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Abstract

The objective of this study was to achieve a better quantitative understanding of the kinetics of 2.,4,6-
trichlorophenol (TCP) biodegradation by an acclimated mixed microbial culture. An aerobic mixed
microbial culture, obtained from the acration basin of the wastewater treatment plant, was acclimated in
shake flasks utilizing various combinations of 2,4,6-TCP (25-100 mg 1™"), phenol (300 mg 1™!) and glycerol
(2.5 mg 1™") as substrates. Complete primary TCP degradation and a corresponding stoichiometric release
of chloride ion were observed by HPLC and IEC analytical techniques, respectively. The acclimated
cultures were then used as an inoculum for bench scale experiments in a 4 1 stirred-tank reactor (STR) with
2,4,6-TCP as the sole carbon/energy (C/E) source. The phenol acclimated mixed microbial culture consisted
of primarily Gram positive and negative rods and was capable of degrading 2,4,6-TCP completely. None of
the predicted intermediate compounds were detected by gas chromatography in the cell cytoplasm or
supernatant. Based on the disappearance of 2,4,6-TCP, degradation was well modelled by zero-order
kinetics which was also consistent with the observed oxygen consumption. Biodegradation rates were
compared for four operating conditions including two different initial 2,4,6-TCP concentrations and two
different initial biomass concentrations. While the specific rate constant was not dependent on the initial
2,4,6-TCP concentration, it did depend on the initial biomass concentration (Xj,i). A lower biomass
concentration gave a much higher zero-order specific degradation rate. This behaviour was attributed to a
lower average biomass age or cell retention time () for these cultures. The implications of this investi-
gation are important for determining and predicting the potential risks associated with TCP, its degra-
dation in the natural environment or the engineering implications for ex situ treatment of contaminated
ground water or soil.

Introduction toxicity and persistence (Armenante et al. 1995)
has led to their detection in soils, sediments, and

The widespread production and industrial use of natural water (Boyd et al. 1989; Chang et al. 1999;

trichlorophenols (TCPs) as biocides in wood
treatment, flame retardants (Atuanya et al. 2000),
preservatives for leather and textile goods
(Kharoune et al. 2002), solvents and as reagents in
synthetic chemistry (Aranda et al. 2003) and their

Gardin et al. 2001) as well as in food and in human
urine (Crosby 1981). Aquatic environments may
contain chlorophenols resulting from the Kraft
bleaching process (Alexander & Scow 1989;
Andreoni et al. 1998; Martinez et al. 2000) or
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chlorination of water supplies for the purpose of
disinfection (Ahlborg & Thunberg 1980).

The environmental fate of chlorophenols may
include degradation by naturally occurring
microorganisms (Aranda et al. 1999; Martinez
et al. 2000). Anaerobic microorganisms are able to
degrade chlorophenolic compounds but in anaer-
obic conditions, multichlorophenols are degraded
by reductive dehalogenation into mono- or
dichlorophenols which remain in the environment
because of low degradation rates (Mohn &
Kennedy 1992; Fahmy et al. 1994; Chang et al.
1999). These mono- and dichlorophenols can be
degraded by aerobic catabolism through aerobic
oxidation of the aromatic ring (Kafkewitz et al.
1992; Clément et al. 1995).

Most of the information available on biodeg-
radation pathways is for pure cultures, even
though mixed indigenous cultures are predomi-
nantly used for large-scale treatment (Boyd et al.
1989; Bae et al. 1997; Andreoni et al. 1998). Bio-
degradation by mixed microbial cultures has been
treated as a ‘“black box™ with little information
known or concern about the details of the actual
processes. Some primary degradation rates have
been reported for mixed cultures (Maltseva &
Oriel 1997; Langwaldt et al. 1998; Dominguez
et al. 2002; Aranda et al. 2003) while rates for the
degradation of biodegradation intermediates (and
potential rate-limiting steps in biodegradation)
have not been well studied. Once the initial con-
taminant disappears from solution (primary deg-
radation), the compound is assumed to be
completely degraded and/or detoxified. This rea-
soning is typically followed in determining the fate
of organics in waste treatment plants (Boyd et al.
1989) and in laboratory studies (Brock & Madigan
1991; Chakrabarty 1992). However, the possibility
exists that only partial degradation occurs result-
ing in intermediates with higher toxicity than the
original compound (Exon & Koller 1986). Slow
biodegradation of intermediate products may also
occur (Fahmy et al. 1994; Gardin et al. 2001). For
the case of contaminated soil, the potential impli-
cations of this include producing a soil with a
greater toxicity than the original or the reuse of
only partially decontaminated soil that may take a
significant additional time period to become
decontaminated to an acceptable level, if at all.

In this study, 2,4,6-trichlorophenol (2,4,6-TCP)
was chosen as a model contaminant. 2,4,6-TCP is

a common constituent of wood preservative for-
mulations (Chudoba et al. 1989; Aranda et al.
1999; Martinez et al. 2000) and is often found as a
contaminant in soil (Dominguez et al. 2002). 2,4,6-
TCP has a low Henry’s law constant and as such
undergoes minimal air stripping in forced aeration
systems. 2,4,6-TCP is less recalcitrant than penta-
chlorophenol but more recalcitrant than phenol
(as a model, this allows biodegradation studies of
manageable time periods). Additional information
through chloride ion analysis and appropriate
material balances, can aid in understanding the
biodegradation process.

Several different kinetic models have been
proposed for the biodegradation of different
chlorophenolics (Crosby 1981; Armenante et al.
1995; Dominguez et al. 2002; Chen et al. 2003).
This information is essential for determining and
predicting the potential risk that a compound
carries during its exposure to, and degradation in
the natural environment or the time and size of
equipment required for ex situ treatment of con-
taminated ground water or soil. Primary degra-
dation of the compound may not correlate well
with the ultimate removal of the compound’s
environmental toxicity. Chloride ion release, cou-
pled with other factors, may also be utilized to
follow chlorophenolic degradation (Aranda et al.
2003).

In this study, the aim was to achieve a better
quantitative understanding of the biodegradation
of 2,4,6-TCP. This involved the study of 2,4,6-
TCP’s breakdown products, its related biodegra-
dation pathway, and degradation rates for an
acclimated (ability to completely degrade 2,4,6-
TCP) mixed microbial culture. This information is
used for the development of a mathematical model
to describe the kinetics of 2,4,6-TCP biodegrada-
tion.

Materials and methods
Acclimation of mixed microbial culture

An aerobic mixed microbial culture was obtained
from the aeration basin of the Waterloo Sewage
Treatment Plant (Waterloo, ON). The mixed
culture was first acclimated to phenol
(300 mg 1I"") and glycerol (2 g17") in a 201 STR
with a 12-1 working volume for approximately a



four and a half month period. The phenol and
glycerol acclimated culture was then used as an
inoculum for shake flask experiments. Shake flask
experiments utilized various combinations of
2,4,6-TCP, phenol, and glycerol as substrates. A
series of five shake flask experiments were per-
formed over approximately a 6 month period
during which time complete primary TCP deg-
radation and stoichiometric chloride ion release
were observed. The shake flask cultures that had
been acclimated to 2,4,6-TCP as the sole carbon/
energy (C/E) source were then used as an inocu-
lum for bench scale experiments in a 4 L stirred-
tank reactor (STR) with a 21 working volume
and 2,4,6-TCP as the sole C/E source. Aseptic
conditions were maintained only for preparation
and sampling of control experiments during the
shake flask studies.

Reactors

Two bioreactors were employed in this study. A
20 1 STR (Marubishi type MSJ-20 L-1, Marubishi
Lab Equipment, Tokyo, Japan) with a 121
working volume was operated in a fed-batch
mode using automatic pH control (New Bruns-
wick Scientific Model pH-40, New Brunswick,
NJ) with base addition (NaOH 0.5 mol I"!) as
required. Agitation was achieved using two 6-
bladed disk turbine impellers (12 cm diameter,
230 rpm) and 4 internal baffles on the perimeter
of the vessel. Air was sparged at a rate of
0.33 VVM.

The 4 1 bioreactor was a Chemap® CMF 100
(Chemap AG, Volketswil, Switzerland) with a 2 1
working volume. The reactor pH and dissolved
oxygen concentration were continuously moni-
tored by Ingold oxygen and pH electrodes. Agi-
tation was achieved using one 6-bladed disk
turbine impeller (48 mm diameter, 400 rpm) and
two diametrically opposed baffles. The air sparg-
ing rate (~0.015 VVM) was low enough to observe
a decrease in DO concentration during the bio-
degradation of 2,4,6-TCP. Temperature and agi-
tation speed were continuously monitored with all
probes and sensors connected to a CBC 10 data
logger (Chemap AG, Volketswil, Switzerland).
Data was also routed to a printer (Epson LX-850)
and printed every 1, 4, or 12 min. No external pH
control was used. The pH ranged from 7.40 to7.7
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at the start and 6.9 to 7.6 at the end of the
experiment. Antifoam control was not required.

Culture conditions

Shake flask experiments (in triplicates) were per-
formed using either 0.0751 or 0.1251 working
volumes in 0.251 or 0.51 Erlenmeyer flasks,
respectively. Foam bungs were used as caps. The
flasks were agitated at 150 rpm on a rotary orbital
shaker (Eberbach Corp., Ann Arbour, MI) at
room temperature. The composition of media was
K>HPOy,, 0.5 and (NH4),SO., 0.667 g I”'. Added
to this was: (i) 25, 50, or 100 mg "' TCP (Sigma
Chemical Co., St. Louis, MO) for TCP as sole C/E
source or (ii) 50 mg I™' TCP and 300 mg 1! phe-
nol or (iii) 50 mg 1=' TCP, 300 mg 1"' phenol, and
2.5 g I"! glycerol.

A microbial inoculum from the 20 1 STR was
used for the first shake flask experiments and
several subsequent shake flask experiments. Con-
trol flasks contained autoclaved media and TCP or
autoclaved biomass. For the later shake flask
experiments, the microbial inoculum was prepared
by amalgamating all TCP degrading cultures from
earlier experiments and centrifuging it in 2-250 ml
centrifuge bottles for 10 min at 2000 x g (IEC
Central-HN bench top centrifuge, rotor #268).
The supernatant was discarded and the biomass
pellet was re-suspended with 75 ml tap water and
used as an inoculum (8.33 ml/flask).

The 20 1 STR was operated in fed-batch mode
at 23 °C. The mixed aerobic culture was recultured
twice per week. During each reculture, one fourth
of the culture was withdrawn and replaced with 3 1
fresh medium containing 8.33 g 1! glycerol (BDH
Chemical, Toronto, ON), 2 g K,HPO, (Mal-
linckrodt, Paris, KY), 2.67 g I™' (NH4),SO, and
1.33 g I"! phenol (Mallinckrodt, Paris, KY) to
bring the volume back to 12 1. The 41 STR was
operated in batch mode at 23 °C. During re-cul-
ture, the contents of the reactor were allowed to
gravity settle and 1.5 1 of supernatant was with-
drawn and replaced with 1.4 1 medium containing
0.71 g1I”' K,HPO,, 0.95¢g1™' (NH4),SO, and
200 mg or 50 mg 2,4,6-TCP for a 100 mg I"" or a
25 mg 17! 2,4,6-TCP initial concentration (from a
600 mg 17! 2,4,6-TCP solution in tap water). Tap
water was added to bring to a final working vol-
ume to 2 1.
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Analytical

Biomass determinations

Dry weight determinations were carried out by
filtering 10 ml samples through a 0.2 um pore size
cellulose nitrate membrane filter (Sartorius, Can-
lab, Toronto, ON). Residues were then washed
with 10 ml of deionized water and biomass trans-
ferred to tarred aluminium foil dishes and dried at
103 °C for 24 h or until constant weight. Mixed
liquor volatile suspended solids (MLVSS) and
mixed liquor suspended solids (MLSS) were
determined by Standard Methods (Beltrame et al.
1982) using borosilicate microfibre glass filters
(No. AP40 047 05 filters, Millipore, Bedford, MA).

Chemical analysis
Analyses of the supernatants and cell cytoplasm
were performed using high pressure liquid chro-
matography (HPLC; column, reversible ODS 11
(Regis, Morton Grove, IL), 15cm x 4.6 mm;
gradient pump, LKB 2249 (Bromma, Sweden);
integrator, Spectra Physics SP 4270 (San Jose, CA),
attenuation, 8, chart recorder speed, 0.5 cm min™';
UV detector, Gilson 116 (Middleton, WI), UV
detector wavelength, 254 nm at 0.1 AUFS; dilutor,
Gilson 401 (Villiers Le Bel, France); sample injec-
tor, Gilson 231 (Villiers Le Bel, France); cluent,
(v/v) 50:50:0.1 acetonitrile: deionized distilled wa-
ter: glacial acetic acid (Analytical Reagent, BDH,
Toronto, ON) flowrate, 0.85 ml min~') and gas
chromatography (GC; Hewlett Packard 5880A;
column, J&W DB-5 fused silica capillary
(Chromatographic Specialties, Brockville, ON),
30 m x 0.25 mm ID, 0.25 um thick film (poly-
methyl (5% phenyl) siloxane); detector, flame
ionization (300 °C); injection (275 °C), manual
(1-2 ul), splitless (30 s), initial oven temperature
(80 °C) for 1 min followed by ramping (rate of
10 °C min™") to final oven temperature (300 °C);
integrator, Hewlett Packard 5880A Series, Level
Three) for determination of phenol, 2,4,6-TCP, and
potential intermediate biodegradation products.
Chloride ion analysis was performed by ion
chromatography (IC; Dionex DX-300 series gra-
dient pump; column, IonPac™ AS 11 (4 mm ID
column); conductivity detector linked to a micro-
computer equipped with Dionex AI-450 chroma-
tography software). The eluent composition was
0.17 mM NaHCOj; and 0.18 mM Na,COs in high
purity water (>18 MQ cm Resistivity) at a flow

rate, 2.0 ml min~"; conductivity detector temper-

ature compensation, 1.7; regenerant solution,
0.025 N H,SO,.

Correction for TCP adsorption to biomass

The majority of the 4 1 STR experiments and some
of the later shake flask experiments utilized a
procedure to correct for TCP adsorption to the
biomass as follows. 1000 ul of the fermentation
broth was transferred to a clean 1.5 ml polypro-
pylene microcentrifuge tube using a micropipettor
(Eppendorf Model 4810). 500 ul of acetonitrile
(Omni-Solv®  spectrophotometry grade, BDH,
Toronto, ON) was added using a micropipettor to
the microcentrifuge tube. Contents of the micro-
centrifuge tube were mixed using a Vortex Genie'
(Scientific Industries, Bohemia, NY) on maximum
speed for 30s. The tubes were centrifuged as
above and stored at —4 °C until analysis. Aceto-
nitrile was used as a solvent because all compo-
nents of interest were soluble in it and it was a
major component of the HPLC eluent.

Cell morphology

The morphology of representative samples from
the fermentation broth of the 20 1 STR, the shake
flask TCP fed culture, and the 4 1 bench scale STR
were determined using scanning electron micros-
copy (SEM). The cells were prepared for SEM
following the method described by Hayat (1989).
A Hitachi model S-570 SEM was used at an
accelerating voltage of 15 kV. Periodic examina-
tion of all three cultures by light microscopy was
performed to observe possible changes in the
microbial composition of the mixed culture.

Results

Primary 2,4,6-TCP degradation and chloride ion
mass balance

Scanning electron microscopy performed on the
acclimated 2,4,6-TCP degrading mixed culture
showed the culture to consist almost exclusively of
floc particles containing mostly rod shaped bac-
teria. The rod-shaped microflora comprised almost
equal distribution of Gram positive and Gram
negative bacteria. Representative results obtained
in the 41 batch STR experiments are shown in



Figure 1 indicating 2,4,6-TCP concentrations and
actual and theoretical chloride (CI7) ion concen-
trations versus time at a MLVSS concentration of
120 mg 1", The actual CI” ion concentration was
the concentration measured in the fermentation
broth. The theoretical Cl™ ion concentration was
the stoichiometric concentration calculated
assuming complete dechlorination occurring with
primary degradation of 2,4,6-TCP. Volatilization
and abiotic loss of 2,4,6-TCP was ruled out based
on control shake flask experiments. All data pre-
sented has been corrected for adsorption of 2,4,6-
TCP to the biomass. Dechlorination of 2,4,6-TCP
was observed to occur within 30 h. The pattern of
actual chloride accumulation was comparable to
the theoretical value although the chloride con-
centration on a theoretical basis was slightly
higher.

Oxygen Uptake and pH

Air was supplied to the STR at a low rate allowing
changes in the dissolved oxygen concentration
(DO) to be followed during the biodegradation of
2,4,6-TCP. In most batch scale experiments, the
start of the decrease in DO and the minimum value
of DO corresponded with the start and the end of
the primary degradation, respectively. An example
of this trend is shown in Figure 2 where the de-
crease in DO (as % of saturation) is plotted
against time (time scale arbitrary to correspond to
the start of 2,4,6-TCP primary degradation) dur-
ing 2,4,6-TCP biodegradation. This data is for the
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experiment shown in Figure 1. Based on linear
regression (R*=0.9866) of the DO data shown in
Figure 2, oxygen uptake rates follow zero-order
kinetics during primary 2,4,6-TCP degradation.
Similar patterns were observed for pH; the pH
started to decrease with the onset and the mini-
mum value roughly corresponded to the end of
primary 2,4,6-TCP degradation (data not shown).

Zero-order modelling of 2,4,6-TCP degradation
kinetics

The linear portions of the 2,4,6-TCP degradation
curves were modelled as zero-order kinetics. In
Table 1 the effects of high and low initial 2.4,6-
TCP concentrations and high and low MLVSS
concentrations on zero-order specific TCP degra-
dation rate constants are compared. Based on
zero-order kinetics, 2,4,6-TCP concentrations as a
function of time during two typical experiments
are compared with the predicted 2,4,6-TCP con-
centrations in Figure 3.

Effect of biomass and 2,4,6-TCP concentration
on kinetics

The zero-order specific biodegradation rates ob-
tained for the four different operating conditions
(Table 1) were compared to determine if the initial
biomass or initial 2,4,6-TCP concentration had a
significant effect on the observed specific biodeg-
radation rates. For true zero-order biodegradation
kinetics, the specific biodegradation rate should be
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Figure 1. Degradation of 2,4,6-TCP by acclimated mixed microbial culture with an initial 2,4,6-TCP concentration of 100 mg 17'.
The mixed liquor volatile suspended solids concentration was 120 mg 17", 0, 2,4,6-TCP; <, chloride ion (actual); x, chloride ion
(theoretical — assuming complete dechlorination occurred with primary degradation).
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Figure 2. Dissolved oxygen concentration during degradation
of 2,4,6-TCP by acclimated mixed microbial culture. The
2,4,6-TCP concentration was 100 mg "', The mixed liquor
volatile suspended solids concentration was 230 mg 17"

independent of both the initial limiting substrate
concentration and the initial biomass concentra-
tion (Xj,;) with all else constant. Analysis of var-
iance (ANOVA), at a 95% confidence level,
showed that the zero-order specific degradation
rate was not a function of initial 2.4,6-TCP con-
centration, further supporting zero-order Kinetics.
However, the observed zero-order specific degra-
dation rate was found to be a function of X;,;;. The
lower Xj,; gave higher (1.5-2 fold increase) zero-
order specific degradation rates.

Search for intermediate compounds

There are several potential biodegradation inter-
mediates that are dependent on the biodegradation
pathway utilized by the mixed microbial culture
(Fahmy et al. 1994; Gardin et al. 2001). These
include products of dehalogenation before ring
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Figure 3. 2,4,6-TCP concentration during two typical experi-
ments with predicted concentrations based on zero-order
kinetics. [J, mixed liquor volatile suspended solids concentra-
tion was 120 mg 17'; <, mixed liquor volatile suspended sol-
ids concentration was 128 mg 17",

cleavage (2,4- and 2,6-dichlorophenol, 2- and 4-
chlorophenol, phenol, and catechol) and dehalo-
genation after ring cleavage (3,5-dichlorocatechol).
None of the above potential intermediate com-
pounds were detected in the cell cytoplasm or
supernatant based on HPLC analysis (data not
shown). Concentrations of 3,5-dichlorocatechol
(approximately 3 ug1™') were just above the
detection limit in lysed cell pellets. Dichlorocate-
chol was not detected in the supernatant.

Discussion

The critical step in the degradation of chlorinated
compounds is the cleavage of the carbon-chlorine

Table 1. Zero-order modelling of 2,4,6-TCP degradation by a mixed microbial culture from bench scale stirred-tank reactor

experiments

Initial TCP Initial Biomass

Zero-order Specific TCP

Linear Regression

Concentration Concentration Degradation Rate (R?) for Zero-order Fit
(mg 171 (mg 1) (mg TCP/(g MLVSS*H)*
25 120 38.2 0.9887
25 120 40.5 0.9698
25 120 39.9 0.9854
100 120 374 0.9761
100 120 35.8 0.9905
100 120 28.7 0.9883
25 240 19.6 0.9847
25 240 20.9 0.9913
25 240 23.6 0.9438
100 240 21.4 0.9863
100 240 18.7 0.9672
100 240 24.3 0.9923

“MLVSS — mixed liquor volatile suspended solids.



bond (Dasappa & Loehr 1991; Mohn & Kennedy
1992; Fahmy et al. 1994). Two different catabolic
pathways appear to have evolved for chlorophenol
degradation. The first pathway involves dehalo-
genation after ring cleavage, common for mono-,
di-, and some trichlorophenolics. The ortho ring
cleavage of 3,5-dichlorocatechol (DCC) may be
the rate-limiting step in the dehalogenation of
2,4,6-TCP after ring cleavage. It has been postu-
lated (Ditzelmuller et al. 1989) that the ring
cleavage of halocatechols is the crucial reaction
step in haloaromatic degradation because of the
inefficient ortho transformation of halocatechols
by ordinary (non-chloroaromatic) ring-cleavage
enzymes (Dorn & Knackmuss 1978; Kafkewitz
et al. 1992; Clément et al. 1995) coupled with the
formation of suicide metabolites from the meta
pathway. 2,4,6-TCP may be biodegraded through
a similar pathway (Ettala et al. 1992; Greenberg
et al. 1992) as other chlorophenols.

The second pathway involves dehalogenation
before ring cleavage, early in the degradation
mechanism. This second approach is common for
polychlorinated phenolics — penta-, tetra-, and
some trichlorophenols (Mohn & Kennedy 1992;
Fahmy et al. 1994; Gardin et al. 2001). As with
most classification systems, there are exceptions, as
with partial dechlorination of chlorophenols be-
fore ring cleavage.

After 2 months of acclimation experiments, the
2,4,6-TCP acclimated culture consistently de-
graded 0.5 mM 2.4,6-TCP in batch experiments.
Chloride ion analysis performed on reactor broth
samples during the primary degradation of 2,4,6-
TCP allowed a mass balance on chlorine during
the primary degradation of 2,4,6-TCP providing
some insight into the mechanistic aspects of 2,4,6-
TCP biodegradation. In most previous studies,
chloride ion analysis was performed infrequently
or only at the beginning and at the end of the
biodegradation study period (Karns et al. 1983;
Haggblom et al. 1989; Kelly et al. 1989; Liu &
Pacepivicius 1990). The mass balance developed
from chlorinated substrate analysis coupled with
chloride ion analysis may show the degree of
dechlorination as a function of time during pri-
mary chloro-organic biodegradation, giving some
insight into the biodegradation mechanism (Lora
et al. 2000). One example of such a system has
been reported by Kelly et al. (1989) in which 2,4-D
analysis was coupled with chloride ion analysis
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during mixed culture biodegradation studies. A
stoichiometric quantity of chloride ion was re-
leased during 2,4-D biodegradation, unequivocally
showing complete dechlorination of the compound
without the accumulation of chlorinated interme-
diates. Togna et al. (1995) and Gardin et al. (2001)
showed rapid dehalogenation by enriched anaer-
obic cultures with an optimum at a pH between 8
& 9 and 7.5 respectively.

Biodegradation of 2,4,6-TCP in this study
followed zero-order kinetics. No significant accu-
mulation of intracellular or extracellular chlori-
nated intermediates was observed. If significant
accumulation of chlorinated intermediates had
occurred, one would expect that the actual CI™ ion
concentration would have been lower than the
theoretical CI” ion concentration at some time
during 2,4,6-TCP  biodegradation, reflecting
incomplete dechlorination of intermediates. The
results (see Figure 1) showed that the actual CI™
ion concentration was usually higher than the
theoretical CI” ion concentration and that this
pattern was observed regardless of the initial
starting biomass concentration. This would suggest
that 2,4,6-TCP was immediately dechlorinated as
soon as primary degradation or uptake had
occurred without significant accumulation of
chlorinated intermediates. Similar results have
been reported for 2,4-DCP, 2,4-D and 2,4,6-TCP
by Beltrame et al. (1982), Kharoune et al. (2002)
and Aranda et al. (2003), respectively. This disap-
pearance of 2,4,6-TCP via adsorption to the bio-
mass, volatilization, and abiotic loss of 2,4,6-TCP
could be ruled ruled-out on the basis of control
shake flask experiments. Therefore, it appears that
2,4,6-TCP is rapidly dechlorinated upon uptake by
the microbes. Based on linear regression of the DO
data shown in Figure 2, oxygen concentration de-
creases linearly during primary 2,4,6-TCP degra-
dation. Since complete dechlorination and the start
and finish of increased oxygen uptake correspond
directly to 2,4,6-TCP primary degradation, com-
plete dechlorination and complete biodegradation
appear to occur nearly simultaneously. The rate-
limiting step in the kinetics of biodegradation of
2,4,6-TCP by a 2,4,6-TCP acclimated mixed cul-
ture may be the initial uptake of 2,4,6-TCP by the
microbes which coincide with the initiation of pri-
mary degradation of 2,4,6-TCP.

The values of the correlation coefficient (R?)
shown in Table 1 confirm that the biodegradation
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2,4,6-TCP by an acclimated mixed culture was
adequately modelled by zero-order kinetics. No
significant bias was observed in the residuals plots
for the zero-order modelling. The data presented
in Figure 3 indicate a good zero-order kinetics fit
of 2,4,6-TCP degradation during batch experi-
ments using a 2,4,6-TCP acclimated mixed
microbial culture. The concentration of the 2,4,6-
TCP utilizable by the microbes was low relative to
the initial cell concentration so 2.,4,6-TCP was
probably utilized at near constant cell mass. The
initial 2,4,6-TCP concentrations of 100 mg !
(0.5 mM) and 25 mg 1! (0.125 mM) were proba-
bly much greater than the half saturation constant
(Ky) for 2,4,6-TCP for this mixed culture. Chudoba
et al. (1989) found Ks=0.6 mg COD 1I"! for the
biodegradation of a feed concentration of
88.6 mg 1! 2,4-DCP (2,4-DCP as 20% of total
COD) in a completely mixed system using an
acclimated mixed culture at constant volumetric
loading with variable solids retention times. Simi-
lar operating conditions were used for the bench
STR experiments. Due to the chemical similarity
of 2,4-DCP and 2,4,6-TCP coupled with the pos-
sibility of similar biodegradation pathways similar
values of K may be expected. Under these con-
ditions (initial substrate concentration much
greater than K and non-growing microbes) the
biodegradation rate is essentially constant, zero-
order (Crosby 1981; Dominguez et al. 2002). Kelly
et al. (1989) also reported near zero order kinetics
for the primary degradation of 1000 mg 1" 2.4-
DCP as the sole carbon and energy source in
mixed culture experiments. Kharoune et al. (2002)
observed zero order kinetics for degradation of
200-400mg 1™ 2,4,6-TCP by a mixed aerobic
consortium. In contrast, Blades-Fillmore (1980)
observed neither first nor zero-order biodegrada-
tion kinetics but kinetics related to 2,4,6-TCP
concentration for 2,4,6-TCP degradation by river
water/sediment microbes at an initial concentra-
tion of 50 ug I™'. Nyholm et al. (1992) reported
first order degradation kinetics of 20-1000 g™
2,4,6-TCP as a secondary carbon source. Dasappa
and Loehr (1991) and Chang et al. (1999) also
reported first order kinetics, although the reaction
order in first case seems closer to zero order, for
300-600 mg 2,4,6-TCP kg_1 in soil and its water
soluble fraction.

Zero-order kinetics have also been observed
when the nutrient that limits the growth of the

active bacterial population is made available to the
cells at a constant rate, but the rate does not fully
meet the demand of the organisms. Uptake of
chloroaromatics as the first step in the catabolic
pathway is often ignored. The actual mechanism
of uptake into the cell and its regulation can have a
major effect on the observed biodegradation
kinetics. Energy dependent transport systems for
haloaromatic uptake by the bacterial cell have
been suggested, but not until the 1990s has a car-
rier-mediated transport system for uptake of a
haloaromatic been eclucidated (Crosby 1981;
Neilson 1990). If the limiting substrate is linked to
an active transport system for transport across the
cell membrane into the cell and this rate is slower
(and constant) than the rate of substrate utilization
within the cell, then zero-order kinetics may be
observed (Crosby 1981; Martinez et al. 2000;
Dominguez et al. 2002). This may have some merit
for 2,4,6-TCP at the high concentration used in
these experiments. As discussed earlier, the rate
limiting step in 2,4,6-TCP degradation appears to
be its uptake by the microbes. Chlorophenolics are
inherently toxic molecules acting as inhibitors of
oxidative phosphorylation. Oxidative phosphory-
lation in procaryotes occurs via electron transport
components embedded in the plasma membrane of
the cell (Brock & Madigan 1991). Microbes may
have evolved or adapted to minimize the inhibi-
tory effect of the high 2,4,6-TCP concentration by
somehow controlling the transport of 2,4,6-TCP
through the plasma membrane. If this controlled
2,4,6-TCP transport mechanism occurs at a near
constant rate and is the rate limiting step in 2,4,6-
TCP biodegradation, then zero-order kinetics
would be observed.

The zero-order specific biodegradation rates
obtained for the four different operating conditions
given in Table 1 were compared to determine if the
initial biomass or initial 2,4,6-TCP concentration
had a significant effect on the observed specific
biodegradation rates. For true zero-order biodeg-
radation kinetics, the specific biodegradation rate
is independent of both the initial limiting substrate
and the initial biomass concentration (Xj,;;) with all
else constant. It was shown by statistical analysis
(ANOVA) that the zero-order specific degradation
rate was not a function of the initial 2,4,6-TCP
concentration. However, the observed zero-order
specific degradation rate was found to be a func-
tion of Xj,;. The lower Xj,; resulted in higher



zero-order specific degradation rate constants. This
can be attributed to a lower average biomass age,
also referred as the cell retention time (0,), in
experiments where lower Xj,; occurred. This likely
occurred because of the order in which the experi-
ments were executed. All experiments using the
higher Xj,;; the viable biomass fraction was de-
pleted by normal biological decay and by less fre-
quent replacement of medium. The overall effect of
these ““biomass growth” experiments was to in-
crease the 60, during the experiments using the
higher Xi.;;. All experiments utilizing the lower
Xinit» the mass of cells withdrawn made up a greater
fraction of the total biomass in the STR. These
factors together were responsible for a lower 0, and
higher fraction of active cells.
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