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Abstract Trichloroethylene (TCE) is an environmental contaminant provoking genetic mutation
and damages to liver and central nerve system even at low concentrations. A practical scheme is
reported using toluene as a primary substrate to revitalize the biofilter column for an extended
period of TCE degradation. The rate of trichloroethylene (TCE) degradation by Pseudomonas
putida F1 at 25°C decreased exponentially with time, without toluene feeding to a biofilter col-
umn (11 cm 1.D. x 95 cm height). The rate of decrease was 2.5 times faster at a TCE concentra-
tion of 970 ug/L compared to a TCE concentration of 110 ug /L. The TCE itself was not toxic to
the cells, but the metabolic intermediates of the TCE degradation were apparently responsible
for the decrease in the TCE degradation rate. A short-term (2 h) supply of toluene (2,200 ug/L)
at an empty bed residence time (EBRT) of 6.4 min recovered the relative column activity by 43%
when the TCE removal efficiency at the time of toluene feeding was 58%. The recovery of the
TCE removal efficiency increased at higher incoming toluene concentrations and longer toluene
supply durations according to the Monod type of kinetic expressions. A longer duration (1.4~2.4
times) of toluene supply increased the recovery of the TCE removal efficiency by 20% for the
same toluene load.
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INTRODUCTION

Trichloroethylene (TCE) is widely used as a cleaning
solvent in semi-conductor industry or as a coolant in the
freezer industry [1]. TCE is a harmful environmental
contaminant provoking genetic mutation, a suppression
of central nerve system, and liver damage even at low
concentration [2]. However, this chlorinated compound
is difficult to remove from the environment because it is
not utilized as a substrate for the microbes, and generates
toxic compounds during degradation. Environmentally
toxic compounds can be degraded biologically [3,4]. The
biological degradation of TCE is generally accomplished
under aerobic conditions by cometabolic oxidation, using
methane, toluene, or ammonia as primary substrates. In
anaerobic conditions, TCE is degraded into dichloro-
ethylene and vinyl chloride, which are more toxic than
TCE [5,6]. Using methane, toluene, or ammonia as
cometabolic substrates, microorganisms degrade TCE by
metabolic oxidation using mono-oxygenases or dioxy-
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genases [7-10].

Due to its strong toxicity, TCE cannot be degraded
continuously in a bioreactor. Therefore, several methods
have been applied in order to maintain or enhance the
degradation efficiency of TCE. These methods include
the use of a two-stage reactor, which separates microbial
growth and TCE degradation [11}]; a hollow-fiber mem-
brane reactor, which allows indirect contact of the sub-
strate and the cells through the membrane [8,12]; and a
compost filler rich in primary substrate [13].

A recent study showed that pulsed or cycled feeding,
using propane as the primary substrate, could effectively
recover the activity of the TCE-degrading enzyme [14].
In order for this type of feeding technique to be success-
ful, the competitive inhibition of the primary substrate
against the TCE degradation must be reduced, and the
toxic effect of the metabolic intermediates on the bacte-
rial growth and enzyme activity must be minimized [4].
The intermediates cause cell damage, which reduces the
TCE degradation rate [10]. Consequently, the activity of
the damaged cells has to be recovered. Since the primary
substrate has to be supplied to recover the TCE removal
rate, the correlation between the feeding of the primary
substrate and the recovery of the TCE removal rate has to
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Fig. 1. Schematic diagram of a biofilter system for the removal
of trichloroethylene (TCE). A, B, C, D, E, F, sampling ports.

be explored.

Previous studies were mainly focused on the recovery
of cell activity in a lab-scale batch culture [10], and the
application of a recovery term in the modeling of TCE
recovery for TCE degradation [15-17]. On the other
hand, this study examines the effect of the incoming TCE
concentration on the TCE degradation rate by Pseudo-
monas putida F1 in a lab-scale biofilter. The effects of
column deactivation, incoming toluene concentration,
and toluene supply duration on the recovery of the TCE
degradation rate in the biofilter were also investigated.
The results suggest a possible way of maintaining the
TCE removal capacity of a biofilter.

MATERIALS AND METHODS
Preparation of inoculum and Biofilter Packing Material

Pseudomonas putida F1, obtained from David T. Gib-
son (University of lowa), was routinely cultivated at 25°C
in a 300-mL flask containing 50 mL of modified Hunters
medium [18]. A phosphate buffer made of KH,PO, (2.15
g/L) and K,HPO, (5.3 g/L) was added to the medium,
and the final pH was adjusted to 7.0. This modified
Hunters medium plus phosphate buffer is called the me-
dium or the fresh medium for the rest part of this report.
Toluene was supplied in the gas phase from a glass bulb.
The toluene vapor from the bulb was dissolved in the me-
dium as a primary carbon source. The culture was incu-
bated in a shaker (VS-5500N; Vision Co., Korea), and
cells in the exponential phase (ODgy = 0.8~1.0) were
inoculated into 500-mL flasks containing 100 mL of
fresh medium and spherical ceramic particles (200 mL)
with an average diameter of 1 cm and a specific surface
area of 0.04 m*/m?® (SH VOC-01; Sam Whan Co., Ltd,
Busan, Korea). After 3 days of cell growth in the shaker
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at 100 rpm, the particles in the flasks were placed into
the column aseptically. Air containing 950 pg/L of tolu-
ene was supplied to the top of the column at 800 mL/min
for 4 days.

Biofilter System Configuration and Operating
Conditions

The biofilter consisted of a gas-mixture-generating sys-
tem, a nutrient-supplying system, and a cylindrical, three-
plate glass column (11 em L.D. x 95 cm total height) (Fig.
1). In each plate, spherical ceramic particles were packed
up to 18 c¢m in height. The whole system was set up in a
room where the temperature was controlled at 25°C. The
column temperature was maintained at 25°C by a water
jacket. Mass flow controllers (5850E, Brooks, Hatfield,
PA, USA) were used to control the concentrations of
toluene and TCE, as well as the flow rate of the air-
toluene-TCE mixture. The empty bed residence time
(EBRT) was set at 6.4 min, while air containing 950
ug/L of toluene was supplied to the top of the column at
800 mL/min for approximately 3 weeks before the start
of the experiments. The medium was supplied to the top
of the column at 1 mL/min.

Analytical Methods

The concentrations of toluene and TCE in the gas
sample were analyzed by using a gas chromatograph
(Autosystem XL, Perkin-Elmer, Wellesley, MA, USA),
which was equipped with a Flame lonization Detector
(FID) and a capillary column (DB-WAX; J&W Scientific,
USA). The temperatures of the oven, the detector, and
the injector were controlled at 100, 200, and 150°C, re-
spectively. Gas samples (400 pL each) were taken in du-
plicate at the sampling ports using a 5-mL gas-tight sy-
ringe. The optical density (OD) of the culture was meas-
ured at 600 nm using a spectrophotometer (UV-1601,
Shimadzu, Kyoto, Japan). To determine the amount of
the attached biomass, two particles taken from each stage
of the column were immersed for 1 h in a 20 mL solution
of NaP,O, (0.1%), and then sonicated for 3 sec three
times at 30-sec intervals. The volatile suspended solid
(VSS) in the obtained solution was determined as de-
scribed in the literature [19].

RESULTS AND DISCUSSION
Decrease of the TCE Degradation Rate with Time

After the biofilter was stabilized for 3 weeks with tolu-
ene (950 pg/L) feeding, TCE (110 pg/L) was supplied
to the biofilter without a toluene supply. The air flow rate
was maintained at 800 mL/min throughout the experi-
ment (EBRT 6.4 min). The specific TCE degradation
rate decreased exponentially with time, and the depend-
ence was as follows (Fig. 2).

v=v,exp(—ky-t) (1)
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Fig. 2. Decrease in the specific TCE degradation rate with time
after the toluene feeding was ceased. The TCE concentration
was 110 pg/L, while the air flow rate was 800 mL/min (EBRT
6.4 min).

where v is specific TCE degradation rate after ¢ hours of
TCE supply [pug TCE/g VSS-h], v, is specific TCE deg-
radation rate at the start of TCE supply [pg TCE/g
VSS-h], and k, is decay constant [h*'].

The specific TCE degradation rate decreased to one
half of its initial value after 7.9 h of exposure to TCE.
The corresponding decay constant k, was determined as
0.088 h!. The decay constant is inversely proportional to
the time required to reach a 50% decrease in the degra-
dation rate. The biomass in the column was 20.8 g VSS,
and the average TCE load was 253.8 pg TCE/g VSS-h.

Effect of the TCE Concentration on the Decrease in the
TCE Degradation Rate

The TCE degradation rate decreased more rapidly at
higher incoming TCE concentrations as shown by an
exponential increase in the decay constants at higher in-
coming TCE concentrations (Fig. 3). The dependence of
the decay constants on the incoming TCE concentration
was determined as follows.

Ln(kg) =0.0010-Cycg + 0.64

where k, is the decay constant (d'), and Cy¢g is the in-
coming TCE concentration (ug/L). The regression coef-
ficient (R?) was computed at 0.99. This experiment was
performed at incoming TCE concentrations of 24, 110,
190, 390, 500, and 970 pg/L, and at a fixed air flow rate
of 800 mL/min. Before switching from one TCE concen-
tration to another, the column was fully activated for at
least 48 h by toluene (950 pg/L) feeding at 800 mL/min.
The decay constant at 970 pg/L was 5.2 (d"'). This was
2.5 times larger than the decay constant at 110 pg/L.
The cause of the decrease in the TCE degradation rate
was explored. The toxicity of TCE itself was determined
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Fig. 3. Semi-log plot of decay constants of TCE degradation as
a function of the incoming TCE concentration.

bolic intermediates of TCE degradation, using succinate
as a primary substrate instead of toluene. The cells of P
putida F1 were cultured on succinate (10 mM) with
modified-Hunters medium for 15 h in a 40-mL sealed
tube with 5 mL of culture volume at TCE concentrations
of 0~5 x 10* pg/L. The final cell mass was measured at
160 + 11 mg/Lregardless of the TCE concentration (data
not shown). Since the cells could not generate toluene
dioxygenase on succinate, the metabolic intermediates of
the TCE degradation were not produced. This result in-
dicates that TCE was not toxic to the cells at the concen-
trations (less than 970 ug/L) applied to the experiments.
Therefore, the decreased TCE degradation rate shown in
Fig. 2 and Fig. 3 was attributable to the toxicity of the
metabolic intermediates of the TCE degradation.

Toluene dioxygenase simultaneously oxidizes TCE
when it oxidizes toluene to cis-toluene dihydrodiol. The
metabolic intermediates of the TCE degradation, how-
ever, have not been well identified, except for the final
products (formic acid, glyoxylic acid, and HCI) that are
made from formyl chloride and glyoxylic chloride [10].
Previous studies also indicate that the toxic intermediates
produced by toluene dioxygenase in P. putida F1 may be
responsible for the decrease in the TCE degradation rate
[21]. Moreover, growth inhibition was not observed in
the presence of TCE for a P putida F1 mutant, which
was incapable of producing toluene dioxygenase [22].

Relative Recovery of the TCE Removal Efficiency
through Short-term (2 h) Toluene Feeding

When TCE (110 pg/L) was supplied to the biofilter
without a toluene supply, the TCE removal efficiency
decreased with time similarly to Fig. 2. The removal effi-
ciency was defined as follows

— Cout

Removal efficiency = ng—

n
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Fig. 4. Diagram showing the relative recovery of the TCE re
moval efficiency (%). «, TCE removal efficiency estimated
based on its dependence on the time exposed to TCE (refer to
Fig. 2); B, TCE removal efficiency after 2 h of toluene feeding;
F-2  100%) . Relative recovery of TCE removal efficiency (%);
®“and O, TCE removal efficiency before and after toluene
feeding, respectively.

where C, refers to the incoming TCE concentration and
C,.. represents the outlet TCE concentration.

The toluene supply (2,200 pg/L) to the biofilter col-
umn for 2 h raised the TCE removal efficiency. The ex-
tent of recovery was dependent on the removal efficiency
(column activity) at the moment of toluene feeding. The
TCE removal efficiency was determined 20 min after the
toluene supply was ceased. The air flow rate and TCE
concentration in the feed were maintained at 800 mL/min
(EBRT 6.4 min) and 110 pg/L, respectively. After one
experiment was finished at a value of removal efficiency,
the column activity was fully restored for at least 72 h by
toluene (950 pg/L) feeding. This was done before the
next experiment was carried out at another value of re-
moval efficiency. Fig. 4 shows the details of the calcula-
tion of the relative recovery of the TCE removal efficiency
defined as follows

Relative recovery of TCE removal efficiency (%)

_B-2 400
[24

where a is the TCE removal efficiency estimated accord-
ing to its dependence on the time exposed to TCE, and g

is the TCE removal efficiency 2 h after the toluene supply.

The current experiment revealed that the relative re-
covery of the TCE removal efficiency (%) was dependent
upon the TCE removal efficiency at the moment of tolu-
ene feeding. In particular, two distinct zones were ob-
served, as shown in Fig. 5. When the TCE removal effi-
ciency was less than 25% at the time of toluene feeding,
the relative recovery of the TCE removal efficiency de-
creased rapidly from 38%. On the other hand, when the
TCE removal efficiency at the time of toluene feeding was
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Fig. 5. Dependence of the relative recovery of the TCE removal
efficiency upon the TCE removal efficiency at the moment of
toluene feeding. The toluene supply duration was set at 2 h, the
TCE concentration was fixed at 110 pg/L, and the air flow rate
was controlled at 800 mL/min (EBRT 6.4 min).

observed from 25 to 58%, the relative recovery of the
TCE removal efficiency increased slightly from 38 to 43%.

The recovery of the TCE removal efficiency dropped
suddenly when the TCE removal efficiency declined to
less than 25% at the time of toluene feeding. This sug-
gests that the toluene supply needs to be initiated before
the removal efficiency drops to the 25~35% level, in order
to recover the TCE removal efficiency in a biofilter. The
relative recovery of the TCE removal efficiency, however,
was limited to 45% after a 2 h duration of the toluene
supply, probably due to the insufficient reactivation of
toluene dioxygenase in P putida F1. A longer period or
larger amount of the toluene supply may have increased
the recovery percentage.

In the case of Nitrosomonas europaea the time required
to recover the ammonia-oxidizing activity in the TCE
treated cells doubled from 2 to 4 h, when the deactivation
of the ammonia-oxidizing activity increased from 80 to
90% [10]. In the case of P. putida F1, a higher deactiva-
tion due to a longer exposure to TCE decreased the cell
growth rate [22].

Effact of Incoming Toluene Concentration and Toluene
Supply Duration on the Relative Recovery of the TCE
Removal Efficiency

The relative recovery of the TCE removal efficiency
was improved when the incoming toluene concentration
was increased. The incoming toluene concentrations
were set at 48, 156, 361, 480, 875, and 1,221 ng/L, and
more than 99% of incoming toluene was removed in the
biofilter (Fig. 6). The toluene supply duration was fixed
at 1 h. The relationship between the relative recovery of
the TCE removal efficiency and the toluene concentration
was modeled after the Monod type of kinetic expression,
as follows

R= 18.3-C
190+C
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Fig. 6. Effect of the incoming toluene concentration on the
relative recovery of the TCE removal efficiency. The toluene
supply duration was 1 h, and the air flow rate was 800 mL/min
(EBRT 6.4 min).
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Fig. 7. Effect of the toluene supply duration on the relative re-
covery of the TCE removal efficiency. The incoming toluene
concentration was 500 pg/L, while the air flow rate was 800
mL/min (EBRT 6.4 min).

where R is the relative recovery of the TCE removal effi-
ciency (%), and C is the incoming toluene concentration
(ug/L). The regression coefficient (R?) was computed as
0.97. When an experiment was finished at one toluene
concentration, the column activity was fully restored by
toluene (950 ug/L) feeding for at least 48 h, and then,
the activity was adjusted to 30% of removal efficiency by
a TCE (110 ng/L) supply. The TCE removal efficiency
was determined 20 min after the toluene supply was
ceased, and the air flow rate was fixed at 800 mL/min
(EBRT 6.4 min) throughout the experiment.

A longer duration of the toluene supply was better for
the recovery of the TCE removal efficiency. For this ex-
periment, the toluene supply duration was extended to
200 min, and the incoming toluene concentration was
fixed at 500 pg/L (Fig. 7). The relationship between the
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Fig. 8. Effect of the toluene load on the relative recovery of the
TCE removal efficiency. The toluene load was defined as in-
coming toluene concentration x toluene supply duration x air
flow rate. The air flow rate was 800 mL,/min. The TCE removal
efficiency at the time of toluene feeding was 30%. Symbols: A,
the incoming toluene concentration was changed at a fixed
toluene supply duration (1 h); @, the toluene supply duration
was changed at a fixed incoming toluene concentration (500
pg/L); M, the incoming toluene concentration was 2,200 pg/L
and the toluene supply duration was 2 h.

recovery of the TCE removal efficiency and the supply
duration was modeled after the Monod type of kinetic
expression, as follows

R- 27.9-¢
68.7+¢

where R is the relative recovery of the TCE removal effi-
ciency (%), and ¢ is the duration (min) of the toluene
supply. The regression coefficient (R?) was computed at
0.95. The air flow rate and other procedures, such as
column activity restoration, activity adjustment to 30%,
and the moment of efficiency determination, were the
same as those applied to the previous experiment on the
effect of the incoming toluene concentration.

The combined effects of the incoming toluene concen-
tration and the toluene supply duration were tested using
a toluene load, which was defined as the incoming tolu-
ene concentration x toluene supply duration x air flow
rate. The relative recovery of the TCE removal efficiency
was dependent on the toluene load as shown in Fig. 8.
For the same toluene load, a longer toluene supply
yielded 20% more relative recovery of the TCE removal
efficiency compared to a higher toluene concentration.

CONCLUSION

Metabolic intermediates of TCE degradation were ap-
parently responsible for the exponential decrease in TCE
degradation rate by Pseudomonas putida F1 in a biofilter
column, and the decrease was faster at higher TCE con-
centrations. The column activity could be partially recov-
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ered by a short-term supply of a small amount of toluene
as a primary substrate. At the same toluene load, duration
of toluene supply played a more important role for the
activity recovery compared with incoming toluene con-
centration. The results suggest a practical scheme of revi-
talizing the biofilter column for TCE degradation so that
we can extend the period of column operation.
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