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Abstract Biodegradation of phenol and 4-chlor-
ophenol (4-cp) using a pure culture of Candida
tropicalis was studied. The results showed that C.
tropicalis could degrade 2,000 mg 1" phenol
alone and 350 mg I"' 4-cp alone within 66 and
55 h, respectively. The capacity of the strain to
degrade phenol was obviously higher than that to
degrade 4-cp. In the dual-substrate system, 4-cp
intensely inhibited phenol biodegradation. Phe-
nol beyond 800 mg 1! could not be degraded in
the presence of 350 mg 1I™' 4-cp. Comparatively,
low-concentration phenol from 100 to 600 mg 1"
supplied a sole carbon and energy source for
C. tropicalis in the initial phase of biodegradation
and accelerated the assimilation of 4-cp, which
resulted in the fact that 4-cp biodegradation
velocity was higher than that without phenol.
And the capacity of C. tropicalis to degrade 4-cp
was increased up to 420 mg ™' with the presence
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of 100-160 mg 1! phenol. In addition, the intrin-
sic kinetics of cell growth and substrate degrada-
tion were investigated with phenol and 4-cp as
single and mixed substrates in batch cultures. The
results illustrated that the models proposed ade-
quately described the dynamic behaviors of bio-
degradation by C. tropicalis.
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Abbreviations

4-cp 4-chlorophenol

HPLC high performance liquid
chromatography

Introduction

Phenol widely exists in many industry wastewa-
ters and effluents (Bielefeldt and Stensel 1999;
Aleksieva et al. 2002; Kavitha and Palanivelu
2004). Its derivative chlorophenol, especially
4-chlorophenol (4-cp) as a typical example of an
environmentally significant compound, has been
detected in several industries, such as wood
preservatives, waste incineration, uncontrolled
use of pesticides, fungicides and herbicides, as
well as byproducts formed during bleaching of
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pulp with chlorine and in chlorination disinfection
of drinking water (Saéz and Rittmann 1993; Kim
et al. 2002; Yuan and Lu 2005). Because of
improper treatment of these materials, they have
widely contaminated soil and groundwater, and
their toxicity seriously affects living organisms.
Once wastewater containing phenolic compounds
is discharged into the receiving body of water, it
endangers fish life, even at a relatively low
concentration e.g. 5-25mg I (Kibret et al.
2000; Chung et al.2003; Kumar et al. 2005). For
drinking water, a guideline concentration of
1 ug 1" has been prescribed (WHO 1994). Due
to the toxic properties of both phenol and
chlorophenol (Miiller and Babel 1994; Wang
and Loh 2000; Ai etal. 2005), the efficient
removal of these compounds from industrial
aqueous effluents is of great practical significance
for environmental protection.

To treat phenolic compounds, recently devel-
oped biodegradation techniques are preferable
for their economical advantages (Bux et al. 1999;
Zumriye et al. 1999; Fialova et al. 2004), and low
possibility of the production of byproducts
(Wang et al. 2000). However, the use of such
technology is confined due to phenolic toxic
properties, especially 4-cp, for microorganisms
(Ai etal. 2005; Yuan and Lu 2005). Some
organisms have been proven to mineralize 100-
1,200 mg I"' phenol or/and chlorophenol under
aerobic conditions as the sources of carbon and
energy (Hofmann and Krueger 1985; Vallini
et al. 2001; Alexievaa et al. 2004; Santos and
Linardi 2004). Such biodegradation capacity
limits the progress of biodegradation techniques.
The development of highly active strain has
become crucial for the biological method to treat
industrial wastewater containing phenolic com-
pounds. Fialova et al. (2004) reported the yeast
Candida maltosa for its phenol-degrading poten-
tial up to 1,700 mg I"'. It’s noteworthy recently
that Jiang et al. (2005) isolated a strain of yeast
C. tropicalis, able to degrade phenol up to
2,000 mg I' from acclimated activated sludge.
However, nothing has been known about the
biodegradation behavior of phenol and 4-cp
dual-substrate system with such high substrate
concentrations from 0 to 2,000 mgl™! by
C. tropicalis.
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In many studies on biodegradation of phenolic
compounds, the modeling of cell growth on dual
substrates has been the subject of many
researches, for cell growth kinetics are crucial
to evaluate the biodegradation potential of
organisms (Saéz and Rittmann 1993; Wang and
Loh 2000, 2001; Argiielles et al. 2003). These
kinetic models listed in literatures were proposed
based on Monod or Haldane equation. They can
describe cell growth behavior at low substrate
concentrations (Paller et al. 1995; Kar et al. 1997;
Paraskevi et al. 2005). However, these models
can’t be used in the dual-substrate biodegradation
system because of very strong inhibition from the
toxicity of high-concentration substrates over
1,000 mg 1.

Objectives of the present study are to investi-
gate biodegradation of phenol and 4-cp as single
substrate by C. tropicalis, to investigate the
interaction of phenol and 4-cp in dual-substrate
system, and to research the cell growth and
substrate degradation kinetics of C. tropicalis in
single and dual substrate biodegradation system
with high substrate concentration, respectively.

Materials and methods
Microorganism and cultivation conditions

The strain and culture conditions have been
described in previous studies (Jiang et al. 2005,
2006).

Phenol and 4-cp biodegradation

Experiments began with inoculating 10 ml
YEPD medium with C. tropicalis (Haydée
1999). After the incubation for 18 h, 2 ml of
this cell culture was added to 500 ml shaking
flasks with 100 ml fresh YEPD medium. Cells
(ODggg = 1.3) were harvested as inoculum. In all
the experiments, 5% subculture was inoculated
into 100 ml mineral salt medium with varying
initial phenol and/or 4-cp concentrations. In the
process of batch culture, all samples were
periodically taken for biomass and substrate
concentrations.
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Analytical methods

Cell density was monitored spectrophotometri-
cally by measuring the absorbance at wavelength
600 nm. Then biomass concentrations on a dry
weight basis were measured by filtering cell
suspension with the filler and drying the filter
paper and cells to a constant weight for 24 h at
105°C. To measure concentration of residual
substrate, immediately after measurements of
optical density, samples of suspended culture
were centrifuged at 7,500 rpm for 10 min. The
cell free supernatants were used to determine
the substrate concentration by high performance
liquid chromatography using a LabAlliance
(model Serieslll) system, with a C18 column
(250 x 4.6 mm, LabAlliance, U.S.A). Elution
was performed with 400/300 (V/V) methanol/
water at a flow rate of 1.0 ml min~', and detec-
tion was realized with a UV detector (Model
500, LabAlliance, U.S.A.) at 280 nm. The reten-
tion time for phenol was 4.89 min and for 4-cp
was 8.98 min.

Statistics

All the experiments were repeated three times.
The data shown in the corresponding figures in
Section “Results and discussions’ were the mean
values of the experiments.

Results and discussions
Single substrate biodegradation
Single substrate biodegradation behaviors

In the previous studies, the potential of C. tropicalis
for phenol biodegradation reached 2,000 mg 1.
The biodegradation behavior of 4-cp was shown
in Fig. 1. A total of 350 mg 1! 4-cp was degraded
within 55 h. With the increase of initial 4-cp
concentration, the final biomass increased
slightly. However, high substrate concentration
brought about the strong substrate inhibition,
which was quantificationally demonstrated from
the semi-log graph of cell growth and the
substrate degradation curve. The slope of semi-
log graph represented specific growth rate. It was
clear that specific growth and degradation rates
decreased with the increase of initial 4-cp
concentration. Only due to the small change of
4-cp concentration, did the undistinguished
changes happen to them. 360 mg 1 4-cp was
also used in the biodegradation assay. The result
showed that biodegradation of C. tropicalis ter-
minated, which was resulted form the occurrence
of cell death before overcoming the lag phase.
Figure 2 compared the biodegradation behav-
ior between 350 mg 1" phenol and 4-cp. 350
mg 1! phenol was completely degraded within

Fig. 1 The cell growth 6
and 4-cp degradation by g - e 320mg L
C. tropicalis in the g 5H % 340 me L™
mineral medium- s L e 1
containing initial 4-cp 8¢ LU T°—350mglL
from 320 to 350 mg I™! § ~ I

g 7l
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14 h, however, it took much more time (55 h) to
consume 4-cp at the same concentration. The
specific growth and degradation rates were much
higher in phenol solution than in 4-cp, which
indicated that 4-cp imposed the stronger substrate
inhibition on the strain. In addition, when the
same concentration substrate was consumed, the
same biomass should be acquired. However, from
the semi-log graph of cell growth, an interesting
phenomenon was noticed that the final biomass
yield (g/g) in 4-cp solution was smaller than that
in phenol solution. The following two reasons
were responsible for the matter. 4-cp inhibition
on cells was stronger than phenol, which resulted
in the fact that more 4-cp consumption was used
to overcome substrate inhibition, but not to
synthesize new cells. Besides, the content of
carbon in phenol solution was 0.022 mol 17,
which was higher than that in 4-cp solution
(0.016 mol I'"). Carbon was the essential element
for cell synthesis. Thus for the same consumption,
phenol supplied more carbon than 4-cp to
synthesize new cells.

Single substrate intrinsic kinetics
Batch cultures of C. tropicalis were conducted in
the mineral salt medium containing initial phenol

concentrations ranging from 0 to 2,000 mg I"' and
the initial 4-cp concentrations ranging from 0 to
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350 mg 1!, respectively. For each flask with a
certain initial phenol or 4-cp concentration, the
specific growth rate was calculated as:

_x_dx1
=" ar x (1)

where uy was the specific growth rate (h™), yx
was the cell growth rate, and X was cell concen-
tration (mg I™%).

Because of the inhibition of phenol on cell
growth, the Haldane’s equation was selected for
assessing the dynamic behavior of C. tropicalis
grown on phenol (Andrews 1968; Monteiro et al.
2000; Argiielles et al. 2003).

fy = Llsz 2)
Ksi + 81+

where §; was the phenol concentration (mg ™).
Based on the experimental data obtained in the
tests of phenol biodegradation alone, the values
of the parameters were obtained by a nonlinear
least-square regression analysis using the MAT-
LAB software (Jiang et al. 2005). The values of
parameters were listed in Table 1. All these
values were within the range reported in the
literatures depending on cell type and culture
environments (Dikshitulu et al. 1993; Kumar
et al. 2005). The value of the root mean square
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Table 1 The kinetic L Parameter Single substrate Dual substrate
parameters of C. tropicalis
for phenol and 4-cp Phenol 4-cp Phenol 4-cp
biodegradation
fmax (W71 0.48 479 0.48 4.79
K (mg 1! 11.7 1.11 x 10° 11.7 1.11 x 10°
K; (mg 1Y 2.08 x 10% 433 2.08 x 10? 433
K; (mg I'1)? - 242 x 10° - . 242 x 10°
f - - 1.7 x 107
K (mg1™H™! - - 6.1 x107°
M (mg 1) - - 4.5 %107
Q (mg1™H* - - 6.3 x 107
A 0.823 0.461 5.083 0.662
B (h™) 0.277 0.092 0.015 0.054

of the residual at these parameters was small
(0.035) for phenol biodegradation, indicating that
the regression parameters agreed well with the
experimental data.

Since 4-cp imposed a strong inhibition on cells,
inhibition constant for cell growth ( K’;) was
appended in the equation.

:um2S2
Ko+ S + X5 + X,

The values of the parameters were obtained as
o =479, K = 1,113 mg I, K;, = 433 mg 1!
and K'p =2,420 mg I"'. The value of the root
mean square of the residual at these parameters
was 0.071, which showed that revised equation
adequately described the behavior of 4-cp bio-
degradation.

Analyzing the utilization of the substrate in
cells in great detail, the consumption of sub-
strate for growth, for maintenance and also for
product formation, if possible, had to be con-
sidered (Feitkenhauer et al. 2003). The substrate
consumption rates of phenol and 4-cp biodegra-
dation were shown as following (Jiang et al.
2005):

us =Apx + B (4)

where pg was the specific degradation rate, A and
B were all kinetic constants and they were
regressed using MATLAB based on the experi-
mental data. Thus, the following model equations

were obtained for phenol h™'and 4-cp as single
substrate, respectively:

15, =A% 1, +BY=0.8234%, +0.277h !
(R*=0.981)
13 = A3 1S, + By =0.461%, +0.092h !
(R*=0.970)

Figures3 and 4 were the comparisons
between the prediction of cell growth and
substrate degradation kinetics and the experi-
mentally determined specific growth and degra-
dation rates of C. tropicalis at different initial
phenol concentrations from 0 to 2,000 mg 1™
and 4-cp concentrations from 0 to 350 mg 17,
respectively. Obviously, the simulated values of
growth and degradation kinetics agreed well
with the experimental data. Both the maximum
specific growth and specific degradation rates
occurred at low substrate concentration. With
further increase of initial substrate concentra-
tion, much lower values of the specific growth
and degradation rates were obtained. The phe-
nomenon was solely due to the intense substrate
inhibition at high concentration. And the higher
the substrate concentration in the medium was,
the stronger the substrate inhibition exhibited.
Compared with the phenol inhibition, 4-cp
inhibition was much higher. The higher specific
growth and degradation rates in phenol solution
illustrated that the strain inclined to utilize more
phenol than 4-cp. A total of 2,000 mg I"' phenol
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Fig. 3 Comparison
between kinetic
predictions and
experimental determined
specific growth and
degradation rates at
different initial phenol
concentration from 0 to
2,000 mg 1!

was completely degraded within 66 h, which
was obviously superior to 4-cp biodegradation.
It was one of the reasons why the strain
C. tropicalis, isolated from acclimated activated
by phenol, was easy to adjust to the environ-
ment with phenol. In addition, there were sharp
drops of curves at low substrate concentration in
these two figures. It was because of the lack of
carbon source in the mineral salt medium

(Banerjee et al. 2001).

Fig. 4 Comparison
between kinetic
predictions and
experimental determined
specific growth and
degradation rates at
different initial cresol
concentration from 0 to
350 mg 1!
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The effect of phenol on 4-cp biodegradation
behavior

The effect of phenol at different initial concen-
tration ranging from 100 to 800 mgl™ on
C. tropicalis to degrade 350 mg 1™ 4-cp was
showed in Fig. 5. It could be seen that although
phenol toxicity could inhibit cell growth, the
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Fig. 5 Cell growth and
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existence of low-concentration phenol still accel-
erated C. tropicalis biodegradation for 4-cp.
When phenol concentration was from 100 to
400 mg 1!, the velocity of 4-cp biodegradation
increased gradually. In the dual-substrate biodeg-
radation system with the phenol of 400 mg 17, all
the substrates were completely degraded within
40 h, which was obviously superior to the
350 mg 1! 4-cp biodegradation alone (55 h). With
the increase of phenol concentration, the accel-
eration of phenol existed up to 600 mg I, with
the difference of the lower acceleration at the
phenol of 400-600 mg I"". In this phenol concen-
tration range, phenol inhibition exposed, but
phenol acceleration still played the key role, and
the biodegradation was faster than 4-cp biodeg-
radation alone. When phenol concentration was
beyond 600 mg 1!, the biodegradation velocity of
the strain was lower than the 4-cp biodegradation
alone. However, from the figure it was clear that
the biodegradation still occurred, because the
phenolic acceleration couldn’t be neglected, yet
phenol toxicity was dominant. In the biodegrada-
tion tests, 850 mg ™' phenol was also used. It was
found that no biodegradation occurred in the
dual-substrate system. Another phenomenon was
observed, that is, whatever the phenol concentra-
tion was, phenol always took precedence of 4-cp
to be utilized by C. tropicalis. Rapid assimilation
of 4-cp by cell occurred at the late biodegradation

phase after phenol was largely degraded. For
example, 400 mg 1™ phenol was completely
degraded within 34 h, when the cell and 4-cp
concentration was 170 and 210 mg 1!, respec-
tively. It could be seen that phenol supplied
necessary carbon source for biodegradation sys-
tem to make cell accumulation and to keep cell
activity high, which ensured the startup of 4-cp
biodegradation. Besides, in this experiment, the
higher the phenol concentration was, the longer
the lag phase of cell growth was, and the higher
the cell mass was. In general, phenol played two
roles: one was just like glucose to accelerate
biodegradation, and the other was as toxic com-
pound to inhibit cell growth. And these two
effects existed in dual-substrate biodegradation
system all along. Their competition resulted in the
different biodegradation velocities. In the sample
of 400 mg 1™ phenol, the competitive balance was
optimal between phenol toxic inhibition and the
supplies of carbon and energy, leading to the
optimal phenol concentration to accelerate 4-cp
biodegradation.

Phenol could not only improve 4-cp biodegra-
dation velocity but also increase 4-cp biodegra-
dation capacity by cell (Fig. 6). It was clear that
420 mg 1! 4-cp could be completely utilized by
C. tropicalis in the presence of 100-160 mg 1!
phenol. And the maximum biodegradation veloc-
ity occurred in the sample with the phenol of
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Fig. 6 Effect of phenol
on 4-cp biodegradation
behavior in dual-substrate
system with 420 mg I™!
4-cp and varying initial
phenol concentration
from 80 to 160 mg I

400
300
200

100

4-cp concentration
(mg L")

Phenol concentration
(mg L")

—m— 80mgL"
—0— 100 mgL"
—A—120mg L’
—%— 140 mg L™
—e—160mgL"

140 mg 17!, where 420 mg 1! 4-cp was degraded
within 62 h. Phenol still played a role to supply
necessary carbon for the startup of biodegrada-
tion because of its easier utilization by cells. From
the figure, within the first 27.5 h of the biodegra-
dation, 140 mg 1! phenol has been completely
degraded by the strain, while the 4-cp biodegra-
dation just started and the residual 4-cp concen-
tration in the medium was 417 mg 1. The
biodegradation velocity increased gradually at
the phenol concentration ranging from 100 to
140 mg I"". However, when the phenol concen-
tration was more than 140 mg I, phenol inhibi-
tion increased rapidly. It took 70 h to degrade

40

—=— g0mgL’
—0— 100 mg L™
—4—120mgL"
—%— 140 mg L
—e— 160 mg L

35

30

25 +
20 + /
15 +
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Phenol degradation time (h)

Cell concentration (mg L‘l)

Fig. 7 Cell concentrations in dual-substrate system with
420 mg 1! 4-cp and varying initial phenol from 80 to
160 mg 1! before complete-degradation of phenol
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420 mg I'' 4-cp in the presence of 160 mg 1!
phenol. And several experiments proved that the
biodegradation terminated in the sample with
170 mg 1" phenol. Another phenomenon was
noticed that 4-cp could not be utilized by cell
when 80 mg I"! phenol was in presence. However,
having determined the cell and phenol concen-
tration, we found that phenol was not detected at
21.5 h of biodegradation while the cell concen-
tration was 23.6 mg I”' (Fig. 7). It was because
80 mg I phenol was completely degraded to
synthesize new cells, but 23.6 mg 1" cell could not
overcome intense 4-cp inhibition. Before these
cells overcame the lag phase of the growth, cell
death occurred for 4-cp toxicity.

The effect of 4-cp on phenol biodegradation
behavior

Figure 8 showed the effect of 4-cp with the
concentration from 80 to 120 mg ™' on 1,800
mg 1! phenol biodegradation. Low-concentration
4-cp brought about inhibition on cell growth. In
the sample of 80 mg I"' 4-cp, it took over 3 h to
degrade 1,800 mg 1! phenol than phenol biodeg-
radation with the same concentration alone
(Jiang et al. 2006). But the whole biodegradation
ended 2 h later after phenol complete-consump-
tion. It was obvious that although phenol concen-
tration was much higher than 4-cp, phenol was
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Fig. 8 Effect of 4-cp on 120
phenol biodegradation
behavior in dual-substrate
system with 1,800 mg 1!
phenol and varying initial
4-cp concentration from
80 to 120 mg I

4-cp
(mg L)
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still preferentially utilized by cell as a carbon and
energy source and the rapid biodegradation of
4-cp occurred at the end of the whole biodegra-
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system were described with following equations,
proposed in this lab using quasi steady state
approximation (Jiang et al. 2006): For phenol:

kX 1 S1 5
Px1 =% = "x. = @ s (5)
T T Ksi+ 81 g+ S+ i+ it + KSiS2 + MSTS: + 08183
dation. Also, with the increase of initial 4-cp
concentration, the velocity of the strain for Similarly, for 4-cp:
_ta_ KX o2
Hxz = X, 3 S (6)

- S2
X1 Ko+ St +3+8

-‘r}—cKSlSZ + MS2S, + } 08153

phenol biodegradation decreased. And the
biodegradation terminated in the sample beyond
120 mg I'* 4-cp.

Intrinsic kinetics of dual-substrate
biodegradation

The growth behaviors of C. tropicalis in the
phenol and 4-cp dual-substrate biodegradation

Based on Eqgs. (5) and (6), the specific growth
rate for phenol and 4-cp mixed substrates could
be obtained as

My = My + Hxo (7)
Where (1, Ksi, Ki) and (2, Ko, Kin, Kjp)

could be obtained separately from the kinetics of
individual cell growth on the phenol alone and
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4-cp alone, respectively. S; and S, were the
phenol and 4-cp concentrations in dual-substrate
system. The values of parameters were obtained:
f=17%x105 K=61x10", M = 4.5 x 107 and
0 = 63 x 107 (Table 1). The value of the root
mean square of the residual at these parameters
was 0.098.

The specific degradation rates of phenol and 4-
cp in the dual-substrate system could be repre-
sented based on the experimental data and the
proposed expressions in this lab:

tis1 = 5.083uy; +0.015h~" (R? = 0.976)
tisy = 0.662415, +0.054h~" (R? = 0.961)

According to R* and the root mean square of
the residual, it was concluded that the regression
curve was consistent with the experimental data
very well. Kinetic equations adapted to describe
the biodegradation behavior of C. tropicalis in
dual-substrate system.

Conclusions

The presence of low-concentration phenol en-
hanced 4-cp biodegradation of C. tropicalis. And
phenol was preferably utilized by the strain as a
carbon and energy source. Furthermore, 4-cp
biodegradation occurred at the end of the whole
biodegradation. When 100-600 mg 1™! phenol was
introduced into the mineral salt medium,
350 mg 1! 4-cp could be completely degraded
within a shorter period of time than 4-cp alone.
And when the phenol of 100-160 mg 1! existed in
the medium, the maximum 4-cp biodegradation
could arrive at 420 mg "', and moreover, the
maximum 4-cp biodegradation velocity was ob-
tained at the existence of 140 mg 1! phenol. 4-cp
inhibition for C. tropicalis was much stronger than
phenol. 4-cp with the concentration over
120 mg 1! could inhibit the biodegradation of C.
tropicalis for 1,800 mg I"' phenol in the medium.
In addition, the kinetic models for the specific
growth and degradation rates of phenol and 4-cp
as the simple and mixed substrates were obtained,
and the simulated values of these models agreed
well with the experimental data.
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