
collected volume of cells was centrifuged 10,§@06r 1 min  parallel. All DCP and PCE samples were processed using
at room temperature, and then resuspended in 1 mL fresRED #1, except for PED #2 processing of the PCE samples
LB medium. The 1 mL cell resuspension was immediatelyobtained for treatment blp. fluorescen®-79TOM-S.
added to 60 mL serum vials containing 25 mL of PED- DCP (6.1 nM) in 500 mL volumes was treated through
treated PCE and 2 kh sodium salicylate. After the serum the PED reactor in which the applied voltage and pulsed
vials were sealed with Tefl@nlined silicon septa and alu- discharge frequency were varied between 40 and 80 kV and
minum crimp tops, the vials were shaken at room tempera300 to 1200 Hz, respectively. After the initial pass through
ture for 16 h. Autoclaved cells (20 min) at the same cellthe PED reactor, 10 mL of the collected effluent was
density were also added to a 5.1:1 mixture of PCE and TCEBampled and the remainder was re-introduced into the PED
and shaken for 17 h as a negative control for adsorption. reactor up to 6 times. The effect of cycle number on PCE
(0.6 mM) was similarly determined by processing through
five treatment cycles at 80 kV and 300 Hz. The PED-treated
PCE, which was incubated wit. fluorescen2-79TOM-S,

A diagram of the general PED reactor system is shown itwas processed in PED #2 at 60 kV, 385 Hz, 30 psi air by
Figure 1. The reactor chamber of the original reactor (PEDNjecting 1 mL of pure PCE ahl L of water.

#1) consisted of a hollow, Tefl&xcoated Lucite cylinder

(20 cm inner diameter, 150 cm height) with a set of axially- Chloride lon Analysis

oriented intermeshed electrodes placed in the center of thBecause of organic interferences with a selective chloride-
chamber. An atomizer with a maximum throughput of 2ion probe, chloride ions released from PED reactor treat-
gal/h (with 30 psi air) was mounted at the top of the reactorment and/or microbial treatment were quantified using the
and the effluent was collected at the bottom. The largespectrophotometric procedure of Bergmann and Sanik
reactor (PED #2) was similarly constructed using a Pyrex1957) as described previously (Yee and Wood, 1997).
cylinder (25 cm inner diameter, 150 cm height) with an Chloride ion concentrations greater than 1.8 mwere mea-
atomizer capable of 4—-10 gal/h throughputs (with 2070 pssured by diluting the sample 10-fold before adding the Hg-
air). In addition to the original installation of the atomizer at (SCN), and Fe(NH)(SQ,), reagents.

Pulsed-Electric Discharge Reactor

Gas Chromatography Analysis

AR * The DCP remaining in PED treated samples was determined
POLLUTED +— by gas chromatograph analysis of pentane extracts. The un-
WATER N . . .

derivatized samples were analyzed as described previously
SPRAY (Yee and Wood, 1997) using a Varian 3600 gas chromato-
NOZZLE oo graph equipped with a flame ionization detector and a 1%
HIGH VOLTAGE . GENERATOR SP1240-DA on 100/120 mesh Supelcoport packed column
POWER SUPPLY L [ AND THYRATRON from Supelco.
|

SwreH Examination of products resulting from PED-treated PCE
incubated withP. fluorescen®-79TOM-S was performed

by gas chromatograph analysis of the pentane-extracted cul-
tures. After extracting each culture by shaking with 25 mL
pentane for 10 min, a 2L sample was injected into a

|
|
—
1 Hewlett Packard (Palo Alto, CA) 5890 Series Il gas chro-
—
—

- matograph (injector: 190°C, detector: 210°C, column:
130°C, 30 mL/min N) equipped with an electron capture
detector and an Alltech (Deerfield, IL) 0.1% AT-1000 on
80/100 Graphpac packed column.

ELECTRODES

RESULTS
SOt —— First-Stage PED Reactor Dechlorination of DCP
P d PCE
AND PUMP l_l an
DCP was initially treated with the PED reactor using vari-
Figure 1. Schematic of the PED reactor. ous voltage, frequencies, and process cycles to determine
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the most important parameter affecting dechlorination. The 100
initial (0 h) data points of Figure 2 indicate the free chloride
ions generated from PED reactor treatment at different con-
ditions. These results indicate that the number of times the
sample is cycled through the reactor has a greater impact 80
upon dechlorination than voltages and frequencies varied .
from 40-60 kV and 600-1200 Hz, respectively. The effect
of treatment cycle number upon DCP dechlorination was 1
further investigated by processing a 6. MnDCP sample 60 |
through the PED reactor from 1 to 6 times at 60 kV and 3005 1
Hz. Figure 3 shows a linear dependence of dechlorination;g
each pass through the PED reactor removed MOQ@# so = 1
that after six cycles 55% of the total chloride was released.e 40
GC analysis of DCP samples processed through six cycles
showed the removal of 94% DCP (data not shown). After
each PED treatment cycle, the color of the effluent was
observed to change from clear (no treatment) to aqua green g
(after six cycles).

Chloride ions released from the treatment of PCE with
the PED reactor also demonstrated a linear dependence
upon the cycle number. PCE treated at 80 kV and 385 Hz 0
generated 0.5 M CI™ after each pass through the discharge ’ , : , | — , | ,
reactor (Fig. 4). After four treatment cycles, 80% of the total 0 20 40 60 80 100
chlorine associated with the PCE was released as free chlo-
ride.

3 cycle, 40 kV, 1.2 kHz

2 cycle, 40 kV, 600 Hz |
3 cycle, 60 kV, 600 Hz

2cycle, 60 kV, 600 Hz

[¢]

1 cycle, 60 kV, 600 Hz F

Untreated 6.135 mM DCP -
¢ L @ -

Time After Inoculation (hr)

Figure 2. Pseudomonas mendociidR1 dechlorination of PED-treated
DCP. Each data point represents an average of two flasks.
Second-Stage Bacterial Mineralization of
PED-Treated DCP and PCE

The ability of bacteria to mineralize the dechlorinated prod-sample unexposed t®. fluorescen2-79TOM-S (Figs. 7a
ucts of the DCP samples initially treated by the PED reacto@nd b). On the other hand, an observed peak (RTL.7
was examined using bacteria known to metabolize phenomin) with the same retention time as TCE decreased by 76%
such asP. mendocinaKR1. WhereasP. mendocinakKkR1  after an overnight incubation witP. fluorescens2-
could not grow on untreated DCP (i.e., DCP not treated/9TOM-S (calculated after normalizing the PCE peak
through the PED reactor), minimal growth was observed iheights). Likewise, degradation of unidentified compounds
all cultures containing the PED-treated DCP as the sole
carbon and energy source, regardless of the cycle number,
discharge frequency, and voltage (Fig. 5). Similarly, while ~ 8.0 7
cultures supplemented with PED-treated samples (three ]
cycles, 40 kV, 1.2 kHz, 30% dechlorination) produced an
additional 65% dechlorination after 4 d, cultures containing 5y { y=02610+10773xr2=0998
untreated DCP did not result in any additional dechlorina—g ]
tion (Fig. 2). € 5.0
These DCP results were also corroborated by studies With§
reclaimed activated sludge (which also did not grow on & 4.0 -
untreated DCP, data not shown). Activated sludge additiong
to PED-treated DCP (six cycles) resulted in an additional = 3-0
35% chloride release over samples without sludge (Fig. 6).o
PED-processed PCE was also further dechlorinated upon
bacterial incubation with toluenertho-monooxygenase 1.0 -
(Tom)-expressing. fluorescen®-79TOM-S (omA'B* un- ] I
der control of the salicylate-induced,jy promoter). Be- 0.0 { | | I | | L0
cause Tom does not degrade PCE, gas chromatograph 0 1 2 3 4 5 6
analysis of PED-processed PCE that was exposed to the
TCE-degrading bacterium confirmed that PCE (retention

time, RT = 6.4 min) was relativlely unchanged (as Mea-Figyre 3. Chloride removal after PED-treatment of DCP at 60 kV and
sured by the absolute peak height) from the analogousoo Hz. Each data point represents an average of two measurements.

- 60

- 50
- 40

- 30

% of Total CI

] - 20
2.0 1 L

L 10

# of Treatment Cycles
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3.0 0.20
] - 120
] i b 3 cycles, 20 kV, 1.2 kHz
25 A i 1
1 - 100 | 3cycle, 30kV, 600 Hz
) L
201 y =-0.2201 + 0.5063 x, L o ) |
= ] r2=0.950 - 80 & 2 cycle, 20 KV, 600 Hz
< 1 € 0.15 -
~ 4 o]
g 15 B L 60 : R L
3 ] o ~
1.0 L ©
o ] 40 =
= ] £ 3 |
© 05 [ 20 S § 0.10 - L
] ° 2 A 2 cycle, 30 kV, 600 Hz |
0.0 L o 8 I
] o _
3 L
05 | | | 1 | -20 1 i
0 1 2 3 4 0.05 1 B
5 1 cycle, 30 kV, 600 Hz
# of Treatment Cycles
Figure 4. Chloride removal after PED-treatment of PCE at 80 kV and
385 Hz. Each data point represents an average of three measurements, with
standard deviations shown.
0.00 Untreated 6.135 mM DCP [~

with peaks at RT= 2.4 and 3.9 min was observed, and a L LA A B
bacterial-degradation byproduct was detected in the form of
a new peak with RT= 7.2 min. In contrast, the concentra- Time After Inoculation (hr)

tion of PCE anq TC.E was not significantly altered by ex- Figure 5. Pseudomonas mendociiéR1 cell density upon incubation
posure to heat-mactwgtda. quorespenSZ-?QTOM—S Ce||_S with PED-treated DCP. Each data point represents an average of two
(18% and 12% reduction, respectively). Hence, the disapfasks.

pearance of the TCE peak was due to biological oxidation

by Tom inP. fluorescen®-79TOM-S. treat aqueous wastes. For example, as measured by the spe-
cific-energy cost required to degrade one molecule of pol-
DISCUSSION lutant, §, the PED reactor operates at a cosi{[&P) =

0.6 keV/CI', S(PCE) = 1.5 keV/CI] up to two orders of
The PED reactor is an effective remediation technology formagnitude lower than that of 4-chlorophenol remediation by
the rapid dechlorination of compounds that are recalcitranpulsed, kilojoule discharges in bulk water.(S 40 keV/
to bioremediation. These preliminary results confirm thatCl™) (Bystritskii et al., 1997). The PED reactor is, therefore,
the PED reactor is capable of dechlorinating DCP and PCE practical alternative to dehalogenation by anaerobic bac-
with voltages and currents generated from a standard 110téria.
electrical outlet. The extent of dechlorination of the model
pollutants can be controlled by the number of cycles the 100
samples are passed through the PED reactor. Rather than
recycling the sample through the reactor, however, the sameg 80 -
effect may be accomplished by increasing the residence§
time or by connecting multiple reactors in series. In addi- £ 60 {
tion, because the PED reactor is the first stage of a two—stage-g
system, complete dechlorination leading to increased elec-2 40 1

DCP and sludge

no sludge

trical costs and formation of unwanted byproducts is unde-%

sirable. The ability to easily control the extent of dechlori- © 20 1

nation facilitates the optimization of the PED reactor opera- untreated DCP
® 0 o— -O—

tion with regards to minimizing operating expenses and
enhancing the second-stage mineralization efficiency.

These results not only confirm that this non-thermal, me- 0 5 4
dium-voltage reactor is capable of dechlorinating com-
pounds several times faster than anaerobic processes (i.e.,
min vs. h/d), but that the required electrical costs are mucltigure 6. Activated sludge dechlorination of PED-treated DCP (six
lower than other advanced oxidation techniques used teycles). Each data point represents an average of two flasks.

Time (days)
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a> mechanism of action of the PED reactor and the powerful
enzyme systems of microorganisms, therefore, can be uti-

3.5e4 7

Peak Heights PCE & lized in the design of a low-cost remediation process ca-
3.0e4 TCE 23462 pable or treating a wide range or mixed pollutants.
9290

2:5e4 We thank Chris Kinner of the Irvine Ranch Water District for

2 ea supplying activated sludge samples.

1.5e4
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