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Abstract

Experiments were carried out to study the biodegradation of phenolic wastewater using microorganisms in a fluidized-bed bioreactor (FBR).
Synthetic wastewater has been used in the study. Experiments were conducted at various conditions of wastewater flow rate, dissolved oxyger
(DO) concentration and inlet concentration. The wastewater with feed concentration of phenol as high as 1254 ppm has been successfully
biodegraded to 50 ppm in the fluidized-bed bioreactor, whereas feed with concentration up to 1034 ppm could be completely biodegraded (to
zero ppm).

Biokinetic parameters for the growth of the cells were determined in batch experiments and they were founghieie436x 1074s72,

Ks=21.92x 10~ kg/m?, K; =522x 102 kg/m?. Model equations describing the simultaneous diffusion and reaction of phenol and oxygen

in the biofilm of the solid particles, were solved using the orthogonal collocation technique to calculate the rate of biodegradation of phenol.
The rate of biodegradation predicted by the model was compared with that observed experimentally and the difference between the two was
found to be about 12%.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction [2,4-12] Phenolic wastewater treatment is done by using
methods like freely suspended cell systems, trickling filters,
Fluidized-bed bioreactors (FBR) have been receiving rotating disc, activated sludge, biological fixed film methods
considerable interest in wastewater treatment. A fluidized- and fluidized-bed bioreactors. Tricking filters are more ad-
bed bioreactor consists of microorganism coated particlesvantageous over freely suspended cell sysfdmsiowever,
suspended in wastewater which is sufficiently aerated to fluidized-bed bioreactors have been found to be superior
keep the gas, liquid and the solid particles thoroughly to other type of reactor$2,3] in relation to volumetric
mixed. The fluidized-bed bioreactor has been shfiwb] biodegradation capacity. A number of attempts have been
to outperform other types of reactors. The superior perfor- made to develop mathematical model for biodegradation
mance of the fluidized-bed bioreactor is due to very high of phenolic compounds in wastewat¢4,5,12] Earlier
biomass concentration due to immobilization of cells onto studies [12] using draft tube fluidized-bed bioreactors
the solid particles; intimate contact between gas, liquid and involved low phenol concentrations (82-131ppm). The
solid phases; decoupling of residence times of liquid and present work reports studies with phenol concentration up
microbial cells due to immobilization. to 1254 ppm. In the present work, an attempt has been made
Extensive information is available in literature on the to study the influence of various operating parameters, i.e.,
biodegradation of phenol and fluidized-bed bioreactors phenol and oxygen concentrations and feed flow rate on
biodegradation of phenol in a draft tube fluidized bioreactor.
* Corresponding author. Tel.: +91 870 2459191; fax: +91 870 2459547. A model has been u.se.d to predict phengl bIOdegradatlon
E-mail addressesaw@nitw.eret.in (A. Venu Vinod), and the model predictions compared with experimental
vreddy@nitw.ernet.in (G. Venkat Reddy). findings.

1369-703X/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.bej.2005.01.005



A. Venu Vinod, G. Venkat Reddy / Biochemical Engineering Journal 24 (2005) 1-10

Nomenclature
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Greek letters

8

Pv
nw
Mmax

bo
bs

dimensionless grougk§ §/Dof)

dimensionless grougk{ §/Dss)

dissolved oxygen concentration in biofilm
(kg/md)

dissolved oxygen concentration in the bulk
liquid phase (kg/r)

dissolved oxygen concentration at the
interface between a bioparticle and the bulk
liquid (kg/m®)

dimension less dissolved oxygen concentration

(clcp)

diffusion coefficient of oxygen in biofilm
(m@/s)

diffusion coefficient of oxygen in water (#fs)
diffusion coefficient of phenol in biofilm (Ais)
diffusion coefficient of phenol in water (#s)
liquid—solid mass transfer coefficient for
oxygen (m/s)

liquid—solid mass transfer coefficient for
phenol (m/s)

inhibition constant for phenol (kg/f

monod constant for oxygen (kghn

monod constant for phenol (kgAn
dimensionless inhibition constant for phenol
dimensionless Monod constant for oxygen
dimensionless Monod constant for phenol
number of bioparticles in FBR

flow rate of synthetic wastewater #fs)

radial coordinate in biofilm (m)

radius of biomass—free bioparticle (m)
observed rate of phenol removal in the reactpr
(kg/s)
calculated rate of phenol removal in the reactpr
(kgls)

phenol concentration in biofilm (kg/h
phenol concentration in the bulk liquid (kg#n
phenol concentration in inlet synthetic waste
water (kg/nf)

phenol concentration at the interface between

a bioparticle and the bulk liquid (kgfh
dimensionless phenol concentrati@S;,)
time (s)

dimensionless distance{rp)/é

yield coefficient (kg biomass/kg phenol)
yield coefficient (kg biomass/kg oxygen)

biofilm thickness (m)

biofilm density (kg/nd)

specific growth rate of biomass(§ h™1)
me;ximum specific growth rate of biomassts
h™)

dimensionless modulus for oxygen
dimensionless modulus for phenol

2. Mathematical model development

A model describing the biodegradation of phenol by bac-
teria immobilized onto the plastic beads was used which is
similar to the one employed by Tang and Fah Phenol and
oxygen were assumed to be simultaneously diffusing into
and reacting within the film. There are three basic processes
occurring in the biodegradation of phenol in a fluidized-bed
bioreactor:

(&) Transport of oxygen from the gas phase into the bulk
liquid.

(b) Transport of phenol, oxygen and other nutrients from the
bulk liquid phase to the surface of the film.

(c) Simultaneous diffusion and reaction of phenol, oxygen
and other nutrients within the biofilm.

Process (a) was not considered in this work, as dissolved
oxygen concentration was maintained constant.

A pseudosteady state is reached in the completely mixed
draft-tube, three phase fluidized-bed bioreactor when the bulk
concentrations of phenol and oxygen are constant and the
change in biofilm properties such as the film thickness and
density are negligible. Therefore, the concentration profiles
of phenol and oxygen in the biofilm are independent of time.
The following assumptions were made in the development of
the model:

. The FBR is in backmix condition.

. Biomass loading is constant at steady state.

. Plastic bead patrticles are spherical and inert.

. Biomass coating on particles is uniform.

. The growth limiting nutrients are phenol and oxygen. All
other nutrients are in excess. The growth kinetics are as-
sumed to follow Monod kinetics with respect to oxygen
and substrate inhibited kinetics with respect to phenol.

G wWNPEF

_ HmaxS C
S+ Ks+ S2/Ki Ko+ C

6. The biofilm has same kind of effect on phenol and oxygen
diffusivities, i.e., the ratio 0Dg/Dgy is the same as the
ratio Dsi/Dso. The diffusivities of the oxygen and phenol
are reduced to the same extent in the biofilm compared to
that in water.

7. Immobilization of cells onto the biofilm does not change
the kinetic parameters describing the growth.

n (1)

With these assumptions mass balances of phenol and oxy-
gen across the biofilm have been carried out to get the fol-
lowing two differential equations: (details of the derivation
given inAppendix A)

For phenol:

Dt [ d (,.2ds S c_ _

r_ZSf [E (r W)] - %\;S S+Il<LsT§2/Ki Kot+C ™ 0 (2)
For oxygen:

Dot [ d de Pv HmaxS C

222 - =0 3
rZ [dr <r dr)] Yx/o S+Ks+SZ/K| K0+C ( )
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The boundary conditions for these equations are

dsy (dcC _0 atr—
dr ) \dr /)™ T=re

(4)
D dc =k i = 1) 6
of(a)— olCob—Ci) atr=rp+ (6)

After solving the Eqs(2)—(6)the rate of phenol degrada-
tion from the model can be calculated using the formula
Nppv r=rp+3§

Yyis

MmaxS C
S+ Ks—i-Sz/Ki C+ Ko

Rscal=

ATTr2dr
(7)

r=rp

2.1. Numerical method

Egs.(2)—(6) constitute a set of nonlinear, ordinary differ-
ential equations of the boundary value problem type. They
were solved using the orthogonal collocation technique. The
solution procedure is given ilppendix A

3. Experimental

3.1. The reactor set-up

The schematic diagram of a draft tube fluidized-bed biore-
actor used in the present work is shown in Eig. 1

3.1.1. Reactor and the draft tube
The fluidized-bed bioreactor and the draft tube are made

The above rate of biodegradation can be compared withup of glass. A sparger made up of same material has
the experimental rate of biodegradation calculated using thebeen provided at the bottom of the reactor through which

formula

Rsobs= Q(SI — Sb) ®)

air/oxygen/nitrogen can be sparged into the reactor. The ac-
tive volume of the reactor is about 2.6 I. The top of the glass
reactor is closed with a plate through which all the probes
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Fig. 1. Fluidized-bed draft tube bio reactor (FBDTBR).
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and sensors are inserted into the reactor. An overflow line Table 1 _
has been provided near the top so that, the reaction medijunfor 100 m! of nutrient broth/agar

flows out of the reactor in continuous operation. Compound Concentration (g)
Plastic beads with a density of 1.05 g/cc are used for im- Beef extract 0.3
mobilization of the microorganism. The average diameter of NaCl 05
the beads is 4.31 mm. Two peristaltic pumps one each for Peptone 0.5
agar-agar 1.2

media and feed into the reactor have been provided. The flow.
rate of these pumps can be set at the required value using a

flow controller. The capacity of the pumps is 40-3500 mi/h. nutrient agar solution is added in a tilted position around 30

The reactor is provided with a glass jacket to maintain the to the horizontal. After the solidification of the nutrient agar
temperature of the reactor system above or below the am-. . L .

i . in the test tubes, colonies of bacteria is introduced on it, and
bient temperature. Depending on the temperature set for the . o o

. ) : . is incubated for 24 h at 3@ and then it is stored at°€ in
reactor operation, controller switches on either the heating or ;
) ) - L . a refrigerator.

refrigeration circuit. An additional pump has been provided at
the bottom of the reactor to recirculate the reaction medium to | )
supplement the fluidization action of the gas. Separate tanks3-4- Culture preparation
made of stainless steel have been provided for supplying the

feed, medium, acid and base solutions for pH control. Two 1€ culture (SP-1) was maintained by periodic subcul-
types of connecting tubing are used in the set-up. One is sil- fure on nutrient agar and stored in a refrigerator. The reaction
icon tubing and the other is PVC medium was prepared from this strain by growing the bacte-

ria on 2.6 It of 100 ppm of phenol solution containing growth
medium of the composition mentionedTable 2 Steriliza-
tion of the phenol solution was done before inoculation of the
organism. This has been done to selectively gronRtbeu-
domonasspecies.

3.1.2. Reactor instrumentation

To maintain the pH of the system a pH meter and a con-
troller has been provided. pH will be maintained by addition
of acid or base from the tanks provided at the top. Oxygen
will be consumed in the degradation of phenol by microor-
ganism. Oxygen required for the process will be supplied 3-5. Growth medium
either in the form of air from a compressor or from oxygen
cylinder. The oxygen content in the reaction medium can be  The growth medium used has the constituents mentioned
measured using a DO meter. Phenol present in the feed willin Table 2 It was made up using tap water. Sterile conditions
be biodegraded and converted to biomass, @®. The gas ~ Were not maintained during the continuous operation of the
analyzer will measure the composition of the gas leaving the réactor.
reactor at the top. To study the biodegradation of phenol at
different concentrations of oxygen dissolved in the reaction 3.5.1. Start-up of the equipment
medium, provisions has been made to pump airaNd Q 2.6 of reaction medium was transferred to fluidized-bed
into the reactor through a gas mixer. The flow rates of these bioreactor and the organism was allowed to grow in batch
gases are measured using rotameters, each with a range ghode for 36 h forimmobilization of microorganism on to the

1-101Ipm (liters per minute). solid particles. In the first run thereafter was put in continuous
operation with a feed flow rate of 510 nith(corresponding
3.2. Microbial culture to the dilution rate of 0.196 ) of inlet phenol concentration

of about 64 ppm. The dissolved oxygen (DO) concentration

A strain of microorganismPseudomonassp. (SP-1)  inthe reactor was maintained at 2 ppm using air initially and
reported to be capable of utilizing phenol as the sole carbonsubsequently using pure oxygen. The pH in all the runs was
and energy source was obtained from Regional Researchmaintained at 7.0 using 0.1 NHCland 0.1 N NaOH. The reac-
Laboratory, Jammu, India. This was obtained under a Mem- tion temperature was maintained at°&0in all the runs using
orandum of Understanding (MoU) signed between National a temperature controller provided with a heating/cooling cir-
Institute of Technology (Formerly Regional Engineering
College) Warangal, India and Regional Research Laboratory e 2

(RRL) Jammu, India. Composition of growth medium

Compound Concentration (ppm)

3.3. Subculture KHLPO, 420

o _ K2HPOy 375

The bacterium is subcultured once in a month by prepar- (NH,),S0, 240

ing slants using nutrient agar. For every 100 ml of nutrient NaCl 15

broth/agar the growth medium of the composition mentioned €aCk .t

MgSQOy-H,0 30

in Table 1was added. To each of the test tubes 15 ml of this
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cuit. The concentration of phenol in the overflow from the sample vial and placed in oven at 105 to remove all

reactor was analyzed for every 1 h iodometrically. the moisture. The amount of moisture was found from the
difference in weights before and after drying. Now the beads
3.5.2. Analysis for phen13] were thoroughly washed to remove all the attached biomass
Samples of the reactor effluent were analyzed for phenol and the weight of the biomass was found from the difference
concentration using iodometric method. in weights before and after washing. Now the volurie)(
of the clean particles was found. The volume of the biofilm
3.5.3. Determination of kinetic parameters and yield is the difference betweew; andV,. The biofilm density
coefficients was then calculated from the mass of the biomass and the

Experiments were conducted using SP-1 to measure theyolume of biofilm.
biokinetic parameters, viz., maximum specific growth rate
(max), inhibition constantK;) and Monod constant<).
Experiments were conducted in batch mode in shake flas

with different initial phenol concentrations ranging from 64 . . .
P ging Experiments were conducted to study the biodegradation

to 1254 ppm. Nutrients as shown Table 2were added to . .
the flasks and the medium was inoculated. Phenol concentra-of synthetic wastewater. Synthetic wastewater was prepared

tion was measured periodically. For each batch run specificby d.'SSOIVmg distilled _phenol_m tap water. The following
growth rate was calculated from the phenol concentration Studies have been carried out:
versus time data. The kinetic parameters mentioned abovel. The effect of dissolved oxygen concentration.
were determined from the data of specific growth rate ver- 2. The effect of feed flow rate.
sus phenolinitial concentration obtained above by regression3. The effect of feed concentration.
analysis Fig. 2).

For determination of yield coefficientYfs, mass of 4.1, The effect of dissolved oxygen (DO) concentration
biomass produced per mass of phenol consumed), 25 ml
of the reactor medium was taken in every run and filtered The effect of dissolved oxygen concentration on the
through 0.7um filter paper to separate the biomass produced. biodegradation rate phenol in FBR was studied at three DO
The filter paper was dried and weighed. Phenol concentrationlevels, i.e., at 2, 4 and 6 ppm. The other experimental condi-
was determined and the ratio of the biomass produced to thetions were maintained at: pH 7.00, temperature =G0flow
phenol consumed was determined as the yield coefficient. rate =390 ml/hFig. 3 shows the effect of DO concentration

in the FBR on biodegradation rate. The outlet phenol con-

3.5.4. Determination of biofilm density{ centration of phenol remained constant at 51 ppm when the

The biofilm density in terms of mass of dry biomass per inlet concentration was 1254 ppm. Obviously the DO level
volume of biofilm was measured as follows: a sample of at 2 ppm is sufficient for the biodegradation reaction to pro-
biomass-laden particles was withdrawn from the reactor and ceed at its maximum under the given set of conditions. In all
the volume ¥/1) of bioparticles was found using a measuring subsequent experiments DO level was maintained at 2 ppm
cylinder. The particles were then transferred to a weighed only.

4. Studies on synthetic wastewater
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Fig. 3. Effect of dissolved oxygen concentration (feed concentration:
Fig. 2. Specific growth rate as a function of Phenol concentration. 1254 ppm, feed flow rate: 390 mi/h, temperature: 30 C, pH 7.0).
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Table 3 <
Composition of growth medium-higher concentration -f,,—’
Constituent Concentration (g/l) .E
KH2POy 1531 § 3
KoHPOy 1.367 8 o
(NH4)2S0y4 0.889 o
NaCl 00546 g
CaCb 0.0546 E
MgSQy 0.2241

Time, hours

4.2. The effect of feed flow rate

Fig. 4. Effect of dissolved oxygen concentration (feed concentration:

The flow rate of the feed to the reactor changes the 844 ppm, feed flow rate: 510 mi/h, temperature: 30 C, pH 7.0).

rate of biodegradation of phenol as the residence time
in the reactor changes with the flow rate. The effect of periments is shown ifrig. 2 The growth parameters ob-
feed flow rate on the rate of biodegradation of phenolic tained wergumax=0.517 !, Ks=21.92x 103 kg/m® and
wastewater was studied at five flow rates viz., 390, 510, Ki =522.76x 10-3kg/m®. These values agree reasonably
600, 640 and 690 ml/h corresponding to dilution rates of well with the values reported in literatuf,12] for the mi-
0.15, 0.196, 0.231, 0.248 and 0.265respectively. The  croorganisnPseudomonasp. growing on phenol.
other experimental conditions maintained were pH 7.00, Samples were taken from the FBR to determine the yield
temperature = 30C and initial phenol concentration in the coefficients. The value ofys obtained in the study was about
reactor at 100 ppm. The initial phenol concentration here 0.6+ 0.1kg biomass/kg phenol. This value is close to that
refers to the phenol concentration present in the 2.6 | volume reported in literaturg5,12] for cultures growing on phenol.
fluidized-bed bioreactor at the start of the run. However, the The value ofYy;, was not determined in the study and was
feed concentration remained at 1254 ppm. taken from literatur¢l12].

4.3. The effect of inlet concentration of phenol 5.2. Effect of dissolved oxygen concentration

The effect of inlet phenol concentration on biodegradation ~ The results of the study for a feed flow rate of 390 mi/h are
was studied at eight concentrations viz., 64, 76, 200, 351, shown inFig. 3 Initially, the DO was maintained at 2 ppm.
572, 844, 1034 and 1254 ppm. The following experimental After steady state is achieved (indicated by the constant outlet
conditions were maintained at pH 7.00, temperature=30  concentration from reactor outlet) the DO level was increased
DO =2 ppm, flow rate 690 ml/h. For the first four concen- to 4 and 6 ppm successively. Form thig. 3, it can be seen
trations the nutrient concentration was maintained at levels that the increased DO levels have not affected the outlet phe-
shown inTable 2 but last four concentrations viz., 572, 844, nol concentration from the reactor, indicating that the initial
1034 and 1254 the nutrient concentration was increased toDO level of 2 ppmwas sufficiently in excess. Similar behavior
levels shown irTable 3 The reason for increasing nutrient Was observed for other feed flow rates of 510, 600, 690 ml/h.
concentration was that at higher inlet phenol concentrations Fig. 4shows the effect of dissolved oxygen concentration at
biodegradation was not taking place because of inhibitory & feed concentration of 844 ppm and flow rate of 510 mi/h.
effect of phenol, therefore, nutrient concentration was in- After the steady state has been established at a DO level of

creased to overcome |nh|b|tory effect of phenoL 2 ppm, further increase in the DO level Subsequently does not
effect the steady state phenol concentration in the FBR.

5. Results and discussion 5.3. Effect of flow rate

5.1. Biokinetic parameters Five different feed flow rates viz., 390, 510, 600, 640 and
690 ml 1 have been studied. The outlet phenol concentra-
As mentioned in experimental procedure batch experi- tion after steady state for each of the above runs is shown in
ments were carried out to determine the biokinetic param- Table 4 From the Table it can be seen that the steady state out-
eters. The specific growth rates of the culture at different |et concentration in all the runs except at 690 ml/h is almost

phenol concentrations were determined from the slopes ofthe same, indicating that the rate of biodegradation increases
linear semi logarithmic plots of biomass concentration ver- with increase in feed flow rate.

sus the elapsed time in the exponential growth phase. The

specific growth rates thus obtained were fitted by the Hal- 5.4, Effect of phenol concentration

dane equation using nonlinear least squares method (POLY-

FIT function of MATLAB). The variation of specific growth The various feed concentrations used were 64, 76, 200,
rate with the phenol concentration obtained from these ex- 351, 572, 844, 1034 and 1254 ppm at a feed flow rate of
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Table 4 Table 5
Feed flow rate vs. steady state outlet phenol concentration Steady state outlet concentration at various inlet concentrations
Inlet feed flow rate (ml/h) Outlet phenol concentration (ppm)  Inlet phenol concentration (pm) Outlet phenol concentration (ppm)
390 51 64 0
510 57 76 0
600 50 200 0
644 50 351 0
690 400 572 0
Feed concentration 1254 ppm, temperature G0 844 0
1034 0
1254 57
£ 250
2 Temperature = 30C, flow rate =510 ml/h.
£ 200
o
S 150 —— 64 ppm Table 6
% -=76 ppm Model parameters
§ 100 4 ——200 ppm Parameter Value Units
S 504 ——351 ppm (*) Dot 0.356x 10~° m?/s
é‘, (*) Dst 0.125x 10~° m?/s
= 0 5 10 15 20 Mmax 1.436x 104 st
Time. h Ks 21.92x 1073 kg/m?
ime, hours K, 522x 1073 kg/m?
_ _ , _ . (M Ko 0.26x 1073 kg/m®
Fig. 5. Phenol outlet concentration from reactor as a function of time at vari- Yis 0.6 kg/kg
ous feed concentrations (feed flow rate: 510 ml/h, temperature: 30 C, pH 7.0). *) Yo 0.465 kg/kg
(*) ks 0.66x 104 m/s
510ml/h. The growth medium of composition shown in () ko 1.37x 107 m/s
Table 2was used up to inlet concentration of 351 ppm. With :\"’ isgelgx 10-3 n'q
this growth medium there was no biodegradation at higher ;’ 19% 10-6 m
concentrations of phenol. This was due to the inhibitory ef- ,, 1.7 kg/m?

fect of phenol at higher concentrations. To overcome this,
nutrients in larger quantity were tried. This growth medium . . )
composition is shown iffable 3 The results of the study are to the other experimental runs. This is due to the fact that in

presented irFigs. 5 (64-351ppm) and 6 (844—1254 ppm) that particular run the feed was given to the reactor contain-
showing outlet phenol concentration as a function of time. N9 the biomass generated from the previous run. The reactor

From the figures it can be observed that, higher the feed WOUId contain large amount of biomass genere_lted in the pre-
concentration of phenol, longer is the time required to reach Vious run (feed concentration 1034 ppm) by biodegradation
steady state. The steady state outlet phenol concentration iPf Phenol. This large amount of microbial mass generated
all the cases shown fig. 5is zero.Fig. 6shows similarre-  [1oM the run with high concentration of 1034 ppm will easily
sults at higher inlet feed concentrations viz., 572—1254 ppm. degrade phenol without taking much time for acclimatization

From the figure it can be seen that the steady state outleti® Nigher concentration 1254 ppffable Sshows the steady
concentration is not zero. This indicates a limit on the maxi- state outlet concentrations for various feed concentrations.

mum biodegradation rate for the reactor in the present study. )
FromFig. 6for the experimental run with feed concentration 5-4.1. Steady state phenol degradation

1254 ppm, the steady state reached very quickly compared Mathematical equations, taking into account simultaneous
diffusion and reaction of phenol and oxygen in the biofilm

£ 800 5
2 g 0 ——2350mih
¢ o £ 090
g8 8 0804 - -= -510mlh
CI:J ﬁ 400 - § 0.70 4 — =& — 600ml/h
-
g E —— 572 ppm T 060 —s— 644mlh
g 200 -=- 844 ppm 2
5 9
o
o o ; : T —— 1034 ppm 3
10 20 30 40 |—== 1254 ppm 5
- [
Time, hrs E 000 . ‘ . .
2 000 0.20 0.40 0.60 0.80 1.00
Fig. 6. Outlet phenol concentration from the reactor as a function of time Dimensionless biofilm thickness

at various feed concentrations (feed flow rate: 510 ml/h, temperature: 30 C,
pH 7.0). Fig. 7. Concentration profile for phenol in the biofilm.
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1.00 4

S

.E —+—2390ml/h
e 0195;-__'*' ———————————— Yo m e se——=X—.m--510mlh
8 Coe] l - = 2—B00mI/M
e 0.85 el — > -644ml/h
g el = ——— —————— -

S 0.80 g-——-—M-—-—-—-= " 7"

(=]

3 °"] A/—/

4

—g 0.70 |

‘E 0.65

¢ 060 ; . : . |

E

a 0.00 0.20 0.40 0.60 0.80 1.00

Dimensionless biofilm thickness
Fig. 8. Concentration profile for oxygen in the biofilm.

of the solid particles, have been derived. The Eg.and for four feed flow rates is shown Fig. 9. The maximum de-
(3) along with the boundary conditior{@)—(6) have been  viation between the experimental values and that calculated
solved using orthogonal collocation technique to determine from the model is found to be about 12%, thereby indicating
the phenol and oxygen concentration profiles in the biofilm the satisfactory performance of the model.
(the solution procedure is given Appendix A). The model Earlier studies[4,5,12] using draft tube fluidized-
parameters are givenirable 6 The values with *’ are taken ~ bed bioreactors involved low phenol concentrations (82—
from literature[12] and not determined in the present work. 131 ppm). In this study phenol up to a concentration of
The profiles for phenol and oxygen, at four different flow 1254 ppm has been successfully biodegraded in a continuous
rates, have been shown in thigs. 7 and 8espectively. From FBR. This assumes significance in the context of wastew-
the Fig. 7, it can be seen that the concentration profiles of ater treatment where high feed concentrations of wastewa-
phenol in the biofilms at four different flow rates are more ter would significantly reduce the reactor size and operating
or less similar. However, the drop in concentration of phenol time.
within the biofilms is steep near the film surface for lower Livingston and Chasgl?] reported a steady state bulk
flow rates, whereas at higher flow rates the concentration phenol concentrationinthe range of 4.24—6.25 ppm, and Tang
profiles are almost flat. The oxygen profildsg. 8) show and Far{5] reported the same in the range of 2.69-6.49 ppm
a flat behavior, and it can be seen that the absolute valueswvhile in the present work in almost all the runs (except
of oxygen concentration in the biofilm are greater than the with feed concentration of 1254 ppm) phenol could be biode-
value of Ky. This would explain the independency of the graded completely, i.e., a bulk phenol concentration of 0 ppm
biodegradation rate with respect to DO concentration. was obtained as shown Trable 5

The concentration of phenol within the biofilm, found
fromthe above cited profile, isused in E@)to calculaterate 5 5 Sensitivity analysis
of phenol degradation. This value is compared with the ex-

perimentally observed value from E§). Such a comparison The sensitivity analysis with respectifax Ksandk has
been carried ouEig. 10shows the effect of variation iamax
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Fig. 9. Effect of flow rate on degradation rate (feed concentration:
1254 ppm). Fig. 10. Sensitivity of specific growth rate to maximum specific growth rate.
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on specific growth ratgq). From the figure it can be seenthat  dS*

— 7 * —
for about 10% variation i may, Specific growth rate changes g, — Bis(1—-5) atx=10 (A-4)
by 10-12%. The results of analysis with resped{{@andkK; dct
a re not shown as they have an insignificant effect.on i Bio(1—C*) atx=1.0 (A.5)
Eqg. (A.1) can be written using orthogonal collocation method
6. Conclusions as

5

Synthetic wastewater of higher concentration (1254 ppm
Y g ( ppm) Z Bk;ST + ) ZAK]S] = ¢sF(S*, C¥)

of phenol has been biodegraded in a fluidized-bed bioreac-
tor using the microorganisrRseudomonasp. Steady state
biofilm model has been used to describe the biodegradation =123 (A6)
of phenol using the immobilized bacteria. The model predic-
tions have been found to be satisfactory.

=1 ( +rp/8

Eq. (A.2) can be written as

5
2
EB oy EA CY% = ¢psF(S*, C*
KJ J (+rp/8) —~ KJ“y ¢S( )

K=123 (A7)

Acknowledgements

The financial aid provided by the Department of Biotech-
nology, Government of India (vide letter no. BT/PR Eq. (A.4) can be written as
0639/PID/25/002/97 dated 23-10-98) is gratefully acknowl-
edged. The authors are also grateful to RRL Jammu for pro-

viding microorganisms used in the present study. Z AajS; = Bis(1— S5) (A-8)
J=1
) ) similarly, Eq. (A.5)
Appendix A. Mathematical procedure
5
The modeling equations comprise a nonlinear boundary ), A4/C} = Bis(1— C¥) (A.9)
value problem. This was solved using the method of Orthog- /=1
onal Collocation Techniqug4]. The technique owes part of The collocation points and the corresponding matrices
its popularity to its simplicity and inherent ability to give a  ysed in the Egs. (A.6)-(A.9) are available in referefict.
stable solution. _ _ The Egs. (A.6)—(A.9) are solved using Newton—Raphson
The solution of these model equations consists of twWo method. Similar work involving orthogonal collocation has
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