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Abstract

Phenol biodegradation by free and Ca-alginate immobilR@dronia eutropha was performed in batch system. Optimum initial pH and
temperature were determined as 7 and@(espectively for free cells, while a wide pH and temperature range were obtained for immobilized
cells. Phenol had a strong inhibitory effect on the microbial growth and Haldane model was used to describe the substrate inhibition. Model
parameters were determinediags,=0.89 !, Ks=55.11 mg dm?® andk, = 257.94 mg dm® by non-linear regression analysis. The effective
diffusion coefficient of phenol inimmobilized particles was calculated. For this purpose, using biodegradation rates experimental effectiveness
factors were determined for different sized immobilized particles. The Thiele modulus was evaluated from experimental effectiveness factors.
Then the average effective diffusion coefficient was calculated asx11®t” cn?s™. These results showed that intraparticle diffusion
resistance was important for this system and could not be ignored.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction obic biodegradation, oxidation by ozone and ion exchange,
etc.[1,6,7]. Among these methods, biological methods have
Many industries such as petroleum and petrochemical, been shown to be practical, economical as it leads to complete
coal conversion, pesticide, paint, paper and pulp industriesmineralization of phenol. Several aerobic microorganisms are
release phenolic compounds to the environment. Phenols areapable of utilizing phenols as the sole carbon and energy
toxic to microorganisms, animals and human being at low sources in either pure or mixed cultufés7/—9]
concentrations and they have been classified as hazardous A large number of studies on the biodegradation of phenol
pollutants. The maximum concentration of total phenols in by Pseudomonas putida have been made because of its high
drinking water is given as 0;86gdmi3 by the European  removal efficiency[9,10]. Recently, considerable attention
Union [1-3]. Different methods designed to remove phe- has been directed towards new, more efficient microorgan-
nols have been proposed. Adsorption by activated carbonsisms for this purposeRaistonia eutropha is one of these
is the most frequently used methpd5]. But activated car- ~ microorganisms and little is known about the biodegradation
bon is expensive and the higher the quality, the greater theof phenol by free and Ca-alginate immobilizRdeutropha
cost. Both chemical and thermal regeneration of the poi- and effect of internal diffusion limitations to the biodegrada-
soned carbon are expensive impractical on a large scaletion.
produce additional effluent and results in considerable loss Immobilization of microorganisms on inert supports
of the adsorbent. Other methods include, aerobic and anaershows an increasing interest since this strategy allows obtain-
ing much more profit from the process. Immobilization may
"+ Corresponding author. Tel.: +90 424 2370000/5309; improve microbial performance, and provide good opera-
fax: +90 424 2415526. tional stability. The main advantages in the use of immo-
E-mail address: aydursun@firat.edu.tr (A.Y. Dursun). bilized cells in comparison with suspended ones include the
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studied and the effectiveness factor and effective diffusion

Nomenclature coefficient were calculated.
C phenol concentration within Ca-alginate bead ~ ; ; /.. description
(mg dnt?)
Co initial phenol Concentr_at'on (mg dnr) . 1.1.1. Cell growth and substrate degradation kinetics
Cs _substre}t_e concentration at the Ca-alginate The specific degradation rate of phenging g1 h~1), in
|mmob|l|§ed R. eutropha bead surface a batch system is given in the following equation:
(mgdn)
dp particle diameter (cm) o _1dGs )
De effective diffusivity of phenol within Ca- X dt
E(i(i?rl]?iﬁ) immobilized R.  eutropha bead where X is dried microorganism concentration (gd#),
. . : Cs the phenol concentration in the biodegradation medium
k first-order biodegradation rate constant 3 .
dmPg-th-Y) (mgdn1°). When the free cells were used, the biodegrada-
¥ first-order biodegradation rate constant given tion rate was determined from the slope of phenol consump-

tion versus time plot at the exponential growth phase in which
the dried microorganism concentration is obtained from the
exponential growth phase. For the studies with immobilized
microorganisms, the biodegradation rate was calculated as
the same as the free cells for a fixed dried cell concentration
in Ca-alginate beads.

in Eq.(6) (dm*dm=—3s71)

substrate inhibition constant (mg d)
substrate affinity constant (mg drf)
radial position within the bead (cm)
radius of particle (cm)

NS Y
ST R A

time (h) o Although many microorganisms have been shown to grow
temperature®C) .
. . on phenol as the sole source of carbon, most of these microor-
actual biodegradation (phenol removal) rate . . s
11 ganisms show sign of substrate inhibition. The Haldane equa-
(mgg™"h~) tion has frequently used to describe this inhibition (E2))
Vs biodegradation (phenol removal) rate at the [15]
outer surface of Ca-alginate immobilizéd '
eutropha beads (mggth—1) _ UmaxC 5
w the amountR. eutropha of dried cells in the = Ks+ C + (C?/K)) (2)
immobilized beads (g) . _ -~
X dried microorganism concentration (g d) whereumax is the maximum specific growth rate ), Ks
the substrate affinity constant (mg d#) andk; the substrate
Greek letters inhibition constant (mg dm?).
n effectiveness factor
" m?croorgan?sm’s SpeCi_fiC growth rate_(jf’) 1.1.2. Kinetic model in immobilized microorganism
Mmax ~ Microorganism’s maximum specific growth When microorganism is attached to a porous carrier matrix
rate (1) the internal mass-transfer limitations have a great influence
Pp density of dried microorganisms (g dr#) on the intrinsic kinetics. It is necessary to develop compre-
%) Thiele modulus hensive models that quantitatively account for the internal

diffusion effects in addition to biochemical reaction as the
substrates and product diffuse into and out of the immobi-

retention in the reactor of higher concentrations of microor- /1z€d particles. o
ganisms, protection of cells against toxic substances and ASSuming that the porous structure is isothermal and
eliminates the costly processes of cell recovery and cell SPhericalin shape, microorganisms are uniformly distributed
recycle. Besides these advantages, the use of immobilizedn the particle and there is no partitioning of the substrate
microorganism has some disadvantages. One of the majo,petween 'the exterior apd mterlpr of the ;upport, the.follow-
problems of immobilization is diffusion limitation. In such N9 €quation can be written stating that diffusion rate is equal
case, the control of micro-environmental conditions is diffi- [0 reaction rate at steady state.
cult because of the resulting heterogeneity in the system. With dPc  2dc oo
viable cells, growth and gas evolution can lead to significant 2 e s FU 3)
mechanical disruption of the immobilizing matfik0—14} o e

In the present study, biodegradation of phenol by free and where C is the phenol concentration within the immobi-
Ca-alginate immobilizeR. eutropha was performed in a  lized particles (mgdm?3), r the radial position within the
batch system. The Haldane equation was used to describédeadop andDe the density of dried microorganism (g dd)
the phenol inhibition. The effect of internal mass transfer and effective diffusion coefficient of phenol within the bead
limitations on the degradation in the immobilized cells was respectively.v is the actual biodegradation rate. Assuming
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thatthe biodegradation of phenol by immobilizR@urropha 2. Materials and methods
follows first order kinetics (it is a correct assumption, espe-
cially at low phenol concentrations), biodegradation rate can 2.1. Microorganism and growth conditions
be defined as Eq¢4):
R. eutropha (NRRL B-14690) obtained from American
v=kC (4) Type Culture Collection was used throughout the present

where, k is the first-order biodegradation rate constant Study. The nutrient medium contained the following ingre-

(dm~3 solution g1 dried microorganismht). dients (in gdnT3) glucose, 3; yeast extract, 2; peptone, 2;
Solving Eq.(3) with boundary condition§ = Cs atr=R KH2PQy, 15 KoHP Oy, 15 (NH1)2SOy, 1, MgSQ-7H20 0.05.
and dC/dr=0 atr=0, Eq.(5) can be obtained. The pH of the medium was adjusted to 7 and it was steril-
) ized by autoclaving at 12’IC for 20 min. The microorganism
C _ sinh(3¢r/R) ) was incubated at 3T in an agitated shaker (100 rpm) for

Cs  (r/R) sin h3¢

whereR is the radius of the bead (cmJ’s the phenol con-
centration at the bead surface amthe Thiele modulus for
a spherical particle and given as the following equation:

24 h. The culture was acclimatized in phenol (100 mgém
containing nutrient medium, then it was transferred (in 1:10
ratio) into the biodegradation medium containing phenol as
sole source of carbon and energy.

R |k 2.2. Biodegradation studies
=2\ (6)

3V De Initial experiments on biodegradation of phenol Ry
wherek’ is the rate constant( = kop(1/3600)). eutropha showed that the presence of another carbon source

The effectiveness factor, here symbolizedjjs defined ~ Such as glucose in the biodegradation medium affected
as the ratio of the actual reaction rate to the rate evaluated athe biodegradation of phenol and the microorganism could

outer surface conditions (without diffusion limitation)s. degrade phenol after consuming of glucose. So phenol was
used as the sole sources of carbon and energy in the study.
V= 1nvs (1) In suspended cell studies, the biodegradation medium was

prepared by diluting 1.0 g dn? of stock phenol solution to
desired concentration and adding sufficient quantities of salts
as KHpPQy, 0.5gdnT3; KoHPOy, 0.5 gdnm3; (NH4)2S0y,

Assuming that the actual biodegradation rate is equal to the
diffusion rate of substrate into the immobilized particl®Rat

Eq.(8) can be written as: 0.5gdnT3 and MgSQ-7H,0, 0.05gdnT3. After the ster-
— 4rR2D dc 8 ilization, the pH of the medium was adjusted to the desired
v=ar e\ ar R (8) value by using sterilized 1.0 M 450, or NaOH solutions.
) . - _In immobilized microorganism studies, the salts con-
The biodegradation rate evaluated at the outer surface Cond'Taining K*, Mg2*, PQy~3 ions caused the dissolution of
tions can be written as: calcium-alginate beads. So the composition of the biodegra-
Vg = %nR3k/C3 9) dation medium was optimized to improve the stasbility
of beads[12,13] It contained KHPQ4, 0.035gdnt?;
After the necessary regulations, the effectiveness factor is(NH4)2SQ4, 0.3gdnT3; MgSQy-7H20, 0.05gdm® and

given by Eq.(10) as a function ofy [18]. phenol at desired concentration. After the solution was steril-
ized, the pH of the medium was adjusted to the required value.

1 1 1 . . -
n=- { — } (10) At the first stage of the studies, free cells experiments
¢ [tanh3p 3¢ were performed and the effects of initial pH, temperature

For small values ofy, — 1 and intraparticle mass trans- and initial phenol concentration on the biodegradation was
port has no effect on the rate. The rate at the centre is theinvestigatEd. Then immobilized microorganisms were used.
same as the rate at the outer surface, all the volume is fully Biodegradation studies were carried out in 0.25 dérlen-
effective. The biodegradation step controls the rate. For largemeyer flasks containing 0.1 dbiodegradation medium on

¢, n«1, intraparticle diffusion has a large effect on the rate. @ rotary shaker at 100 rpm constant agitating rate. After the
Practically, these conditions mean that diffusion into the par- transference of free cells or a known weight of immobi-
ticle is relatively slow, so that biodegradation occurs before lized microorganism (containing 0.121 g of dricbutropha

the substrate has diffused far into the particle and only the Cells) into the biodegradation medium, samples were taken

surface near the outer periphery of the particle is effective Out at fixed time intervals and analyzed for biomass and phe-
[10,12,13,15-18]For ¢ >5 a good approximation for Eq.  hol as described below. The experiments were continued for

(10)is: 48 h. Small differences<(0.5) were observed in pH during
the biodegradation so pH changes during the experiments
n= E (11) were neglected. Control experiments in a microorganism

@ free medium (including phenol and other constituents) were
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also done in order to evaluate the possible degree of phenol 250 0.5
removal with volatilization and it was seen that the phenol
concentration remained unchanged. All the experiments were
carried outin duplicates and average values were used for fur-
ther calculations.

200 A rod

150 F03
2.3. Analytical methods

v(mg g"h")
u(h™

The residual phenol concentration in the biodegrada-
tion medium was determined spectrophotometrically. The
absorbance of the colored complex of phenol agnd 50 - F 0,1
nitroaniline was read at 470 nfd9]. For free cell studies
the biomass concentration was determined by measuring the — T
absorbance at 400 nm using a standard curve of absorbance ' ' ' '

. . 20 25 30 35
against dry cell weight.

15 40

T (°C)

Fig. 2. Effect of temperature on the phenol degradation for free and immo-
3. Results and discussion bilized cells Cso=100 mg dnT3, pH 7, agitation rate = 100 rpmj( 1, B::
Vtree cells2NA®:Vimm. cells)-

3.1. Effect of initial pH . .
ffect of p because of internal mass transfer limitations. It was also

reported that the immobilized cells could tolerated the
changes in pH of the medium and less affected from the pH
changes than free cells. The maximum substrate removal rate
was determined as 24.4mghh—! at pH 7.

pH effects the activity of enzymes and therefore the micro-
bial growth rate Fig. 1 shows the effects of pH on phenol
biodegradation by free and immobilized cells. For free cells,
specific growth and phenol removal rates increased from
0.1381t0 0.470h' and 74 to 216 mg gt h— with increasing
pH from 4 to 7, respectively and then decreased sharply. Vari-3-2- Effect of temperature
ations in the pH of medium resultin changes in the ionic form _ )
of the active site and changes in the activity of the enzyme and 1 he effect of temperature on phenol biodegradation for
hence the biodegradation rate. Changes in pH may also alteff€€ and immobilized microorganism was givenFig. 2
the three-dimensional shape of the enzymes in microorgan- 1 e optimal temperature was determined as@G@or both
ism. For these reasons, enzymes in microorganisms are only°@Ses. Temperature is an important factor affecting the per-

active over a certain pH range and different microorganisms formance of cellsR. eurropha is an mesophilic bacteria. As
have different pH optima. the temperature is increased toward optimal growth temper-

Fig. 1 also shows that, lower phenol removal rates were ature (30°C), the specific growth rate increased. Thus higher

obtained for Ca-alginate immobilizedl. eutropha beads phenol removal rates were obtained. Above the optimal tem-
perature, thermal death occurred so the specific growth and

phenolremovalrates decreased. Itwas also observed that, free
cells were more sensible against temperature than immobi-
lized microorganism and immobilization increased the ther-

- 0.4 mal stability of the cells.

300 0,5

250 +

2001 3.3. Microbial growth and phenol degradation kinetics

1501 % Typical phenol biodegradation results for free cells at pH
Loz 7, 30°C and 100 mg dm? initial phenol concentration was
100 - presented irfFig. 3. Phenol degradation was higher during
the exponential growth phase of the microorganism. Most of
the phenol degradation was achieved within 10 h. No signif-

‘/’._"_./,\_.\_' icant change was observed in microbial growth and phenol
. . . . . consumption later.

v (mg g'lh")

50 k0,1

3.4. Effects of initial phenol concentration

Fig. 1. Effect of initial pH on the phenol degradation for free and immobi- . L
lized cells (so=100 mg dn3, T'=30°C, agitation rate = 100 rpmpa( 1z, In order to determine the effect of initial phenol con-

B Vree cellsANAd@:vimm. celld). centration on microbial growth and phenol removal rates a
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Fig. 3. The variation of growth and phenol consumption with time

(Cso=100mgdnT3, pH 7,7=30°C, agitation rate = 100 rpm). Fig. 5. The dependence of specific growth rate on initial phenol concentra-
tion (pH 7,7=30°C, agitation rate =100 rpm).

series batch experiments were conducted. In these exper-
iments, initial phenol concentration varied in the range

25-500 mg dm®. Figs. 4 and Sshow that, freeR. eutropha The comparison of specific growth and phenol removal
could degrade low pheno| concentrations eas"y and max- rates ofR. eutropha obtained in this StudyW|th those obtained
imum Speciﬁc growth rate was determined as Oﬂ]? ht in the literatures shows th&t é‘MlYOp/’lCl is efficient microor-
100 mg dn73 initial phenol concentration while maximum ~ ganism for biodegradation of phenol. Hill and Robinson
phenol removal rate was obtained as 270 mjhy? at reported the maximum specific growth rate as 0.48for
150 mg dn3 initial phenol concentration. Then rates started P> putida [20]. Monerio et al.[21] determined the max-
decreasing due to substrate inhibition siRceurropha could imum specific growth rate of. purida as 0.288h* at

not tolerate the toxicity of phenol at higher levels. The Hal- 25mgdn1? initial phenol concentration. Aksu andifiil
dane model gave an adequate fit to plogofersusCs. The  [13] reported the maximum phenol removal ratePgputida
values of three biokinetic constants of the Haldane equationa@s 41.9mgg'h~' at 100mgdm? initial phenol concen-
were determined agmax=0.89h 1, Ks=55.11 mgdm3 tration. The obtained results show ttRateutropha has high
and,k; = 257.94 mg dm? by non-linear regression analysis. Phenol biodegradation rate.

The dependences of the microbial specific growth rate onphe-  In the case of the immobilized microorganisms, lower

nol concentration and fitted curve were giverFiig. 5. As substrate removal rate values were obtained than free cell
seen from the figure, the predicted and experimental valuesPecause of internal mass transfer limitations. It was also
were in good agreemenk?=0.99). clear that, immobilized microorganism could expose to
higher phenol concentration without loss of cell viability
(Fig. 4).
300
—o— freecells . .
250 | e immobilized cells 3.5. Effect of particle size
At 100 mg dn 2 initial phenol concentration, three differ-
_ ent particle sizes (0.2; 0.3 and 0.4 cm) were used to inves-
T tigate the effect of particle size on the substrate removal
Tep 150 rate. As seen fronFig. 6, the highest phenol removal
=Dl . .
E rate was obtained as 24.4 mglch—! for smallest particles
> 100 1 (dp=0.2cm). Anincrease in particle size caused an increase
in diffusion limitations in the particles thus, lower substrate
50 4 removal rates were found for bigger particles.
In immobilized microorganism systems, diffusion resis-
0 . . ‘ . ‘ tances should be eliminated by using small particles, a high
0 100 200 300 400 500 600 degree of turbulence around the particles and high substrate
Cy (mg dm™) concentrations. For maximum conversion rates, the particle

size should be as small as possible within the constraints of
Fig. 4. Effect of initial phenol concentration on phenol biodegradation for Particle _integrity' resistance to compression and the nature of
free and immobilized cells (pH 7;=30°C, agitation rate = 100 rpm). the particle recovery systems.
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40 tance of internal diffusion effects on the overall biodegra-
dation rate. As the particle diameter becomes very small,
decreases, so that the effectiveness factor approaches 1, and
304 the reaction is surface-reaction-limited. On the other hand,
wheng is large, the effectiveness factor is small and the reac-
tion is diffusion-limited within the pellet. Assuming that the
20 4 biodegradation of phenol by. eutropha follows first order
reaction kinetics at low phenol concentrations, first-order
biodegradation rate constants were obtained frofigft(s)

10 versust plots at 100 mg dm? initial phenol concentration

(it is a correct assumption, especially for low phenol con-
centrations) with high correlation coefficients (for free cell

v(mg g" hh

0 . : : R?=0.91, forimmobilized celk? = 0.97 at 100 mg dm? ini-
0.1 02 0,3 0.4 0.5 tial phenol concentration).
dp (cm) The effective diffusion coefficients given fable 2were

calculated from Eq(6). The pores in the porous particles

are not straight and cylindrical; rather, they are a series of
tortuous, interconnecting paths of varying cross-sectional
areas. The effective diffusion coefficient is determined by
the molecular diffusivity and the pore structure of the immo-

Using biodegradations rates obtained with immobilized bilized particles. It was supposed to be independent from the

particles (biodegradation rate with diffusion limitation) and Particle size[18]. As seen fromTable 2 small differences
free cells (biodegradation rate without diffusion limitation), Were obtained in the values of the effective diffusion coeffi-

experimental effectiveness factors were calculated from Eq. cient for three different immobilized particles. These differ-
(7) at 100mgdm? initial phenol concentration (it was ©€NCeS can be explained by the differences in pore structure

assumed that the external mass transfer resistance is negligiof immobilized particles occurred during the immobiliza-

ble and the surface concentratiog is equal to bulk value). tion. Average effective diffusion coefficient was calculated as

7 1 Thi o
As seen froniTable 1, the effectiveness factors determined 1-21>x 10~ _sz_s - Thisvalues smallertj15ann;:2h(irlol s diffu-
for three different sized immobilized particles were much Sion coefficientin water at 3@ (0.92x 107> cms™7) [22].

smallerthan 1.0. Itwas clear that, the effect of diffusion resis- ' 1iS ¢an be explained by the exclusion effect (the biopoly-
tance on the biodegradation rate was very significant and theMer reduces the volume available for the phenol to move in)
biodegradation of phenol by immobilizel eutropha was and Fhe obstruction effect (the impenetrable part of biopoly-
diffusion limited. It was also observed that the effectiveness Mer increases the path length for movement of phenol). The
factor decreased from 0.113 to 0.064 with increasing the par-Predictive value of these concepts is limited but is useful in
ticle size from 0.2 to 0.4 cm. visualizing the process.

Table 2shows the Thiele modulus values calculated from  Similar diffusion limitation effect was reported for phe-

Eq.(11)for each particle size. As seen from table, the Thiele nol degradation by different microorganisms. For instance
modulus were found to be 8.85-15.50, showing the impor- Aksu and Rilbil investigated the biodegradation of phenol
' by Ca-alginate immobilize& putida and they reported that

Table 1 the biodegradation process was intraparticle diffusion limited

The effect of particle size on the biodegradation rate and experimental effec- [13].
tiveness factor

Fig. 6. The effect of particle size on phenol biodegradation (pF730°C,
agitation rate =100 rpmy=0.12 g).

3.6. Mass transfer effect in immobilized cells

dp (cm) v(mggth™) .
Free cells 216.0 1000 4 Conclusions
0.2 24.4 0.113
0.3 16.4 0.076 In the present study, free and Ca-alginate immobiliged
04 13.9 0.064 eutropha were used for phenol degradation. Phenol can be
pH 7,T7=30°C, Co =100 mg dnt3 andw=0.121g. utilized as sole source of carbon and energRbyurropha.

Free microorganism studies showed that the specific growth
Table 2 rate was highly affected by pH, temperature and initial phenol

Calculated values of Thiele modulus, first-order biodegradation rate con- concentration. Maximum phenol removal rate was obtained
stants and effective diffusion coefficients as 270mg gl h-1 at pH 7, 30°C and 150 mg dm? initial

dp (cm) ¢ K (dm®dm—3h~Y) De (x10""cm?s ™) phenol concentration. Phenol had a strong inhibitory effect
0.2 8.85 50.62 1.99 on the growth of free cells and it was well described by
0.3 13.16 64.00 114 the Haldane model. It was also indicated that immobilized
0.4 15.50 39.20 0.51

cells could tolerate a higher level of phenol concentration,
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although the biodegradation rate was slower. Kinetic analysis [8] M.S. Fountoulakis, S.N. Dokianakis, M.E. Kornaros, G.G. Agge-

of biodegradation of phenol by immobilized microorgan-

ism showed that there was a serious internal mass transfer
limitation. The maximum experimental effectiveness factor
was determined as 0.113 for the smallest immobilized beads
(dp=0.2 cm), while the average effective diffusion coefficient

was obtained as 1.24 10~/ cn? s~1. These results indicated

that the biodegradation process (by immobilized cells) was

diffusion limited.
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