
A

t
c
a
k
r
0
a
a
t
o
c
©

K

1

i
a
f
r
c
l
b
a
t
t
v

0
d

Journal of Hazardous Materials B137 (2006) 541–549

The effect of salinity conditions on kinetics of trichloroethylene
biodegradation by toluene-oxidizing cultures

Chi-Yuan Lee ∗, Wen-Der Liu
Water Resources and Environmental Engineering Program, Department of Harbor and River Engineering,

National Taiwan Ocean University, Keelung 20224, Taiwan, ROC

Received 6 December 2005; received in revised form 21 February 2006; accepted 21 February 2006
Available online 18 April 2006

bstract

This study investigates the effect of salt (NaCl) conditions on the biodegradations of trichloroethylene (TCE) by mixed cultures enriched on
oluene. Two cultures were separately cultivated in this investigation, involving culture LHTO4, cultivated with freshwater and culture HHTO4,
ultivated with 3.5% (w/v) NaCl solution. Batch tests were conducted to elucidate the degradations of toluene, TCE and a mixture of toluene
nd TCE by cultures LHTO4 at salinities of 0, 2 and 3.5% and by HHTO4 at salinity of 3.5%. The measurements were analyzed with microbial
inetics. The results show that for culture LHTO4 in the resting cells, when the transient salinities increased from 0 to 3.5%, the maximum specific
ate of TCE degradation, kTCE, declined from 2.28 to 1.45 d−1, and the observed TCE transformation capacity, Tc,obs, decreased from 0.060 to
.036 mg TCE/mg VSS. In the presence of toluene, TCE degradation was more inhibited by toluene (inhibition coefficients, KI,TOL were 0.8, 2.2,
nd 0.96 mg/L for salinity 0, 2, and 3.5%, respectively) than toluene degradation was by TCE (KI,TCE were 14, 5.8, and 1000 mg/L for salinity 0, 2,
nd 3.5%, respectively). Under long-term salinity stress, the culture HHTO4 maintained its capacity to utilize toluene but lost its effectiveness in

he cometabolic transformation of TCE: kTCE fell to 0.25 d−1 and Tc,obs dropped to 0.024 mg TCE/mg VSS. This work reveals that the degradation
f TCE by toluene-oxidizing cultures under saline conditions can be best described by the chosen kinetic equations and experimentally estimated
onstants, which can thus be used to lay a foundation for the rational design of biological processes to remove TCE from saline solutions.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Trichloroethylene (TCE), a chlorinated chemical, is prevalent
n industrial waste streams and contaminated sites. It constitutes

serious healthy risk because it is carcinogenic [1]. Except
or fresh water, this compound can be found in saline envi-
onments. Examples are the TCE contaminated groundwater in
oastal aquifers having seawater intrusion and the leachate from
andfills [2,3]. In addition, when TCE vapor is treated using a
iotrickling filter, where NaCl accumulates in the liquid phase,
phenomenon occurs that is similar to that observed during the
reatment of dichloromethane vapor [4]. And in the biotrickling
reatment of the waste gas, sodium chloride may be added to pre-
ent the excessive accumulation of biomass [5]. Kinetic analysis
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E-mail address: cylee@mail.ntou.edu.tw (C.-Y. Lee).

[
s

l
d
a
i

304-3894/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2006.02.031
etitive inhibition; Toluene

f TCE biodegradation in saline solutions is very complicated
or two reasons. Firstly, TCE cannot support bacterial growth, so
ts aerobic removal should employ cometabolic biodegradation,
n which a growth substrate, such as phenol, toluene or methane,
s used to cultivate bacteria and thus induce the required nonspe-
ific enzyme to catalyze the oxidation of TCE [6]. Second, the
resence of salt may cause an osmotic pressure to the bacteria
uring the cometabolic transformation of TCE, rendering the
uantification of degradation behaviors difficult. While exten-
ive studies on the degradation of TCE by toluene-oxidizing
ultures in freshwater have been undertaken [7–10] and in soils
11], the need to improve our understanding of the effects of
alinity on TCE degradation is increasing.

Research on TCE degradation in salt solutions is relatively

imited, despite the fact that numerous studies have been con-
ucted on the metabolism of growth substrates that have been
ffected by salinity [12–15]. Lee et al. [16] indicated that salin-
ty substantially influences TCE degradation by phenol-grown
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Nomenclature

Bf effectiveness factor for volatile substrate utiliza-
tion in a serum bottle with headspace

Hc Henry’s law constant
HHTO4 holotolerant mixed culture grown on toluene in

saline solution with 3.5% NaCl
k maximum specific substrate utilization rate (d−1)
KI inhibition coefficient (mg/L)
KS half-velocity concentration (mg/L)
LHTO4 mixed culture grown on toluene in fresh water
m number of observations
ms maintenance coefficient of bacteria (d−1)
n number of observations
RSS residual sum of squares
S substrate concentration in liquid phase (mg/L)
t time (d)
Tc,obs observed TCE transformation capacity (mg TCE/

mg VSS)
TCE trichloroethylene
TOL toluene
Va volume of the gas phase in a serum bottle (mL)
Vw volume of the liquid phase in a serum bottle (mL)
VSS volatile suspend solids
X biomass concentration (mg/L)
YG true bacterial yield (mg VSS/mg TOL)
Yobs observed bacterial yield (mg VSS/mg TOL)

Greek letter
µ specific growth rate (d−1)
µmax maximum specific growth rate (d−1)

Subscripts
obs observed
pred predicted
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(mL). Thus, the toluene utilization rate in the serum bottle will
TCE trichloroethylene
TOL toluene

ultures produced from chemostat reactors, and the degree of the
ffect depends on the growth conditions, the operating hydraulic
etention time of the reactor and the salinity of the growth
edium. Nevertheless, kinetic information on the biodegrada-

ion interactions between growth substrate and TCE in saline
ater is still lacking.
This work examines the degradation of TCE by the toluene-

rown cultures in response to salt stress. Specifically, TCE
egradations during substrate interactions between TCE and
oluene at salinities from 0 to 3.5%, are analyzed with microbial
inetics.

. Model development
.1. Toluene degradations

The overall rate of toluene utilization in solution at a par-
icular salinity is described by coupling the rate of substrate

b

−
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tilization for cell synthesis,µmaxSTOLX/YG(KS,TOL + STOL) and
hat required for the maintenance of cells due to osmotic pres-
ure, msX [4,17]. Accordingly, the substrate balance equation
an be expressed as

dSTOL

dt
= µmaxSTOLX

YG(KS,TOL + STOL)
+ msX (1)

here −dSTOL/dt is the toluene utilization rate (mg/L d), µmax
he maximum specific growth rate (d−1), STOL the toluene con-
entration (mg/L), X the biomass concentration (mg/L), KS,TOL
he toluene half-velocity concentration (mg/L), ms the mainte-
ance coefficient (d−1) and YG is the true bacterial yield (mg
olatile suspended solids (VSS)/mg toluene). The rate of decay
s negligible, so the net rate of bacterial growth is simplified to

dX

dt
= µmaxSTOLX

KS,TOL + STOL
(2)

The observed bacterial yield, Yobs, is defined as the ratio of
acterial production to overall substrate utilization, −dX/dSTOL.
qs. (1) and (2) yield the following relationship between Yobs
nd YG,

1

Yobs
= 1

YG
+ ms

µ
(3)

here µ = µmaxSTOL/(KS,TOL + STOL). The maximum specific
ubstrate utilization rate, kTOL (d−1), is defined as the maxi-
um specific growth rate divided by the observed bacterial yield,
max/Yobs. The following substitutions are made into Eq. (1):

s = µ

[
1

Yobs
− 1

YG

]
; kTOL = µmax

Yobs

q. (1) becomes

dSTOL

dt
= kTOLSTOLX

KS,TOL + STOL
(4)

imilarly, µmax in Eq. (2) can be replaced by YobskTOL, yielding
nother expression of bacterial growth:

dX

dt
= Yobs

kTOLSTOLX

KS,TOL + STOL
= −Yobs

dSTOL

dt
(5)

When the test is conducted in a serum bottle with headspace,
oluene is present in both the liquid and the gas phases. While
acteria are consuming toluene, the substrate depletion rate
epends on the concentration of the liquid, but the amount trans-
erred from the gas phase to the liquid phase must be considered.
herefore, an effectiveness factor of Bf [18] is used to account

or this effect, which is expressed as

f = 1

1 + Hc(Va/Vw)
(6)

here Hc is the Henry’s constant (dimensionless), Va the volume
f the gas phase (mL), and Vw the volume of the liquid phase
e

dSTOL

dt
= BfkTOLSTOLX

KS,TOL + STOL
(7)
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.2. Degradations of TCE

During TCE degradation by toluene degraders, the bacteria
ill be inactivated because of the toxicity of intermediate com-
ounds [6]. Therefore, at a certain salinity, the measurement of
CE mass degraded by a unit mass of bacteria before deacti-
ation is important to quantify the bacterial activity, for which
he parameter of transformation capacity developed by Alvarez-
ohen and McCarty [19] can be employed. Incorporating the
oncepts of transformation capacity and Monod kinetics, the
quations of TCE degradations and net growth rate in resting
ells can be expressed as [19–22]:

dSTCE

dt
= BfkTCESTCEX

KS,TCE + STCE
(8)

dX

dt
= 1

Tc,obs

dSTCE

dt
(9)

here Tc,obs is the observed transformation capacity
mg TCE/mg VSS). Bf is determined from Eq. (6), which
s used to account for the effect of TCE transferred from the gas
hase to the liquid phase. In the presence of toluene and TCE,
ompetitive inhibition of TCE degradation probably occurs,
o the kinetics of toluene and TCE depletions, as well as of
acterial growth are modified as follows [22]:

dSTOL

dt
= Bf,TOLkTOLSTOLX

KS,TOL(1 + STCE/KI,TCE) + STOL
(10)

dSTCE

dt
= Bf,TCEkTCESTCEX

KS,TCE(1 + STOL/KI,TOL) + STCE
(11)

dX

dt
= −Yobs

dSTOL

dt
+ 1

Tc,obs

dSTCE

dt
(12)

here KI,TCE is the coefficient that express the inhibition by TCE
o toluene utilization (mg/L) and KI,TOL is the coefficient that
xpresses the inhibition by toluene to TCE degradation (mg/L).

small coefficient reveals a high toxicity that the compound
an exert.

. Materials and methods

.1. Chemicals

TCE (GR grade) was purchased from Merck Co. (Merck
aiwan Ltd.). TCE-saturated water solution was prepared by

njecting 10 mL of pure TCE into a 125 mL vial that had been
lled with 80 mL of distilled water and capped with a Teflon-

ined rubber septum. The contents of the vial were vigorously
ixed for 1 min and allowed to settle for 2 h before they were

sed, resulting in a saturated TCE concentration of 1100 mg/L.
oluene with a purity of 99.7% was obtained from Alps Chem.
o., Ltd. (Taiwan). Similarly, the toluene-saturated stock solu-
ion was prepared by injecting 5 mL of pure toluene into a
25 mL serum bottle that had been filled with 80 mL of dis-
illed water, finally yielding a saturated toluene concentration
f 515 mg/L. Sodium chloride (NaCl purity of 100.2%), used

i
t
t
w
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o prepare saline solutions, was obtained from Baker Analyzed
USA).

.2. Mixed cultures cultivated with fresh solution

The mixed culture LHTO4, a low halotolerant toluene oxi-
izer, was cultivated with freshwater to examine the effect of
alinity on the activity of the bacteria in degrading toluene and
CE. The culture was initially seeded with sediment obtained

rom Keelung Harbor, Taiwan. About 500 mL of culture was cul-
ivated in a 1 L flask using the fill-and-draw method, in which
he toluene was the only source of carbon and the mineral

edium contained (in g/L) K2HPO4 (0.68), KH2PO4 (0.52),
NH4)2SO4 (0.71), MgSO4·7H2O (0.88), MnCl2·4H2O (0.001),
aCl2·2H2O (0.026), FeSO4·7H2O (0.0012) and Na2MoO4

0.002) [23]. It was cultivated in 1-week cycles, in each of
hich approximately 400 mL of mixed liquor was decanted

nd replaced with liquid medium, and then toluene was added,
ielding an initial toluene concentration of 65 mg/L in the liquid
hase.

.3. Mixed cultures cultivated with saline solutions

The mixed culture HHTO4, a halotolerant toluene oxidizer,
as cultivated in parallel with saline solution to explore the

ffect of long-term salinity stress on the toluene-grown culture
n degrading toluene and TCE. Cultivations of the saline culture
egan with placing culture LHTO4 in 3.5% salt (w/v) solution.
he medium composition of the saline solutions, the experi-
ental setups, and operational procedures were those used to

ultivate LHTO4.
During the cultivation of cultures LHTO4 and HHTO4,

oluene concentration, volatile suspended solid content, and
alinity were periodically measured. Both cultures had been cul-
ivated for 16 months before degradation tests were performed.

.4. Batch experiments

Three test sets were carried out to evaluate the ability of cul-
ure LHTO4 to degrade TCE under transient salt stress. In the
rst set (set LH-I), the influence of transient salinity on toluene
egradation was investigated. The batch test began by taking
bout 50 mL fresh bacterial suspension from the flask, to which
oluene had been added 1 d before. Prior to the experiment, the
acterial suspension had been aerated for 2 h to expel residual
oluene, and then placed in a 125 mL serum bottle. Each bot-
le contained the required amount of NaCl salt to yield desired
alinity (covered 0, 2, and 3.5%). The serum bottle was sealed
ith a 3 mm Teflon-lined rubber septum and crimp-top caps
efore the appropriate mass of substrate was injected. In set
H-I, with a cell mass of 36 mg/L, only toluene-saturated solu-

ions (3.89 mL for test at 0% NaCl, 4.04 mL at 2% NaCl, and
.18 mL at 3.5% NaCl) were added, yielding 30 mg/L of toluene

n the liquid phase. In set LH-II, the initial biomass concentra-
ion was 51 mg/L and only TCE-saturated solutions (208 �L for
est at 0% NaCl, 220 �L at 2% NaCl, and 227 �L at 3.5% NaCl)
ere injected to yield a liquid TCE concentration of 3 mg/L.
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n set LH-III, the initial biomass concentration was maintained
t 38.5 mg/L and the solutions contained mixtures of toluene
30 mg/L) and TCE (3 mg/L). After the substrates had been
dded, the serum bottles were mixed vigorously by hands for
min and then were shaking at 165 rpm to ensure that equilib-

ium is reached between the liquid and the headspace. During
ncubation, these serum bottles were kept at 25 ◦C chamber. All
atch experiments were conducted in triplicate.

The degradation capability of culture HHTO4 was examined
t 3.5% NaCl concentration. Three test sets were used: set HH-I
o investigate the degradation of toluene, set HH-II to exam-
ne TCE degradation, and set HH-III to explore the degradation
f mixtures of toluene and TCE. The experimental setups and
rocedures were the same as those used for the culture LHTO4.

.5. Analytical methods

The mass of the volatile suspended solids (VSS) was
easured gravimetrically from the difference between the mass

f cells stored at 103 ◦C overnight and the mass of the cells
fter combustion at 550 ◦C for 1 h. The toluene and TCE con-
entrations were determined from the headspace, from which
gas sample of 20 �L was withdrawn using a gas-tight syringe
nd injected into a gas chromatograph (GC, Hewlett Packard
890). The GC was equipped with a flame-ionized detector
FID) and a column of DB-5 (30 m, 0.32 mm, and 0.25 �m).
he temperature of the oven was maintained at 65 ◦C, that of the

njection port was maintained at 250 ◦C and that of the detector
as maintained at 275 ◦C. The dimensionless Henry’s constant,
c, at 25 ◦C and at various salinities were 0.224 (for an NaCl

alinity of 0%), 0.259 (2%) and 0.290 (3.5%) for toluene and
.351 (for an NaCl salinity of 0%), 0.407 (2%) and 0.442
3.5%) for TCE [24]. Hc was used to calculate the substrate
oncentration in the liquid phase from the concentration of the
eadspace and to determine Bf from Eq. (6).

.6. Determinations of kinetic constants

.6.1. Determinations of Yobs, kTOL and KS,TOL using test
ets LH-I and HH-I

Test sets LH-I and HH-I were employed to determine the
oefficients of Yobs, kTOL, and KS,TOL and thus elucidate toluene
egradation. The observed bacterial yield, Yobs, is presented
s the ratio of the increment of biomass to the depletion of
oluene during the growth phase [10]. The parameters kTOL
nd KS,TOL were evaluated simultaneously from Eqs. (5) and
7), by inputting the initial biomass and the measured toluene
oncentrations during incubation. The optimal values of kTOL
nd KS,TOL were found by nonlinear regression, as presented
elow. The objective function for the optimal coefficients of
TOL and KS,TOL is

in RSS = min
n∑1

(Si,pred − Si,obs)
2 (13)
i=1
n

here Si,obs and Si,pred are the toluene concentrations measured
nd predicted at time i, respectively, and n is the number of
bservations.

4

L

us Materials B137 (2006) 541–549

.6.2. Determinations of Tc,obs, kTCE and KS,TCE by test sets
H-II and HH-II

The TCE mass that transformed must be determined to yield
c,obs. The amount of TCE degraded in the resting cells is the
ifference between the TCE mass initially added to the serum
ottle and that at the conclusion of test. In the absence of toluene,
c,obs equals the removed TCE mass divided by the amount of
iomass initially added; in the presence of toluene, the biomass
ust be adjusted, such that the adjusted biomass consists of

hat initially added and that synthesized by the consumption of
oluene (Yobs times the mass of toluene is consumed).

kTCE and KS,TCE were determined by inputting the initial
iomass, the values of Tc,obs, and the TCE concentrations after
arious elapsed times of incubation into Eqs. (8) and (9). The
ptimal values of kTCE and KS,TCE were found by nonlinear
egression. The objective function is Eq. (13), where Si,obs and
i,pred are the TCE concentrations measured and predicted at
ime i, respectively, and n is the number of observations.

.6.3. Determinations of KI,TOL, KI,TCE by test sets LH-III
nd HH-III

In the presence of both toluene and TCE, coefficients KI,TOL,
I,TCE specify the extent of competitive inhibition. For each run
ith test sets LH-III and HH-III, the measured concentrations
f TCE and toluene, and initial biomass and parameters of Yobs,
TOL, KS,TOL, kTCE, KS,TCE and Tc,obs were substituted into Eqs.
10)–(12) to yield the optimal parameters KI,TOL and KI,TCE.
he optimal values of KI,TOL and KI,TCE were determined by
onlinear regression based on the objective function,

in RSS = min

[
n∑

i=1

1

n

(Si,TOL,pred − Si,TOL,obs)2

S2
o,TOL

+
m∑

j=1

1

m

(Sj,TCE,pred − Sj,TCE,obs)

S2
o,TCE

2
⎤
⎦ (14)

here Si,TOL,pred and Si,TOL,obs are the predicted and observed
oluene concentrations, and Sj,TCE,pred and Sj,TCE,obs are the pre-
icted and observed TCE concentrations, respectively. So,TOL
nd So,TCE are the initial concentrations of toluene and TCE,
espectively. n and m represent the numbers of observations.

.6.4. Numerical method for evaluating optimal parameters
Nonlinear regression was applied to search for the optimal

alues of the kinetic parameters. Fourth-order Runge–Kutta
lgorithms were coded to solve the differential equations. A
atlab (Matlab 6.5, The Math Works, Inc.) computer program
as run on a personal computer to perform an iterative search

o find a least-square fit to the data.

. Results
.1. Toluene degradations

The application of transient salinity to freshwater culture
HTO4 suppressed toluene degradation. Given an initial con-
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Fig. 1. Toluene biodegradation by culture LHTO4 under different NaCl concen-
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T
B

T
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L

L
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rations. Symbols are observations of batch test set LH-I; curves are generated
sing Eqs. (5) and (7) by inputs of parameters listed in Table 1.

entration of toluene of 30 mg/L and an initial concentration of
iomass of 36 mg/L in salt-free solutions, 2 h are required to
egrade the compound completely. Complete degradation took
3 h when the salt concentration was increased to 3.5% (Fig. 1).
his culture also exhibited a trend of declining observed cell
ield, Yobs from 0.61 to 0.54 mg VSS/mg TOL as the salt con-
entration is raised from 0 to 3.5% (Table 1).

Table 1 presents the best-fit kinetic coefficients of toluene
egradation by culture LHTO4 in response to salt stress. The
TOL values fell from 20.9 to 3.6 d−1 as the NaCl concentra-
ion increased from 0 to 3.5%, while KS,TOL was maintained at
.9 mg/L at all tested salinities. The decline of k at 2% NaCl
TOL
as 25%, and that at 3.5% was 89%. The response of culture
HTO4 to the salt stress was similar to those in the trickle-bed
ioreactor, reported by Schönduve et al. [5], who found that the

m
r
0

able 1
iodegradation kinetic parameters for culture LHTO4 under different NaCl concentr

est set Substrate Parameters

H-I Toluene Maximum specific toluene degradation rate, kT

Half-velocity concentration for toluene, KS,TO

Observed bacterial yield, Yobs (mg VSS/mg TO
H-II TCE Maximum specific TCE degradation rate, kTCE

Half-velocity concentration for TCE, KS,TCE (
Observed TCE transformation capacity, Tc,obs

H-IIIb Mixture of toluene
and TCE

Observed TCE transformation capacity, Tc,obs

Competitive inhibition constant of toluene on
Competitive inhibition constant of TCE on tol

a Average ± standard deviation.
b For modeling degradation data in test set LH-III, the kinetic constants of kTOL, K
onstants of kTCE, and KS,TCE are obtained from the determinations by LH-II.
ig. 2. TCE biodegradation by culture LHTO4 under different NaCl concen-
rations. Symbols are observations of batch experiments; curves are generated
sing Eqs. (8) and (9) by inputs of parameters listed in Table 1.

oluene reaction rate decreased by 25% when the NaCl concen-
ration reached 2.3%. Fig. 1 reveals a good agreement between
he predictions and the observations, suggesting that the degra-
ation of toluene under shock salinity follows noncompetitive
nhibition kinetics.

.2. Degradation of TCE by resting cells

Fig. 2 displays the variations of TCE degradation by rest-
ng cells at salinity from 0 to 3.5%. Even after 30 h of incu-
ation, TCE cannot be completely degraded, and the residual
CE concentration increased with salinity. These data demon-
icroorganisms to cometabolically degrade TCE. Based on the
emoved TCE mass, the values of Tc,obs were 0.060, 0.048 and
.036 mg TCE/mg VSS at 0, 2 and 3.5% salinities, respectively.

ations

NaCl (%)

0 2 3.5

OL (d−1) 20.9 ± 0.37a 15.7 ± 0.37 3.55 ± 0.042

L (mg/L) 2.9 2.9 2.9
L) 0.61 0.57 0.54
(d−1) 2.28 ± 0.10 1.83 ± 0.39 1.45 ± 0.39

mg/L) 7.9 7.9 7.9
(mg TCE/mg VSS) 0.060 0.048 0.036
(mg TCE/mg VSS) 0.041 0.039 0.039

TCE, KI,TOL (mg/L) 0.80 ± 0.45 2.2 ± 1.2 0.96 ± 0.50
uene, KI,TCE (mg/L) 14 ± 4.5 5.8 ± 0.67 1000

S,TOL, and Yobs are obtained from the determinations by LH-I, and the kinetic
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Fig. 4 depicts the degradation patterns of toluene, TCE
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he best-fit kinetic degradation parameters of KS,TCE were main-
ained at 7.9 mg/L, but kTCE decreased from 2.28 to 1.45 d−1

s the salinity was increased from 0 to 3.5% (Table 1). Again,
ig. 2 shows that the predications are highly consistent with the
bservations, indicating that NaCl is a noncompetitive inhibitor
uring TCE biodegradation by culture LHTO4.

.3. Competitive inhibition of TCE degradation

In the presence of toluene, the degradations of TCE by culture
HTO4 in response to saline pressure became very complicated,
ecause competitive inhibition occurs between TCE and toluene.
he inhibition of TCE degradation by toluene was observed

n the beginning period of incubation as the TCE degradation
egan only after the toluene had almost completely degraded
Fig. 3). However, toluene degradation was less inhibited by

CE, because the utilization rate remained almost the same as

hat when TCE was absent; this result is similar to that in other
eports [9,25–27].

ig. 3. Biodegradation of toluene (TOL) and TCE mixture by culture LHTO4
nder different saline conditions: NaCl = 0% (A); NaCl = 2% (B); NaCl = 3.5%
C). Symbols (dots: toluene, triangles: TCE) are observations of batch experi-
ents; curves are generated using Eqs. (10)–(12) by inputs of parameters listed

n Table 1.
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The relative toxicity between TCE and toluene at 0–3.5%
alinity was determined by simultaneously solving Eqs.
10)–(12) for parameters KI,TOL and KI,TCE. Table 1 summarizes
he values of KI,TOL (0.80, 2.2 and 0.96 mg/L) and KI,TCE (14, 5.8
nd 1000 mg/L). This kinetic analysis supports two inferences.
irst, a comparison of KI,TOL with KI,TCE confirms that the TCE
egradation is more inhibited by toluene than the degradation
f toluene is inhibited by TCE, because KI,TOL was less than
I,TCE. Second, the inhibition by toluene on TCE degradation
as generally unrelated to salinity but the inhibition by TCE was

argely affected by salinity, e.g., at salinity of 3.5% the toxicity
f TCE was considerably reduced, as KI,TCE rose to 1000 mg/L.

.4. Degradation of TCE by saline culture HHTO4
n resting cells, and mixtures of TCE and toluene by halo-
olerant culture HHTO4. These halotolerant cultures rapidly

ig. 4. Biodegradations of toluene (TOL) (A), TCE (B), and toluene and TCE
ixture (C) by HHTO4 in NaCl = 3.5% solutions. Symbols (dots: toluene, tri-

ngles: TCE, crosses: control) are observations of batch experiments; curves
re generated using Eqs. (5)–(12). In panel (C) dash line is generated by using

TCE = 0.25 d−1 (the same as that estimated in resting cells) where the solid line
s generated by using the best-fit value of kTCE = 1.02 d−1.
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Table 2
Biodegradation kinetic parameters for culture HHTO4 under NaCl concentration at 3.5%

Test set Substrate Parameters NaCl (%)
3.5

HH-I Toluene Maximum specific toluene degradation rate, kTOL (d−1) 5.52 ± 1.25a

Half-velocity concentration for toluene, KS,TOL (mg/L) 3.1
Observed bacterial yield, Yobs (mg VSS/mg TOL) 1.0

HH-II TCE Maximum specific TCE Degradation rate, kTCE (d−1) 0.25 ± 0.022
Half-velocity concentration for TCE, KS,TCE (mg/L) 7.8
Observed TCE transformation capacity, Tc,obs (mg TCE/mg VSS) 0.024

HH-IIIb Mixture of toluene and TCE Maximum specific TCE Degradation rate, kTCE (d−1) 1.02 ± 0.19
Half-velocity concentration for TCE, KS,TCE (mg/L) 7.8
Observed TCE transformation capacity, Tc,obs (mg TCE/mg VSS) 0.036
Competitive inhibition constant of toluene on TCE, KI,TOL (mg/L) 2.0 ± 0.8

nhibit

OL, K

d
o
v
s
h
f
T
0
w
e
t
0

b
c
T
v
(
p
t

5

5

w
s
t
d
I
p
t
T
b
T

t
c
K

t
3
m
s
d

5

b
f
t
c
t
t
f
s
d
y
l
t
T
t
T
s
p
s
o
w
o
t
m
d
p
w
a

Competitive i

a Average ± standard deviation.
b For modeling degradation data in test set HH-III, the kinetic constants of kT

egraded toluene in 4 h when an initial liquid concentration
f 30 mg/L toluene was incubated, yielding kTOL = 5.52 d−1, a
alue greater than that obtained using culture LHTO4 at 3.5%
alinity (Table 2). However, the HHTO4 culture in resting cells
ad a very small capability to catalyze the cometabolic trans-
ormation of TCE. For instance, the corresponding value of
c,obs was 0.024 mg TCE/mg VSS and that of kTCE was only
.25 d−1; both values were much less than those for fresh-
ater culture LHTO4 at 3.5% salinity. However, in the pres-

nce of 30 mg/L of toluene, TCE degradation by HHTO4 cul-
ure was markedly improved. Specifically, the Tc,obs rose to
.036 mg TCE/mg VSS, and kTCE increased to 1.02 d−1.

The inhibition of TCE degradation also occurred in the
eginning 5 h of incubation as toluene is present (Fig. 4). By
omparing inhibition coefficients, the relative toxicity between
CE and toluene was easily distinguished, where the KI,TCE
alue (1000 mg/L) is two orders of magnitude larger than KI,TOL
2.0 mg/L), indicating that the inhibition of toluene by the
resence of TCE is weaker than that of TCE degradation by
oluene.

. Discussion

.1. Kinetic equations and associated constants

Kinetic analysis of TCE cometabolic transformation in saline
ater is very difficult because NaCl hinders the degradation of

ubstrate. In this work, the behaviors of toluene-oxidizing cul-
ures in degrading TCE at 0–3.5% salinity were accurately pre-
icted using the kinetic equations and the best-fitted parameters.
t is the incorporation of important concepts, involving the com-
etitive inhibition kinetics for substrate interactions between
oluene and TCE (KI,TCE and KI,TOL), the finite capacity for
CE transformation (Tc,obs), and modified Monod kinetics for
acterial growth caused by osmotic pressure (Yobs) that makes
CE degradation modeling successful.
Some investigators [10,20,22,26] hold that for salt-free solu-
ions, the competitive inhibition coefficients (such as KI,TOL)
an be simply replaced with half-velocity coefficients (such as
S,TOL). This replacement can only be made for TCE degrada-

p

n
s

ion constant of TCE on toluene, KI,TCE (mg/L) 1000

S,TOL, and Yobs are obtained from the determinations by HH-I.

ion because KI,TOL (0.8, 2.19, and 0.96 mg/L for salinity 0, 2,
.5%, respectively) are very close to KS,TOL (2.9 mg/L). This
ethod cannot be used to describe toluene degradation at high

alinity, since the values of KI,TCE (1000 mg/L at 3.5% salinity)
iffer greatly from KS,TCE (7.9 mg/L).

.2. Influence of salinity on toluene-grown cultures

Although numerous studies reported the degradation of TCE
y cultures enriched on toluene [7–10,20,26,28,29], relatively
ew have addressed the effect of salinity on the biodegrada-
ion kinetics. This study first quantified the effect of the salinity
onditions on the ability of toluene-grown cultures to degrade
oluene and TCE through kinetic study. Based on the quantifica-
ion results, toluene-oxidizing cultures exhibit three distinctive
eatures in response to osmotic stress. First, applying a transient
alinity stress to freshwater cultures consistently reduced the
egradation rates of toluene and TCE, as well as the biomass
ields. However, long-term salinity caused only the culture to
ose its capability to degrade TCE but not toluene. Second,
he presence of toluene greatly improved the degradation of
CE by halotolerant culture. The kTCE value in the presence of

oluene is four times higher than that in the absence of toluene.
his phenomenon differs from that for freshwater culture under
hock salinity stress, for which the kTCE is the same in both the
resence and absence of toluene. Finally, applying a short-term
alt stress to freshwater culture reduced bacterial yield, but the
bserved bacterial yield, Yobs, for halotolerant culture HHTO4
as increased to 1.0 mg VSS/mg TOL, a value even greater than
btained that in freshwater. The above results imply that the
oluene-oxidizing culture copes with salt stress by two different

echanisms. Under shock salinity loads, the culture might pro-
uce compatible solutes from the substrate to maintain a turgor
ressure, but under long-term salinity stress, the culture under-
ent evolutionary changes in their intracellular composition as
mechanism of osmotic adaptation, resulting in totally different

hysiologies of the culture [30].

The findings from this study lay a foundation in the ratio-
al design of biological process systems to remove TCE from
aline water, e.g., biotrickling filters for TCE vapor treatment.
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ince the NaCl salt appears to be a significant impact on bac-
erial activity, it is necessary that the level and duration of salt
oads to the reactors be properly controlled. Subsequent inves-
igations should be conducted toward revealing process kinetics
f treatment systems under various salinity conditions, as well
s to optimize operational parameters.

. Conclusions

The following conclusions can be drawn from this study.

. Applying transient saline stress to the culture cultivated in
freshwater (LHTO4 culture) reduces the toluene utilization
rate, the TCE degradation rate and the cell yields. NaCl is a
noncompetitive inhibitor during the degradation of toluene
and TCE.

. In long-term 3.5% salinity, the culture underwent physio-
logical changes into a halotolerant culture (HHTO4). This
microorganism maintained most of its capability to consume
toluene but its power to catalyze the cometabolic transfor-
mation of TCE declined substantially.

. The inhibition by toluene on TCE degradation exceeds that
by TCE on toluene degradation for cultures LHTO4 across
0–3.5% salinity and HHTO4 at 3.5% salinity. For culture
LHTO4 under 0–3.5% salt stress, the inhibition of toluene
is unrelated to salt content but the inhibition of TCE falls
considerably as the NaCl concentration is raised to 3.5%.

. Through incorporating important concepts of modified
Monod kinetics, a finite capacity for TCE transformation,
and competitive inhibition kinetics into the kinetic equations,
this study successfully predicts the degradations of toluene,
TCE and mixtures of toluene and TCE by cultures LHTO4
at 0–3.5% salinities and HHTO4 at 3.5% salinity. The find-
ings from this work demonstrated the applicability of the
employed microbial kinetics to the rational design of biolog-
ical processes for removing TCE from saline solutions.
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