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a b s t r a c t

This novel-attempt study used chemostat pulse technique (CPT) and transient dynamics of dissolved
oxygen (DO) in CSTR to quantify stimulating or inhibitory effects of augmented nutrient sources in
the presence of phenol upon Cupriavidus taiwanensis R186. With injected augmented nutrients, phe-
nol degradation performance of R186 was directly dependent on combined toxicity between phenol and
the augmented substrate and the biodegradability of phenol. The findings indicated that although phenol
was toxic to R186, all augmented nutrient sources still exhibited stimulating effects to bacterial growth
of R186 in the presence of phenol. The simulating rankings of augmented nutrients were (1) at 200 mg/L,
acetic acid > gluconic acid > yeast extract > glycerol � phenol alone, (2) at 1000 mg/L, gluconic acid > acetic
iostimulation
henol degradation

acid > glycerol > yeast extract � phenol alone. This stimulating effect clearly suggested that this combined
toxicity was antagonistic. It was also revealed that transient responses of DO seemed to be in parallel with
the findings from CPT. It was thus concluded that substrate consumption patterns would play the most
significant role in biostimulation to cultures with dual energy sources. This study can help uncover the
mysteries of optimal biostimulation for phenol degradation as proposed in previous studies. In addition,
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. Introduction

Among Cupriavidus taiwanensis strains isolated from southwest
aiwan, the C. taiwanensis R186 (R186 for short; original taxon-
my of Cupriavidus genus was Ralstonia [1]) strain demonstrated
n excellent capability to grow on a medium containing phenol
r TCE as a carbon source [2,3]. Compared to other phenol biode-
raders [3,4], R186 displayed a superior phenol biodegradability
s well as tolerance (up to ca. 900 mg/L) in the phenol-bearing
edia. The dependence of phenol degradation described by Hal-

ane’s model also demonstrated that the optimal degradation rate
as 61 �mol/mol/g cell occurring at a phenol concentration of
28 �M [3]. In addition, apparently the low saturation constant (Ks)
f 5.46 �M and high inhibition constant of 9075 �M indicated a
romising feasibility of R186 for practical bioremediation.
To determine the threshold criteria for process optimization of
henol degradation, previous studies [5,6] showed that phenol tox-

city played a significant role to reduce the performance of phenol
iodegradation. Thus, the strategy of biostimulation via augmenta-

∗ Corresponding author. Fax: +886 39357025.
E-mail addresses: bychen@niu.edu.tw, boryannchen@yahoo.com.tw,

ychen@mail.niu.ed (B.-Y. Chen).
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inetic model to quantify the relative stimulation ranking of augmented
enol for practical bioremediation.

© 2008 Elsevier B.V. All rights reserved.

ion of energy source to enhance phenol degradation was proposed
5]. Their findings [5,6] in batch cultures also revealed that optimal
henol degradation was observed in cultures with a dual carbon
ource of glycerol and phenol. The reasons to cause such an optimal
egradation are straightforward. As the utilization of glycerol was
t least partially associated with the metabolism of phenol degra-
ation for simultaneous consumption, the monophasic growth

nstead of diauxic growth behavior in the cultures with a dual car-
on source of glycerol and phenol was thus revealed [6]. Due to
his non-diauxic growth characteristics and sufficient energy effi-
iently provided from glycerol consumption, R186 could degrade
henol much more effectively. However, to have overall optimiza-
ion for biostimulation, some mysteries behind these findings still
emained open to be uncovered. For example, whether combined
nteractions of phenol toxicity (e.g., syngerism or antagonism [7])
r substrate consumption patterns (e.g., diauxic or non-diauxic
rowth [8]) plays a crucial role to control the performance of phenol
egradation in cultures containing a mixture of phenol and the aug-
ented substrate. That is, this study is useful in finding plausible
nswers to mysteries of phenol toxicity not completely unlocked in
revious studies [5,6].

To disclose these unsolved mysteries, our novel attempt of
chemostat pulse technique” (CPT [9]) was first carried out in
ursuit of quantitative rankings of toxicity of augmented energy

http://www.sciencedirect.com/science/journal/03043894
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mailto:bychen@niu.edu.tw
mailto:boryannchen@yahoo.com.tw
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dx.doi.org/10.1016/j.jhazmat.2008.06.107
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Nomenclature

a rate constant of phenol-loss due to the air flow in
CSTR (h−1)

cin intracellular augmented nutrient concentration
(mg/L)

cex extracellular augmented nutrient concentration
(mg/L)

C* saturated dissolved oxygen concentration
(100% ∼= 6.7 ppm at 37 ◦C, 1 atm)

CL dissolved oxygen (DO) concentration (%)
D dilution rate (h−1)
G Gibbs free energy (joule)
kLa oxygen transfer coefficient (h−1)
�k inhibitory (+) or stimulating (−) rate constant to

bacterial growth (L mg−1 h−1)
m injected amount of tested phenol and/or augmented

nutrient (mg)
qO2 specific oxygen uptake per unit cell concentration

(ppm h−1 L g−1)
S augmented nutrient and/or phenol concentration

(mg/L)
tlag lag time for growth second growth phase (h)
t0 time delay in response to pulse injection (h)
X cell concentration (g/L)

Greek letters
ı(t) Dirac delta function or the unit impulse function (i.e.

ı(t) =
{

0 t /= 0
∞ t = 0

and

∫ ∞

0

ı(t)dt = 1)

� specific growth rate (h−1; � = dlnX/dt)
� maximal specific growth rate (h−1)
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2.1. Microorganism and culture conditions
max

∀ for all

ources in the presence of phenol. Although our first-attempt study
5] used the terms in toxicology (e.g., acute and chronic toxicity) to
uantitatively asses all effects of energy sources in dual-substrate
ystems, these toxicity factors still could not be applicable in kinetic
odeling for bioremediation. Thus, this study tended to seek for a

ovel attempt of feasibility assessment on biodegradation of toxic
r inhibitory chemicals with the perspective of biochemical engi-
eering. This approach (i.e., chemostat pulse technique (CPT)) could
lso be used in diverse applications in environment. As known, in a
losed batch system the growth rate of cell population would tend
owards zero either due to lack of essential nutrient(s) or gradual
ccumulation of inhibitory products/intermediates (i.e., factors for
opulation saturation); hence such systems are always in transient
tates [10]. In contrast, in the open system (e.g., CSTR) there is the
ossibility that the rate of conversion of substrate to biomass will
alance the rate of washout of the biomass. Thus, a steady state
ay be established (i.e., � = D if D < �max). With the steady-state

ehaviors in CSTR, the CPT via an instantaneous injection could
e applied to identify the inhibitory or stimulating source(s) dur-

ng biostimulation. This CPT not only can be applicable to define
he toxic sources, but also quantify toxic level of suspected chemi-
als present in the culture. Thus, using CPT as a standard measure,
uantitative rankings of toxicity of augmented energy sources to
he growth of R186 in the presence of phenol could be obtained.

fter a steady-state growth in continuous culture was achieved,

he process of testing substrate mixtures (i.e., augmented sub-
trate and/or phenol herein) toxic (or inhibitory) to growth was
onducted. As known, the growth rate in the exponential growth

M
y
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hase for batch cultures [9–12] was used as an equilibrium outcome
f metabolic status in cells in response to a hostile environment
e.g., phenol-bearing wastewater). Such a core perspective could
e extended herein to steady-state bacterial cultures in CSTR for
oxicity assessment. First, phenol and/or the augmented substrate
ere intentionally injected into the culture broth individually as

ubstrate(s) of either growth-stimulation or inhibition. After the
mpulse injection, allowing for a lag period of time to elapse the
ell and dye concentration were continuously determined [11]. So
ong as the injected substrate stimulated the growth characteristics,
n increase in injected substrate concentration should apparently
ield a proportional increase in cell concentration. In contrast, if
he injected source contained toxic or inhibitory compositions, an
ncrease in injected source concentration should yield a marked
ecrease of cell concentration [11].

As phenol is a well-known toxic pollutant, it is crucial to inves-
igate the critical condition of its biodegradability and address the
cientific feasibility of bioremediation prior to practical applica-
ions on site. Thus, this study is prioritized to explore whether
here exists a noteworthy change in combined toxicity of phenol
ith augmented energy source to R186. The combined toxicity may

e either increased (synergism) or decreased (antagonism) [7,12].
ynergistic toxic effects are defined as those in which the toxicity
bserved in the presence of two or more toxiciants exceeds that
redicted from the sum of the toxic effects of each chemical act-

ng alone (e.g., 2 + 2 = 5 > 4). In contrast, when two chemicals act
ntagonistically, the combined toxicity is cloaked to be less than
hat could be predicted from individual toxicities (e.g., 2 + 2 = 3 < 4).

hus, the objective of this study was to provide a first attempt from
toxicological perspective to put forward, in significant terms and
uantitative evaluations, to the simulating or inhibitory effect of
ugmented energy source to the growth of R186 using the CPT. In
ddition, this feasibility study is being conducted to develop an
peration guideline that would give on-site professionals a promis-
ng chance to examine practical biotreatment before they launch
lobally. Moreover, we are already running pilot tests and some are
inked into national grids for bioremediation according to Taiwan
nvironmental Protection Agency and Ministry of Economic Affairs.
revious study [6] suggested that the performance of phenol degra-
ation was likely directly dependent upon the characteristics of
iochemical reactivity and combined biotoxicity of phenol and aug-
ented energy source towards phenol degradation. However, lack

f adequate quantitative assessment upon these sources makes the
iotreatment unreliable for on-site applications. This study thus
ended to clearly reveal a promising feasibility of CPT as well as
ransient-response assessment upon dissolved oxygen for com-
ined toxicity of augmented sources to R186. The purposes of this
esearch are also to resolve the unsolved questions raised in pre-
ious studies [5,6]: (1) Will the augmentation of energy substrate
e.g., glycerol, acetic acid, gluconic acid, yeast extract) for biostimu-
ation interact with phenol toxicity? (2) Can second nutrient source
ct antagonistically (if possible) with phenol as a “biostimulator”
nstead of an inhibitor to improve phenol degradation? (3) What
s the performance-determining factor to control overall phenol
reatment (e.g., combined interactions of phenol toxicity [7,12] or
ubstrate consumption patterns [8])?

. Materials and methods
C. taiwanensis R186 originally isolated from root nodules of
imosa pudica in southwest Taiwan was routinely grown at 28 ◦C on

east extract-mannitol (YEM) agar plates [2,3]. For study, a loopful
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ig. 1. Experimental setup of fermentor systems for chemostat pulse technique. Line
B), (D) and (E) are manual/automatic on–off control loop for aeration [9].

f R186 seed taken from an isolated colony on a LB-streak plate
as precultured in 50-mL Bacto LB broth, Miller (Luria-Bertani)

per liter; 10 g Bacto tryptone, 5 g Bacto yeast extract, 10 g sodium
hloride) for 12 h at 37 ◦C, pH 7.2 ± 0.2, 125 rpm using a water bath
haker (SHINKWANG, SKW-12). Approximately 200 mL precultured
roth was then inoculated into 1300 mL fresh 1/5× LB broth (per

iter; 2.0 g Bacto tryptone, 1.0 g Bacto yeast extract, 10 g sodium
hloride) containing ca. 30 �L/L antifoam 204 (Sigma) for aerobic
ontinuous culture (2 vvm, 200 rpm, 37 ◦C) at t = −60 h. Note that
sing 1/5× LB instead of LB as the culture medium was to shorten
ulture time in cell growth due to rich compositions in LB borth
rior to applications of CPT to the chemostat culture. In addition,

t was to signify the crucial interactive effect of augmented nutri-
nt(s) when CPT was conducted. After 12 h batch cultivation (i.e.,
= −48 h; late exponential growth phase), the fresh 1/5× LB broth
tream was introduced in 80 mL/h (i.e., D ≈ 0.053 ± 0.002 h−1) to
he fermentor in order to maintain constant working volume at

500 mL for continuous cultures (refer to Fig. 1 for experimen-
al setup). Once the steady state (i.e., X0 = 0.789 ± 0.099 g/L; data
ot shown) was achieved at 48 h cultivation (i.e., t = 0), appropriate
mounts of augmented nutrient source-bearing phenol solutions
i.e., test or control cases) were injected into the fermentor (ca. 200

J
g
d

ected (B), (C) and (F) denoted PID control loop for temperature, and lines connected

r 1000 mg/L augmented nutrient and 2800 mg/L phenol) using
terile syringe. Note that as 1/5× LB was a favorable growth nutri-
nt to R186, the toxic response exhibited in marked decrease in
ell growth via CPT was thus solely due to the toxicity of phenol
5,6]. That is, the degradation of less preferential substrate—phenol
as temporarily repressed in the presence of other favorable sub-

trate (e.g., yeast extract or LB media) due to the “diauxie” growth
henomenon on multiple substrates. The augmented nutrient-free
ontrol was simply the case with injected phenol alone. In addi-
ion, phenol was intentionally introduced in chemostat runs with
he augmented nutrient sources to reveal whether the combined
oxicity of phenol and augmented nutrient source could still be
isclosed by the proposed CPT. In these continuous cultures, the
H was not controlled to simulate on-site or in situ practical situa-
ions.

.2. Analytical methods
The chemicals used for study were phenol (Crystal, 99.1%
.T. Baker A.C.S. reagent), yeast extract (Difco-Becton Dickinson),
luconic acid (45–50 wt% Sigma–Aldrich), glycerol (99% Riedel-
eHaën), acetic acid (Glacial, 99.7% Nihon Shiyaku Extra Pure
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eagent). Prior to experiments, phenol was sterilized by filtration
sterile Millipore Millex®-GS 0.22 �m filter unit) and augmented
utrient sources were disinfected by moist-heat sterilization. The
oncentration of biomass was determined using an UV–vis spec-
rophotometer (HITACHI Spectrophotometer, model UV-2001). To
xclude the confounding readings in optical density (OD) due
o factors other than cell concentration, the supernatant of the
ample was also taken for measurement after centrifugation for
min at 700 × g (HSIANGTAI Centrifuge MCD-2000). A sterile cell-

ree medium was chosen as the control. As all samples contained
iomass and a mixture of phenol and augmented nutrient source,
oncentrations of biomass (X) was evaluated as follows:

1) OD600nm of sample mixtures (mix) without centrifugation:
ODX+mix

600 nm = ODmix
600 nm + ODX

600 nm,
2) OD600nm of sample supernatant (sup) after centrifugation:

ODsup
600 nm = ODmix

600 nm.

Samples were diluted to an optical density of less than 0.6 when
bsorbance was not within the linear range (0.1–0.7). The rela-
ionship between the cell concentration and OD600nm (ODU) is 1.0
DU ∼= 0.34 g/L dry cell weight.

The concentration of phenol in the medium was determined by
sing a colorimetric assay [5] with a detection limit of ±2.5 �M.
he colormetric reagent contained pH 10 buffer (HBr 3.0, KCl 3.73,
aOH 1.76 g/L), 2% 4-aminoantipyrine (4-AA) and 8% potassium
exacyanoferrate (PHF). First, the 30 �L supernatant of ca. 1.0 mL
ell-culture sample was taken after centrifugation for 5 min at
00 × g (HSIANGTAI Centrifuge MCD-2000). Meanwhile, a sterile
ell-free medium was chosen as the control. The supernatant was
hen well mixed with 2.97 mL pH 10 buffer solution as a “test-tube
ial” (TTV). The TTV was then added in series with 30 �L 2% 4-AA,
0 �L 8% PHF. The reaction mixture was well mixed via vortex mixer
Model VM-100) for 15 s. Colorimetric reaction was then taking
lace at room temperature in 15 min static incubation for comple-
ion. The reaction mixture was then measured at �max = 500 nm by
pectrophotometer (Thermo Spectronic 20D+) to determine phenol
oncentration via the calibration curve.

. Results and discussion

.1. Batch culture containing phenol and LB broth

As shown in Fig. 2, the diauxic growth of R186 was observed in
atch cultures initially containing LB broth and phenol in various

evels (0, 25, 50, 500 mg/L). Multiple lag phases in diauxic growth
ere taking place due to situations with multi-substrate limitation.
iauxic growth was caused by a shift of metabolic patterns in the
idst of growth. The cells passed through at least two transitions

or growth; two growth phases would result each with a succes-
ively decreasing growth rate. Apparently, compared to phenol,
B broth was a more preferential nutrient source for cell growth
f R186. After essential nutrients in LB broth were exhausted,
he cell diverted its energies from growth to utilization for next
vailable nutrient (i.e., phenol). However, as phenol was toxic
o R186 [5,6], with increasing level phenol cells must consume

ore energy sources to maintain cellular tolerance/defense
echanism (e.g., highly selective diffusion) effectively to

void cell death from occurring. That was why, in the second

rowth phase, longer periods of time in growth lag (tlag) were
bserved in the cultures of higher concentrations of phenol (i.e.,

lag(500 mg/L) ∼= 54 h > tlag(50 mg/L) ∼= 16 h > tlag(25 mg/L) ∼= 10 h >
lag(0 mg/L) ∼= 0 h). However, trace amounts (e.g., 25 and 50 mg/L)
f phenol in cultures might not significantly affect specific growth

e
i
5
t
i

ig. 2. Comparison on batch cultures of R186 initially containing LB broth and var-
ous concentrations phenol.

ate of first growth phase. In contrast, due to phenol toxicity
nd substrate inhibition, a high-level phenol stress (500 mg/L)
pparently lowered growth rate in first phase (�1 = 0.417 h−1) and
econd phase (�2 = 0.168 h−1), respectively.

.2. Repetitive injection effect of phenol

Although C. taiwanensis is a strain with high phenol degra-
ation capability and could express a short-term tolerance (or
cute tolerance [12]) up to 900 mg/L in phenol-laden media, long-
erm adverse effects of phenol in different levels (e.g., chronic
oxicity) still needed to be explored prior to practical applica-
ions in bioremediation. To disclose the tolerance figures of R186,
epetitive pulse injections were thus applied to CSTR for tests.

hen first low-level pulse injection at 250 mg/L phenol was
pplied (i.e. Phase (I) for 250 mg/L → 1800 mg/L in Fig. 3), dis-
olved oxygen (DO) was slightly increased to ca. 80% initially
nd then resumed normal oxygen uptake within 2 h (i.e., DO ≈ 0).
owever, cell concentration was almost still stayed invariant, indi-
ating that the provoking toxicity was insignificant to cells at
his level. After nearly complete elution of residual phenol (ca.
0 h; Fig. 3), second injection in high-level phenol (ca. 1800 mg/L)
as employed (i.e., Phase (II)a; Fig. 3), leading to a dramatic
ecrease in cell concentration (k = 3.81 × 10−5 L mg−1 h−1; refer to
ppendix A for parameter estimation). In addition, DO noticeably

ncreased up to ca. 90% saturation as the cells must extract its

nergy for maintenance of cell viability due to this provoked tox-
city. Once phenol concentration decreased to ca. 800 mg/L (ca.
0 h; Fig. 3), cells resumed the cell viability and metabolic func-
ions for aerobic growth and cellular respiration (i.e., decreases
n DO). In contrast, when repetitive injections were all applied
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glycerol, yeast extract, gluconic acid, acetic acid) in the presence
of 2800 mg/L phenol (Fig. 4), the estimated kinetic parameters
�k (=k − k0; refer to Appendix A for parameter estimation) for
augmented nutrient-free control (i.e., phenol alone), acetic acid,
ig. 3. Time courses of cell, DO and phenol concentrations in continuous cul-
ures containing phenol in different concentrations using repetitive pulse injection
echniques. The predicted curve of phenol was [PhOH]t = [PhOH]t=0 × exp[−(D + a)t],
here the parameter a is rate constant of phenol-loss due to the air flow in CSTR.

n high-levels (i.e., 1800 mg/L → 2200 mg/L; Fig. 3), noteworthy
oxic responses after first and second injection were observed as
= 4.44 × 10−5 L mg−1 h−1 and k = 9.74 × 10−5 L mg−1 h−1, respec-

ively. In comparison with these two injection tests, evidently first
njection at low-level phenol (e.g., 250 mg/L) markably induced the
ffective tolerance to phenol in a shorter period of time (i.e., the
uration for cell recovery decreased from 16 h (1800 → 2200 mg/L)
o 6 h (250 → 1800 mg/L)). For repetitive high-level injections
1800 → 2200 mg/L), the longer period of time for cell toler-
nce/adaptation was required to resumed the original steady-state
ell concentration at t = 0 (ca. 15 h (250 → 1800 mg/L) extended to
4 h (1800 → 2200 mg/L); Fig. 3). This comparison simply suggested
hat the acclimation of low-level phenol might provide the high-

st possible tolerance/adaptation for cell survival and growth. The
igh tolerance after acclimation of low-level phenol injection was
imply because the cells that were affected had some effective
defense” mechanism against phenol and had such an ability to
epair or compensate for damage that took place intracellularly. In
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ontrast, after high-level injection the cell culture had much less
bility to feedback this viability loss due to the inefficiency of the
efense mechanism against phenol.

.3. Low-level effect of augmented nutrients

As shown in time courses of cell growth characteristics
Figs. 4 and 5), there were no significant time delays (t0 ∼= 0 h)
o respond changes in cell concentrations after pulse injection.
his explained that phenol seemed to be relatively toxic to R186,
ompared to less toxic azo dye to Pseudomonas luteola (t0 = 1/3
ean residence time [9]). The stable cell concentration in the

ulture in the absence of additions of phenol or augmented
utrients (i.e., control without any injection) was stably main-
ained at X ≈ X0 = 0.789 ± 0.099 g/L (data not shown), indicating
hat the steady state of the chemostat culture of R186 was actu-
lly achieved. For 200 mg/L of augmented nutrient sources (i.e.,
ig. 4. Time courses of cell, DO and phenol concentrations in continuous
ultures containing different augmented nutrient sources at 200 mg/L in the
resence of phenol (2800 mg/L) via CPT. The predicted curve of phenol was
PhOH]t = [PhOH]t=0 × exp[−(D + a)t], where the parameter a is rate constant of
henol-loss due to the air flow in CSTR.
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Fig. 5. Time courses of cell and phenol concentrations in continuous cul-
tures containing different augmented nutrient sources at 1000 mg/L in the
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as well as growth. That is, oxygen acted again as the ultimate
resence of phenol (2800 mg/L) via CPT. The predicted curve of phenol was
PhOH]t = [PhOH]t=0 × exp[−(D + a)t], where the parameter a is rate constant of
henol-loss due to the air flow in CSTR.

luconic acid, yeast extract, glycerol were obtained to be 0.0,
2.08 × 10−5, −1.87 × 10−5, −1.51 × 10−5 and −1.30 × 10−5 L/mg h,

espectively. Note that the kinetic parameter k of phenol alone (i.e.,
ugmented nutrient-free control) was 4.70 × 10−5 L/mg h, clearly
xhibiting the toxic characteristic of phenol to R186. In addition,
ll of the negative �k values simply implied that all augmented
utrient sources were stimulating to bacterial growth of R186.
his implied that the strategy of using augmented nutrient sources
or biostimulation to in situ or on-site phenol degradation should
e feasible. Moreover, the relative stimulation ranking of aug-
ented nutrients to the growth of R186 (units in L/mg h) was acetic

cid (−2.08 × 10−5) > gluconic acid (−1.87 × 10−5) > yeast extract
−1.51 × 10−5) > glycerol (−1.30 × 10−5) > phenol alone (0).

.4. High-level effect of augmented nutrients
According to Fig. 5, in the presence of phenol at 2800 mg/L
luconic acid, acetic acid, glycerol and yeast extract at 1000 mg/L
lso showed stimulating characteristics to the growth of R186

e
i
[
c
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s the differences of kinetic parameters �k were −2.18 × 10−5,
1.81 × 10−5, −1.78 × 10−5 and −1.68 × 10−5 L/mg h, respectively.
hus, the relative ranking for stimulation of augmented nutrients to
he growth of R186 was gluconic acid > acetic acid > glycerol > yeast
xtract > phenol alone. Compared these high-level effects to
ow-level effects of augmented nutrients, apparently more supple-

entation of energy nutrients seemed not considerably improve
he stimulating effects to the growth of R186.

Compared to low-level augmented nutrients (200 mg/L; refer
o Section 3.3), relatively higher concentrations of augmented
utrients (1000 mg/L) might be easier moved across the mem-
rane from the region of high concentration (i.e., extracellular
hase) to low concentration (i.e., intracellular compartment) via
assive diffusion [13] due to relatively higher concentration gra-
ient as a driving force. According to thermodynamics (i.e., the
ree energy change �G◦ = RT × ln(cin/cex)), passive diffusion is spon-
aneous (i.e., �G◦ < 0), where cin and cex denoted intracellular
nd extracellular augmented nutrient concentration, respectively.
oreover, the difference of these two terms of Gibbs free energy
G◦|1000ppm ∼= �G◦|200ppm−RT ln 5 simply suggested the larger

quilibrium constant at 1000 mg/L due to the more negative �G◦

t 1000 mg/L. This point implied that augmented nutrients at
000 mg/L are more favored to move across the membrane than
t 200 mg/L. However, even the driving force was more favorable to
ransport augmented nutrients in high-level, the enzyme activity to
roceed the metabolic activity for phenol tolerance and cell growth
ight be saturated. This might be the reason why supplementa-

ion of high concentration energy nutrients failed to considerably
mprove the stimulating effects for cell growth of R186.

.5. Recovery response analysis upon oxygen uptake

Effects of injected substrates on transient dynamics of cell con-
entration via CPT apparently revealed the stimulation or inhibition
haracteristics of the injected chemical(s) to R186 ([9] and Sections
.2–3.4). Moreover, the recovery profiles of cellular oxygen uptake
i.e., changes in dissolved oxygen concentration) also provided a
irect indicator for cell tolerance to phenol toxicity. For cellular
espiration, a series of electron-carrying molecules that trans-
ers energy-rich electrons and protons to O2 via cell membrane
prokaryotes) or mitochondria (eukaryotes). Energy is then trans-
erred and conserved in the form of ATP [14]. Oxygen uptake simply
uggested that the energy-driven capability in cells (i.e., essential
onditions for cellular growth and tolerance) is taking place. That
s, in a single-stage chemostat culture after an impulse injection
f toxic chemical(s) (e.g., phenol-laden medium), aerobic microor-
anisms would lose oxygen respiration for assimilating energy in a
hort period of time (i.e., immediate escalating from 40–60% to ca.
5–100% DO concentration; Figs. 4 and 5). Due to this significant

oss of cellular viability for growth, the rate of wash out of biomass
ould exceed the cell growth rate so that the cell concentration
ecreased (i.e., D > �; Figs. 4–5). Besides, phenol concentration
pproximately decreased in first-order kinetics over time simply
ue to washout in CSTR (refer to the cases of phenol in Figs. 4–5).
nce phenol concentration declined to a “threshold” concentra-

ion (i.e., a concentration below which no toxic response could
e detected [7,15]), the recovery and tolerance mechanism of cell
opulations could thus handle phenol in a manner that apparently
esumed the cellular viability and metabolic functions for survival
lectron or hydrogen acceptor by mans of oxygenase enzyme(s) to
ncorporate into nutrient substrates in their catabolism for growth
10]. Since cellular oxygen uptake rate constant qO2 (Appendix B)
ould be directly determined from the transient response of DO
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ig. 6. Transient dynamics of dissolved oxygen concentrations in continuous cul-
ures containing different augmented nutrient sources at 200 mg/L in the presence
f phenol (2800 mg/L) via CPT. The 100% DO denoted 100% saturated ≈ 6.7 ppm for
parging air at 37 ◦C, 1 atm.

oncentration, the qO2 values apparently disclosed a measure of the
ecovery phenomena of cell culture against phenol stress. As shown
n Fig. 6, for 200 mg/L of augmented nutrient source (e.g., gluconic
cid, yeast extract) in the presence of 2800 mg/L phenol, the qO2 val-
es were almost identical (ca. 5.91–6.11 × 105 ppm h−1 L g−1), indi-
ating that an augmentation of low-level nutrient source induced
n insignificant capability to defense phenol toxicity for cell recov-
ry. In contrast, for 1000 mg/L of augmented nutrient source (e.g.,
luconic acid, yeast extract, glycerol) in the presence of 2800 mg/L
henol, the qO2 values suggested that gluconic acid seemed to
ave the most significant effect (7.88 × 105 ppm h−1 L g−1; Fig. 7)
o stimulate cell recovery. The relative ranking for this stimu-
ation were gluconic acid (7.88 × 105 ppm h−1 L g−1) > glycerol
5.91 × 105 ppm h−1 L g−1) ∼= phenol alone (5.91 ×
05 ppm h−1 L g−1; Fig. 6) >∼= yeast extract
5.71 × 105 ppm h−1 L g−1). This ranking seemed to be in parallel

ith the findings from CPT.

According to toxicology [7], chronic toxicity refers to the
ystemic effects produced by long-term, low-level exposure to
hemicals (e.g., augmented nutrient sources and phenol herein).

ig. 7. Transient dynamics of dissolved oxygen concentrations in continuous cul-
ures containing different augmented nutrient sources at 1000 mg/L in the presence
f phenol (2800 mg/L) via CPT. The 100% DO denoted 100% saturated ≈ 6.7 ppm for
parging air at 37 ◦C, 1 atm.
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he “symptoms” (i.e., recovery responses in DO concentration) of
hese mild augmentations might be slow to develop; thus, the con-
ection between exposure and effect might be obscured (e.g., qO2
alues in Fig. 6). In contrast, high-level exposures (e.g., 1000 mg/L
ugmented nutrients) might signify the recovery responses in DO
e.g., the case of gluconic acid) concentration. However, perhaps
ecause chronic toxicity is much more complex and subtle in its
anifestations, the relative ranking of the qO2 values for the stim-

lation at 1000 mg/L was not so clear revealed as predicted from
PT.

. Conclusions

This feasibility study clearly indicated the stimulating rankings
f augmented nutrients to R186 in terms of kinetic models from
toxicological perspective. In addition, it quantitatively showed

nhibitory characteristics of phenol in continuous cultures, sug-
esting technical viability of using CPT for toxicity assessment
pon R186. Although all augmented nutrients illustrated stimulat-

ng nature to the growth of R186 and antagonism to phenol toxicity
refer to the method and theory in [7,16,17]), the poor performance
f phenol degradation was still observed in cultures with a dual
nergy source (e.g., acetate and phenol, yeast extract and phenol
6]). This discrepancy simply suggested that substrate consumption
atterns would play the most significant role in biostimulation to
henol degradation as proposed before [5,6]. That is, the occurrence
f diauxic growth would fail the effectiveness of biostimulation to
ell growth and phenol degradation for R186. Although almost par-
llel trends of CPT and transient responses in DO concentration
ere shown, the slight difference in kinetics might be due to the
icrobial characteristics in response to chronic (CPT) and acute

DO) toxicity [7,9,12,15]. Thus, this study revealed a feasibility of
PT as well as transient dynamics of DO for toxicity assessment
f augmented nutrients to R186. Follow-up studies will focus on
ow and what the mechanism(s) and the kinetics of substrate con-
umption patterns affect the efficiency of biostimulation to phenol
egradation for conclusive remarks. In addition, using CPT results
hown herein we will propose the optimal biostimulation strategy
o use more appropriate augmented nutrient substrates for in situ
r on-site phenol degradation (Appendix C).
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ppendix A. Mathematical model for CPT

In continuous operation, the transient dynamics of cell (X), phe-
ol and augmented nutrient source (S) concentrations could be
epresented as follows:

dX

dt
= (� − D)X; X(0) = X0 (A1)

dS

dt
= −D · S + m

V
ı(t); S(0) = S0 (A2)

ote that kinetic parameters to indicate biostimulation or inhi-
ition of individual substrate via CPT was determined under
he assumption of linear combinations of kinetic parameters of
ugmented substrate and phenol by neglecting effects of two
actors. Moreover, the limitation of the CPT assessment is that
he true response time to reflect inhibitory/stimulating effects of
ubstrate(s) to be tested will be strongly dependent upon the
haracteristics of the microorganism and substrate(s). That is why
teady-state conditions should be ensured prior to test to guarantee
ata validity of CPT. After the steady state was achieved at ∀t > 0+,
hemostat pulse injection was carried out as follows:∫ +∞

0

ı(t)dt = m, (A3)

here ı(t) is Dirac delta function or the unit impulse function (i.e.,

(t) =
{

0 t /= 0
∞ t = 0

and
∫ ∞

0
ı(t)dt = 1 ∀t ∈ R+). Eq. (A2) can be refor-

ulated via Laplace transform to obtain S(t) = (m/V)e−Dt = S0e−Dt,
here m and D denoted amount of injected phenol (PhOH) and/or

ugmented nutrient source (ANS) (mg) and dilution rate (h−1). Sup-
ose that the initial specific growth rate can be approximated by
linear approximation of � ∼= �∗(S0) + d�/dS

∣∣
S=S0

(S − S0) = �∗
0 −

(S − S0) ∼= �0 − k · S ∼= D − k · S, since a steady state was reached
i.e., �0 = D). Since injected phenol and ANS-containing solutions
re assumed to be toxic, positive and negative value of k directly
uggested the inhibitory and stimulating characteristics to overall
acterial growth, respectively. In the initial short period of time, Eq.
A1) can thus be written as

d ln X

dt
= −kS0e−Dt. (A1′)

fter integration, one may obtain

n
(

X

X0

)
= kS0

D
(e−Dt − e−Dt0 ), (A4)

here t0 indicated the time delay in response to injection as sug-
ested by Goldberg and Er-el [11]; and X and X0 denoted cell
oncentrations at t = t and t = t0, respectively. Note that although
186 is a phenol biodegrader, phenol still seemed to be toxic to
186 and thus this time delay was negligible (t0 ∼= 0) (also refer to
&D). Using Eq. (A4), one may obtain the kinetic parameter k to
uantify whether the introduced chemical(s) are either a toxicant
r stimulant to overall bacterial growth of C. taiwanensis. It was
lso assumed that the difference of kinetic parameter k of studied
ase and kinetic parameter of ANS-free control k0 (i.e., �k = k − k0
r �k = �k|ANS = k|ANS+PhOH − k0|PhOH = k − k0) quantitatively indi-
ated the stimulating (−) and inhibitory (+) effect of augmented
utrient source to C. taiwanensis.
ppendix B. Dynamic measurement for oxygen uptake rate
onstant

Considering the oxygen uptake rate (OUR) and oxygen transfer
ate (OTR) in terms of dissolved oxygen concentration, we might

w
p
o

−

Materials 163 (2009) 143–151

erform a material balance on DO during the operation as follows:

dCL

dt
= kLa(C∗ − CL) − qO2 X; CL(0) = C∗, (B1)

here qO2 is specific oxygen uptake rate per unit cell concentration
ppm h−1 L g−1), X denotes cell density and CL, C* are concentrations
f DO (%) and saturated DO (100% saturated ≈ 6.7 ppm for sparging
ir at 37 ◦C, 1 atm), respectively. Note that for OUR zero time (i.e.,
= 0) is defined here as the time cell population resumed oxygen
ptake for cell growth.

When cells adapted from a phenol-laden culture to resume cell
rowth, in a short period of time the transient dynamic can be
onsidered as

dX

dt
= kX; X(0) = X0, (B2)

here k denoted the specific growth rate constant for cell recovery.
he solutions could be resulted in the following equations:

= X0ekt, (B3)

L = C∗ + qO2 X0

kLa + k
(1 − ekt). (B4)

rior to the determination of rate constant k for comparison, oxy-
en transfer coefficient was evaluated from the blank experiment
n cell-free media at operating conditions (working volume 1.5 L,
7 ◦C, 200 rpm, air flow rate 2 vvm). In the cell-free solution, the
aterial balance on DO concentration could be obtained as

dCL

dt
= kLa(C∗ − CL); CL(0) ∼= 0, (B1’)

here the initial condition was achieved via pure nitrogen sparging
o remove all residual DO. The solution of (B1′) can be obtained as

n
(

C∗ − CL

C∗

)
= −kLa · t. (B5)

rom the linear regression of least squared error for ln(C* − CL/C*)
ersus t, one might obtain the slope of oxygen transfer coefficient
La (ca. 208.5 h−1). With this oxygen transfer coefficient, we might
etermine qO2 value using transient dynamic of DO concentration

n cultures to from Eq. (B4) via non-linear random search technique
or the best fit curve.

ppendix C. Theoretical analysis on monophasic or diauxic
rowth patterns

For possible competing reactions of phenol degradation, we may
hoose parallel reactions

NS + PhOH + X
kX−→2X (desired),

NS + PhOH + X
kU−→U (undesired),

here PhOH, X, ANS and U denote phenol, biomass, augmented
utrient substrate and undesired by-product, respectively [18]. The
ate law are

X ∼= kX [PhOH]a1 [ANS]b1 [X],

U ∼= kU[PhOH]a2 [ANS]b2 [X],
here a1, a2, b1, b2 are positive reaction orders. The rate of disap-
earance of phenol for this reaction sequence is the sum of the rates
f formation of X and U:

rPhOH ∼= rX + rU = kX [PhOH]a1 [ANS]b1 [X]+kU[PhOH]a2 [ANS]b2 [X].
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aking the ratio of these rates, we obtain a rate of selectivity (ROS),
hich is to be maximized:

X/U
∼= rX

rU
= kX

kU
[PhOH]a2−a2 [ANS]b2−b2 .

Assuming a1 − a2 = a and b1 − b2 = b, we can carry out order-of-
agnitude analysis on initial ROS to obtain

a) for diauxic growth cases, complete exclusion for phenol degra-
dation will be resulted (i.e., a1 → −∞)),

b) for non-diauxic growth cases, a competition on the utilization
of two substrates will be taking place (i.e., +∞ > a1 > 0),

c) for monophasic growth situations, the order relation between
a and b will be bounded in a neighborhood of the same order of
magnitude (i.e., +∞ > a ≈ O(1) ≈ b > 0 [19]).

To increase SX/U for diauxic growth systems (i.e., a → −∞), the
nly non-trivial solution for this operation will be [ANS] ∼= 0 (i.e.,
ailure biostimulation). That is, the necessary condition for possible
iostimulation using augmented substrate is to guarantee a finite
alue of rate parameter a (i.e., a ∈ (−∞,+∞)) present in the dual-
ubstrate systems. We also set some operation criteria to inspect
hether the biostimulation strategy will be successful as follows:

d) if a − b ∈ (−∞,0) (i.e., negative real numbers), the degradation
will be favorable to utilization of ANS),

e) if a − b ∈ (0,+∞) (i.e., positive real numbers), the degradation will
be favorable to phenol degradation),

f) the condition of possible successful biostimulation will be a ≈ b.
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