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ABSTRACT. The kinetics of phenol degradation was estimated in a fed-batch reactor system. Effects of 
oxygen and nutrient excess or limitation as well as the presence of several essential ions on the phenol- and 
oxygen-specific uptake rates achieved simultaneously in a bioreactor were shown. Candida tropicalis was 
grown on phenol as the only carbon and energy source. Applying the best fit of polynomial function, the ma- 
ximum specific uptake rates of phenol and oxygen, the critical concentrations of phenol, the half-saturation 
constants and inhibition constants were determined. Linear relationship between specific phenol uptake rate 
and the exogenous respiration rate was found regardless of the kind and presence of essential nutrients. At 
oxygen limitation both the phenol uptake rate and the cell affinity to phenol decreased more strongly com- 
pared with those under nutrient limitation. Oxygen in excess resulted in a significant increase of cell tole- 
rance toward phenol. The presence of essential nutrients increased the specific phenol degradation rate and 
led to complete phenol oxidation. 

Phenol, like other xenobiotics, belongs to widespread pollutants that have still to be removed from 
many contaminated sites. Its inhibitory concentration is not constant but is linked closely to environmental 
conditions. For this reason many studies have focused on biodegradation of phenol and phenolic compounds 
with respect to degradation pathways (Dagley 1985; Katayama-Hyraiama et al. 199 la), the energy-yielding 
conversion (Mtiller and Babel 1994), the kind of degraders - bacteria (Hill and Robinson 1975; Bechard et 

al. 1990; Heipieper et al. 1991; Li et al. 1989; Koturi et al.1991; Folsom et al. 1990; Okaygun et al. 1992; 
Mtiller and Babel 1996; Straube et al. 1990; Hensel and Straube 1990; Collins and Daugulis 1997; Marek et 

al. 2001; Mufioz et al. 2001), fungi (M6rtberg and Neujahr 1987; Spanning and Neujahr 1987, 1990; Ansel- 
mo et aL 1989; Stephenson 1990; Katayama-Hyraiama et al. 1991a,b; Zilly et aL 2002) and mixed cultures 
(Fan et aL 1987; Watson-Craik and Senior 1989; Hobson and Millis 1990; M6rsen and Rehrn 1990; Martius 
et al. 1996; Pfica and Martius 1996; Branyik et al. 2000; Weigner et al. 2001). Relatively less information on 
yeast cultures grown in media with phenolics can be found (Shimizu et al. 1973a,b; Yang and Humphrey 
1975; Krug et al. 1985; M6rtberg and Neujahr 1987; Spanning and Neujahr 1987, 1990; Stephenson 1990; 
Katayama-Hyraiama et al. 1991a,b; Collins and Daugulis 1997; Chang et al. 1998; Ruiz-Ordaz et al. 1998). 

For description of aerobic phenol degradation some authors (Hensel and Straube 1990; Straube et 

al. 1990; Mfiller et aL 1995; Ruiz-Ordaz et al. 1998; Sanchez et al. 1998) used mathematical models descri- 
bing the growth of microorganisms. Limbert and Betts (1995) and Stephenson (1990) evaluated the bio- 
degradation kinetics using respirometry alone. Anselmo et al. (1989) and Mason (1994) evaluated both the 
phenol and oxygen uptake rates. Except for Mason (1994), others performed respiration measurements using 
Warburg (Anselmo et al. 1989; Limbert and Betts 1995) or Gilson respirometers (Stephenson 1990) where 
artificial conditions with subsequent gradual transition to oxygen limitation can occur. For this reason we 
used here the dynamic method for a simultaneous measurement of the specific phenol and oxygen uptake 
directly in the bioreactor under conditions of excess oxygen. 

Previously we focused on phenol degradation and oxygen consumption by a mixed microbial popu- 
lation with respect to the oxygen supply rate, to the presence or absence of nutrients (Pfica and Martius 1996) 
and, using the actual phenolic wastewater from coking, to the effects of dissolved oxygen concentration and 
temperature (Martius et al. 1996). 

Here we carry out a kinetic study with C. tropicalis. We aim to elucidate the effect of oxygen supply 
rate and the presence of essential nutrients on the kinetics of phenol removal; we also show relationships 
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between the specific rate of  phenol degradation and exogenous respiration rate under conditions with and 
without a partial inhibition by phenol. 

MATERIALS AND M E T H O D S  

Microorganism. The strain of Candida tropicalis was isolated from an undefined mixed culture ori- 
ginally obtained from oil-polluted sandy aquifer. The culture was maintained on an agar slope with glucose 
and phenol as carbon and energy sources with mineral salts at 4 ~ however, the strain was able to use phe- 
nol as the only carbon and energy source. 

Media and culture conditions and kinetic measurement. The growth medium (YNB) contained 
(in g/L): Yeast Nitrogen Base (YNB, Difco) 1.7, (NH4)2SO 4 5, KH2PO 4 1, MgSO4"7H20 0.5, NaCI 0.1; 
1 mL per L medium of amino acid solution (g/L; L-methionine 4, L-tryptophan 4, L-histidine 2). Phenol and 
oxygen uptake measurements were done in YNB, tap water with (in g/L) (NH4)2SO 4 0.3, with KH2PO 4 0.2, 
with NaH2PO 4 0.2 and tap water only. 

The cells were obtained from a fed-batch oxistat-culture system. Phenol, as the sole carbon and energy 
source, was added according to the adjusted level of dissolved oxygen concentration to avoid the effect of 
substrate inhibition. The culture parameters were 28 ~ pH 5.2 and the volumetric oxygen transfer coeffici- 
ent (KLa) of 340 h -1. The cultivations were performed in an LF 2 bioreactor (Development Workshop, Aca- 
demy of Sciences of the Czech Republic, Prague) with a working volume of 2 L. After separation, the cells were 
washed three times with tap water. 

Phenol degradation and oxygen consumption were examined either in the same bioreactor and under 
the same conditions or in Erlenmeyer flasks (working volume 0.1 L) on a shaker (KLa = t2 h-I). The starting 
biomass concentration was 3 g/L. Each biodegradation experiment was repeated four times. 

Analytical methods. Dry cell mass was determined gravimetrically. The samples were centrifuged, 
washed, and dried for 1 h at 70 ~ and for 2 h at 105 ~ 

Phenol was determined by HPLC equipped with UV detector-Spectro monitor 3200 set at 270 nm and 
column Nucleosil 12-5 C18, 250 x 4 mm (Watrex, Czechia) under isocratic conditions (eluent mixture 
methanol-water-H3PO4, 50 : 49 : 1). The signal was evaluated by Chromatography Station for Windows 
version 1.7 (CSW). 

Oxygen uptake was determined in the bioreactor using a Pt-Ag-AgC1 electrode coupled with Oxy- 
test analyzer (Developmental Workshop, Academy of Sciences of the Czech Republic, Prague). 

Using the dynamic method (Pfica and Gr6gr 1977) the volumetric oxygen transfer coefficients (KLa) 
and the endogenous and whole respiration rates were calculated. From these values the exogenous respiration 
rate was calculated and plotted (Figs 1, 3-5). 

RESULTS AND DISCUSSION 

Degradation kinetic models. Two models were tested for their ability to describe substrate inhibi- 
tion regarding the specific phenol removal rate qs and exogenous respiration rate qo2. The first model used 
the Haldane equations given by 

qs = qs(max) S/(Ks + S + S2/Ki) (1) 

o r  

qo2 = qO2(max) S/(K's  + S + S2/K'i) (2) 

where S (mg/L) is the phenol concentration, qS(max) (mmol/g dry mass per h) the maximum specific phenol 
removal rate, qo2(max) (mmol/g dry mass per h) the maximum exogenous respiration rate, K s and K'S (rng/L) 
are the half-saturation constants, and Ki and K' i (mg/L) are inhibition constants. The kinetic constants of the 
Haldane model were found both by a method of the random number regression and by linear analysis after 
transformation to a second-order polynomial. 

In. the second model, experimental data were approximated by n-order polynomials to estimate the 
kinetic constants. The linear regression analysis of least squares with Gauss method for the solution of linear 
equations set was used for the best fit. 

Fig. 1 shows both fitting methods. The Haldane model did not fit the experimental data as well as 
the polynomial function in both ranges of the phenol limitation and the phenol inhibition. Also Hobson and 



2002 PHENOL OXIDATION BY C. tropicalis 70:$ 

Millis (1990) and M6rsen and Rehm (1990) found a poor fit o f  the Haldane equations. We evaluated there- 
fore all kinetic parameters using the fitting by the n-order polynomial curve. 
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Fig. 1. Specific phenol removal rate (qs above) and 
specific oxygen consumption rate (qo'z; below) (both in 
mmol/g dry mass per h) in tap water at KLa = 340 h -! 
(oxygen in excess); S - phenol, mg/L; circles - expe- 
rimental data, .full lines - Haldane equations, dashed 
lines - polynomial function. 

Effect  o f  oxygen supply  rate on p h e n o l  degrada- 
tion. The plot o f  specific uptake rates o f  phenol vs. phe- 
nol concentrations in the growth medium at two different 
oxygen supply rates shows (Fig. 2 left) that under oxy- 
gen limitation in shaking flasks (KLa = 12 h - l )  typical 
inhibition kinetics occurred. 

At oxygen in excess (KLa = 340 h-l),  significantly 
higher rates of  phenol degradation were achieved. Under 
these conditions the maximum specific phenol uptake rate 
was more than twice higher than under oxygen limi- 
tation. The kinetic parameters qS(max), Scrit '(critical phe- 
nol concentration; mg/L), K s and Ki calculated are shown 
in Table I. The excess of  oxygen caused both a signi- 
ficant increase in affinity of  the yeast cells to phenol and 
a decrease of  cell sensitivity to phenol inhibition (com- 
paring K s and Ki). A similar positive effect o f  oxygen 
excess on the cell sensitivity to phenol was observed in 
our previous study with a mixed culture (P~ca and Mar- 
tius 1996) and by Anselmo et aL (1989). 

Effect  o f  nutrients on pheno l  degradation. After cul- 
tivation in the bioreactor under oxygen excess (KLa = 
340 h-l;  Fig. 2 right)  the kinetic parameters  were cal- 
culated (Table I). Addition of  ammonia ions did not 
affect the qs values. However,  the presence of  phos- 
phate, K +, Na + and all nutrients resulted in an increase 
of  the specific phenol degradation rate. The presence of  
nutrients did not affect the affinity o f  the cells to phenol 
or the K S value. 
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Fig. 2. Effect of oxygen supply rate (left; KLa = 12 and 340 h -I) and nutrients (right; KLa = 340 h-l; 
in the YNB medium, tap water with and without inorganic salts) on the specific rate of phenol degra- 
dation; average values from four experiments. 

Effect  o f  nutr ients  on oxygen consumption.  From the dynamic method (P~ca and Grrgr  1977) the 
endogenous respiration (qo2(e), mmol/g dry mass per h) was evaluated. The qo2(e) value in the YNB medium 
and in tap water with addition of  salts was 0.6 mmol/g dry mass per h and in tap water 0.8 mmol/g dry mass 
per h, respectively. The exogenous respiration rates at different phenol concentrations are shown in Fig. 3. It 
is necessary to stress that the qo2 values describe the exogenous respiration rate, i.e. the quantity of  oxygen 
consumed for phenol oxidation alone. The calculated kinetic parameters are shown in Table II. Comparing 
Figs 2 and 3 the presence of  every nutrient can be seen to increase the maximum respiration rate at critical 
phenol concentration in the range of  5-62 % while the maximum specific phenol uptake rate increased in the 
range of  26-86 %. The presence of  nutrients also increased the affinity of  cells for phenol (K'  s values). On 
the other hand, the effect of  phenol inhibition was much more pronounced with respect to the oxygen uptake 
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rate.  Never the less ,  also here  the  s igni f icant  p ro tec t ive  ef fec t  o f  oxygen  excess  r e su l t ed  in s table  q02 up  to the  

p h e n o l  concen t r a t i on  o f  500  mg/L,  and  the inh ib i t ion  cons tan t  (K ' i )  the re fore  cou ld  not  be  de te rmined .  The  

p r e s e n c e  o f  nu t r ien ts  d id  no t  af fec t  the cri t ical  p h e n o l  concen t r a t i on  (Tab le  II). 

Table  I. Kinetic parameters a of phenol uptake by C tropicalis at oxygen and nutrient limitation 

Nutrient b KLa qs(max) Scrit Ks Ki 
h-! mmol/g per h mg/L mg/L mg/L 

W i t h o u t  l i m i t a t i o n  

YNB 340 2.60 4- 0.05 28.0 • 1.0 4.6 • 0.9 >500 

O x y g e n  l i m i t a t i o n  

YNB 12 1.20 • 0.06 90.5 • 2.5 14.9 • 0.8 376 + 15 

N u t r i e n t  l i m i t a t i o n  e 

None d 340 1.60 • 0.05 21.3 • 1.0 4.5 • 0.8 >500 
(NH4)2SO 4 340 1.73 • 0.06 21.1 :k 1.1 3.7 4- 0.8 - 
NaH2PO 4 340 2.33 • 0.05 19.8 4- 2.0 3.1 :t: 0.8 - 
KH2PO 4 340 2.41 • 0.07 18.6 • 1.5 3.3 • 0.9 - 

aKLa - oxygen supply rate, qs(max) -- the maximum specific phenol removal rate, K s - half-saturation constant, 
K i - inhibition constant, Scrit - critical phenol concentration. 

byNB-complex medium or tap water with inorganic salt. 
COxygen in excess. 
dTap water. 

U n d e r  o x y g e n  l imi ta t ion  the  rate o f  p h e n o l  degra -  

da t ion  was less than  o n e - h a l f  as u n d e r  oxygen  excess  (cf. 

Fig. 2) and  the cell  aff ini ty  for  pheno l  also s ign i f ican t ly  

decreased.  This  fact consequen t ly  pos tpones  the critical con-  

c e n t r a t i o n  va lue  at  w h i c h  the  p h e n o l  i n h i b i t i o n  s tar ts  to 

o c c u r  (Fig.  2, T a b l e  I). O x y g e n  and  nu t r i en t  l im i t a t i ons  

du r ing  p h e n o l  deg r ada t i on  resu l t  in a lower  specif ic  p h e n o l  

d e g r a d a t i o n  ra te  and  a m o r e  s ign i f i can t  e f fec t  o f  p h e n o l  

i n h i b i t i o n  (Ki). T h e  n u t r i e n t  l im i t a t i on  d id  no t  i n f l u e n c e  

the  cel l  a f f in i ty  for  p h e n o l  a n d  the  cr i t ica l  p h e n o l  con -  

cent ra t ion .  

The  h ighes t  speci f ic  p h e n o l  deg rada t ion  rate  toge-  

ther  wi th  the  h igh  cel l  af f in i ty  for  phenol ,  were  a c h i e v e d  

wi th  excess  o f  bo th  o x y g e n  and  nut r ien ts  in the med ium.  In 

addi t ion ,  the p ro tec t ive  ef fec t  o f  an  excess  oxygen  concen -  

t ra t ion  on the p h e n o l  i nh ib i t i on  was  found  to be  more  pro-  

n o u n c e d  in C. tropicalis (Pfica and  Mart• 1996; Fig. 2). 
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Fig. 3. Effect of nutrients on the specific oxygen con- 
sumption rate (exogenous respiration rate only) at KLa 
= 340 h-l; average values from four experiments. 

Table  II. Effect of nutrients on kinetic parameters of oxygen uptake at excess oxy- 
gen (KLa = 340 h - l )  

Nutrient qo2(max) S'crit K'S 
mmol/g per h mg/L mg/L 

None 6.2 + 1.0 15.5 + 0.8 3.3 • 0.7 
(NH4)2SO 4 7.9 • 0.8 17.5 • 0.9 1.6 • 0.5 
NaH2PO 4 11.0 4- 0.8 15.6 4- 0.8 1.4 4- 0.5 
KH2PO 4 11.4 • 0.7 15.6 • 0.8 1.4 • 0.5 
YNB 11.7 • 0.7 16.5 4- 0.8 1.6 + 0.5 

aqo2(max) - maximum exogenous respiration rate, K' S - half-saturation constant, for 
oxygen, S'crit - critical phenol concentration for oxygen. 
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For C. tropicalis growing on phenol Ruiz-Ordaz et aL (1998) found K s = 3.7 mg/L and Ki = 484 mg/L, 
Shimidzu et al. (1973a) then 110 and 1200 mg/L. Yang and Humphrey (1975) reported these parameters for 
Trichosporon cutaneum to be K S = 1.66 mg/L, K i = 380 mg/L and for Pseudomonasputida K s = 99.4 mg/L, 
Ki = 106 mg/L. On the other hand, Sanchez et al. (1998) found for P. putida K s = 4.64 mg/L and 
K i = 398 rag/L, and Seker et al. (1997) found for P. putida the relevant parameters to be 75.9 and 99.4 mg/L. 
In Pseudomonas sp., Ks and K i were found to be 75.9 and 105.9 mg/L, respectively (Limbert and Betts 
1995). Hobson and Millis (1990) determined in mixed culture K s = 40 mg/L and Ki = 374 mg/L. The broad 
variation of the kinetic values may be explained by different culture conditions, in many cases even not quite 
precisely defined. Our kinetic parameters (obtained under oxygen or nutrient limited and unlimited 
conditions as well as in the presence of different ions in the medium; Table I) correspond with the above 
data. 

The value of qs(max)= 39.3 mmol/g per h found by Hobson and Millis (1990) was relatively high 
due to the use of  mixed culture and the two-stage chemostat system. Using the formula qS(max) = ~/max/YYds 
(where flmax is the maximtun specific growth rate and Yx/s is the biomass yield from phenol) and neglecting 
the maintenance energy we could calculate the qS(max) to be 11 mmol/g per h according to Seker et al. 
(1997), 7.8 (Tang and Fan 1987), 6.1 (Worden and Donaldson 1987), and 2.5 (Sanchez et al. 1998). Our 
qS(max) values (Table I) were 1.6-2.6 mmol/g per h. 

To describe the effects of  the individual nutrients and the phenol inhibition we evaluated the cor- 
relations between the metabolic quotients (Fig. 4). This correlation was carried out for the phenol degrada- 
tion without any substrate inhibition (at Scrit) and for two increasing partial phenol inhibitions (at S = 40 and 
100 mg/L). Despite the presence or absence of nutrients the ratio of qo2/qs remained constant. When no phenol 
inhibition (at Scrit and qo2(max)/qS(max)) was observed the oxygen consumption was very close to that expec- 
ted for complete phenol oxidation. Comparing our value of Yo2/s (equal to qo2(max)/qs(max) = 4.48 mmol 02 
per mmol phenol) with those described by Seker et al. (1997) - 4.53 mmol 02 per mmol of  phenol (steady 
state of continuous culture), Arvin et al. (1991) - 7.35 (mixed culture), Livingston and Chase (1989) - 4.12, 
Tang and Fan (1987) - 4.12 and Worden and Donaldson (1987) - 4.11, much better agreement was seen 
than with the recalculated qs values. 
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4 ~ 100 

o I 2 qs 

Fig. 4. Effects of  nutrients and phenol inhibition at excess 
oxygen on the correlations of  metabolic quotients; 

Scrit, qo2/qs = 4.48 tool/tool; S = 40 rag/L, qo2/qs = 
2.97 moVmol; S = 100 mg/L, qo2/qs = 2.69 tool/tool. 

For a more accurate description of the inhi- 
bitory effect of  phenol and its physiological inter- 
pretation we compared qo2/qs with the initial phenol 
concentrations in the different media (Fig. 5). In the 
growth YNB medium and in the presence of  each 
nutrient the highest values of  qo2/qs were achieved 
below Scrit (Figs 2 and 3). The exogenous respiration 
values were closely related to those that we expected 
for complete phenol oxidation. Similar behavior (but 
only in the case of  a growth medium and an immobi- 

10 b I I 
Yo2/s 

8 

4 

2 
6 

Y02/S ~ (NH4)2SO 4 

I I 
40 80 120 S 

Fig. 5. Effect of  nutrients and phenol inhibition at 
excess oxygen on the ratio of  metabolic quotients; above 
- with and without nutrient limitation, below - with 
inorganic salts. 

lized biofilm reactor) was also observed by Arvin et al. (1991). Fig. 5 demonstrate that the oxygen excess 
significantly decreases the sensitivity of cells to phenol inhibition and a decrease in respiration acti- 
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vity at increased phenol concentration; this indicates that phenol primarily suppresses the cell respira- 
tory enzymes. 

Comparing our kinetic parameters of the exogenous respiration (Table III) with those reported by 
Anselnmo et al. (1989) (qo2(max) = 7 mmol/g per h, K S = 85 mg/L) our C. tropicalis showed the same 
qo2(max) values but a much higher affinity for phenol. 

We can summarize that qs was significantly affected by the oxygen supply rate; under oxygen 
limitation qs showed typical inhibitory kinetics; excess of oxygen resulted not only in higher qs values but 
increased the cell resistance to phenol; Haldane kinetics could not be recommended for fitting of 
experimental data (the application of a polynomial function gave most realistic kinetic parameters); the lack 
of nutrients caused a lesser decrease of qs(max) than did oxygen limitation; the presence of essential nutrients 
increased the cell affinity for phenol and the exogenous respiration rate; the kind and presence of essential 
nutrients influenced the value of phenol concentration at which substrate inhibition began; phenol inhibition 
affected primarily the respiratory enzymes, resulting in incomplete phenol oxidation. 

This work was supported by the Grant Agency of the Czech Republic, project no. 104/00/0575. 
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