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ABSTRACT

This paper proposes the use of a preliminary, phegraoval step to reduce peak loads arriving atawentional
effluent plant. A packed bed reactor (PBR) usinlyyrethane foam, porous glass and also cocoa fiagethe inert
support material was used. Experiments have beemedaout where the flow-rates, plus inlet and ettphenol
concentrations were measured. A simple, plug-flavdehis proposed to represent the results. Zerst frder,
Monod and inhibited kinetics rate equations weraleated. It was found that the Monod model gaeettist fit to
the experimental data and allowed linear graph®¢oplotted. The Monod saturation constant, K, isragimately
50 g n®, and ka is around 900's
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INTRODUCTION solved by the use of a preliminary cleaning step.
For example, this could be a specially designed
Phenol is an aromatic pollutant, which is present ipacked bed reactor containing immobilized cells to
the wastewaters of numerous industries includingeduce these peak loads. In addition, similar
oil refining, petrochemical, coal-coking and coal-equipment and technology can be used for a
gasification (Singer et al., 1977). Decades ofpump-up and clean” procedure at any location
operations involving the leaking of gaskets, plugvith phenol contaminated soils and ground-waters.
bad handling and technical troubles canlhe degradation of phenol can be performed under
contaminate soil and ground-waters with phenoli@erobic (Hinteregger et al., 1992; Chitra et al.,
compounds. For example, during cleaning and995; Oh and Han, 1997) or anaerobic processes
washing periods, the concentrations in the wast@echard et al., 1990) by pure (Heipieper et al.,
waters may exceed the limiting value that can b&991) or mixed cultures (Ehrhardt and Rehm,
treated by conventional biological methods usind985; Morsen and Rehm, 1990; Mdrsen and
activated sludge (Watanabe et al., 1996) withouRehm, 1987, Paca Jet al, 2005). As proved
harming its normal function. This problem can beexperimentally (Zache and Rehm, 1989), an

“ Author for correspondence

Brazilian Archives of Biology and Technology



670 Gerrard, A. M. et al.

application of the mixed culture permits fasterTechnology Prague. The microbial biomass for
phenol degradation than a pure culture. Inmmobilization was prepared in two-stage
addition, the systems with immobilized cells areprecultures using shaking flasks at 3D and pH
more stable to shock loadings than the submerget2. The first cultivation lasted 1 day and the
cultures with free cells (Holladagt al, 1978). second cultivation in the mineral medium (MM)
Pseudomonasis a bacterial genus commonly was for 3 days. Phenol was added at the beginning
found in waste water plants arlseudomonas of the cultivation (350 mg.t) and then after 6 h
putida is a species capable of using phenol as @ach day, in a quantity to achieve its final
major source, which has been studied (Bayly andoncentration of 350 mgl The medium
Wigmore, 1973; Yang and Humphrey, 1975). Incontained (per 1 L volume): 4.3 gHPQ,; 3.4 g
addition, fungi includingTrichosporon cutaneum KH,PQ,; 2.0 g (NH).SO;; 0.34 g MgC} 06 H,0
and Candida tropicalisare capable of utilizing and 1 mL of trace element solution. Trace
phenol as the major carbon and energy soureglements contained (per 1 L volume): 0.3 mg
(Neujahr and Varga, 1970; Neujagét al, 1974; zpnsQ, 07 H,0; 0.16 mg MnS@7 H,0; 0.1 mg
Krug et al, 1985; Krug and Straube, 1986;Fesq 7 H,0; 0.1 mg CuSQCE H,0; 0.1mg Co

Stephenson, 1990; Komarkova and Paca, 20093;04 07 H,0; 0.1 mg NaB@ 0.1 mg NaMo,0;
Komarkova et al, 2003; Paca et al 2002; 0.15 mg Caé@[% H,O.

Ahuatzi-Chacoret al, 2004). The aim of the study The measured parameters were: the phenol

was to evaluate various packlng mqterlals that Cdbncentrations at inlet and outlet, temperature, pH
be used on an |nd_u'str|a| scalg in p_ac_ked beQnd dissolved oxygen tension in the water outflow,
reactors with immobilized cells in a biofilm. In (o eher with the volumetric flow-rates of water
apldltlon, t_he Kinetic  constants  of IC’henmand air. The loading characteristics were tested.
biodegradation have been evaluated. Various hydraulic retention times and loading
rates were used. (In the reactor which was filled
with polyurethane foam, the nitrogen content of
the aqueous medium was also varied.)

. ) Phenol was determined by HPLC with a UV
Packed Bed Reactor, Microbial Culture, Growth  getector (Spectro monitor 3200 set at 270 nm) and
Media _ column (Nucleosil 12-5 C18, 250 x 4 mm, Watrex,
This study was focused on an aerobic phengbrague, Czech Rep.) under isocratic conditions
biodegradation in continuously operated packe@s|yent mixture methanol - water <D, 50 : 49 :
bed_ reactors (PBR). The bench-scale reactors hqg_ The signal was evaluated by Chromatography
a diameter of 50 mm, an overall volume of 614giation for Windows version 1.7 (CSW). The
mL and a working volume of 196 mL (Fig. 1). The yissolved oxygen concentration was determined
degradations  proceeded under non-aseptlgsing a Pt-Ag-AgCl electrode coupled with
conditions at 30C and an inlet pH value of 7.2. Oxytest analyzer (Developmental Workshop,
The reactors were operated with a co-currenhcademy of Sciences of the Czech Rep., Prague).
upflow of air and liquid effluent. Phenol The dissolved oxygen concentration (DOC) is a
biodegradation experiments in reactors Wer@ercentage of its saturation concentration in the
carried out with the following diluted mineral gjjuted MM. The porosity of the packing materials
medium (MM) (per 1 L volume): 0.3 gMPQ;;  was determined according to the method of Hopp
0.2 g KNG; 0.2 g MgC} I6H,0 and 1 mL of a and Huegele (1996).

trace element solution. The following packingThe polyurethane foam data consisted of some 30
materials were used: polyurethane foam, porougata points and the sintered glass bead data (85
glass balls and cocoa fibreAn enriched mixed experiments) was subdivided into two groups with
microbial culture Pseudomonas putidaS7, different levels of nitrogen, in order to determine
Comamonas testosteronPb50 and Candida the effect of this variable. Using cocoa fibres,
tropicalis Ct2) served as a catalyst for the phenokome 108 experiments were carried out, (varying
degradations (Paca &t al., 2005). All the strains the inlet concentrations and flow rates).

are from the collection of the Laboratory of

Bioengineering at the Institute of Chemical

MATERIALS AND METHODS
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Figure 1 - Experimental setup: 1 - container with phenolic med 2 - membrane pump,
3 - sampling port, 4 - tempering jacket, 5 - pagki6é - combined electrode for
dissolved oxygen concentration and temperature, Gontainer with treated
medium, 8 - air inlet, 9 - needle valve, 10 - rotden, 11 - air outlet.

Modelling the Process
A simple kinetic model to represent the = -Q

degradation characteristics found in the IaboratoryV - m[(cout ‘Cm)] 3
is now outlined. As noted above, the major

independent variables were the flowrag, and
inlet concentration,Cy,, of the phenol bearing
stream. The outlet concentratiorC, was
measured for a number of process conditions and

bed materials. Assuming that there was no growth, _ —Q In Cout
during the experiments and also that there was n0' ~ (1—g)ka| C.
diffusional resistance within the biolayer then the "
usual plug flow design equation may be used:

If first order kinetics are assumed , wherekC,
then we obtain:

Here, we expect a linear relationship betw&en

e Con 4c Cin andQ In Coyt
@-ea -r 1 However, the Monod form is a more powerful and
" realistic representation of removal kinetics and has
the form:
whereV is bed volume anda is the (dry weight) _ kC
biomass per volume of packing, and the apparenf = K+C S
reaction termr , is defined as:
_ . . wherek andK are constants.
r = phenol removed / (time . biomass) . o . L
putting this into equation 1 gives:
If zero kinetics are assumed, where r=r* is a,,_ —Q Cout
i : o =——(C,,—C,)+Kln 6
constant, then equation 1 is easily integrated to"  (1-gkg = ' " C
n

give the well known linear relationship between
QCin and QCout.

This can be rewriten as:

Q(Cout + K In Cout) = Q(Cin + K In C:in) - (1_ e)kav 7
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In this form, the data can be linearised by guessingn extra termRC?) to the denominator, wheFeis
K and plotting eacl®Q(C +K In C) term on linear an extra constant to be fitted to the data, thus:
paper and choosing the valuekofvhich gives the

best straight line (by maximising the coefficient of _ kC
determinationR?). Clearly, the slope is expected r T K+C+FC?
to be unity and the intercept to be negative.

If necessary, the Monod type equation can be

extended to include substrate inhibition by adding

Integrating equation 1 with this gives:
F

V = ﬁ{(cout _Cin) + K In%-kg(coutz _Cinz) °
—e)a

in

and collecting terms:

Q(Cout + K ln Cout + %Coutz) = Q(Cin + K In Cin + %Cinz) - (1_ e)kav 10

Again, this equation can be linearised, this time byAnother approach to the fitting of parameters is to
guessing bottK andF, so thatR? is maximised rearrange equation 10 (or the simpler version e.g.
when eactQ(C +K In C+FC?2) term is plotted on equation 7 etc.) to minimise directly the sum of the
linear axes. These ideas will enable a preliminargquares,y, summing over all the data points:

estimate of the best values of the various
coefficients K, kaandF to be madetc.

y= Z [-Q(C,,+KInC,_, +%Couf) +Q(C, +KInC, +%Cin2) - (1-e)kaV]? 11

y = 1,5254x - 0,0003
R%=0,4381
3,00E-04 “
_  2,00E-04
5 .
g 1,00E-04 - “./;
L 2
© 0,00E+00 e
1,80E-04 . 2,80E-04
-1,00E-04
Q InCin

Figure 2 - First order model with the polyurethane foam.
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RESULTS (0.73 and 0.74). When Monod model was used,
there was an increase in the coefficient of
Polyurethane Foam determination (to 0.90) wheK was set equal to

This data exhibited a large measure of spread00 g nv. Fig. 4 shows that the gradient is indeed
especially at highC;, values, and the plotting of around unity and the intercept gives the value of
the zero order model using equation 3 gave a verfl-e)kaV

poor coefficient of determination (only 0.18.) TheFrom this kais found toequal 1400°S However,
logarithmic plotting of equation 4 did give a smallat the top right hand corner of the graph, we see a
improvement R = 0.44), see Fig. 2. The Monod group of data points diverging upwards and away
model was found to be unable to improve on thiffom the line of best fit at high inlet
fit. With this degree of spread in the data, theconcentrations, indicating that theraay be a
estimation of the kinetic parameters was nosubstrate inhibition effect.

attempted. Equation 10 was then used to fit the data. By
increasingK to 430 g ri? and settingF=0.005
Porous Glass Packing m.g”, the best fit to date was obtained, with

The experiments were similar to those reportegqualling 0.928. (The slope is still close to unity,
above, but an additional parameter to be variednd the intercept value is negative as expected
was the inlet nitrogen content which was set at éFig. 5) leading to &avalue of 4982%).

high and a low level, (0.2 and 0.71 g)L However, it is arguable if the complication of
For the lower nitrogen level, it was found that ancluding the extra parametef)(is worth the 3%
zero order model was marginally superior to a firstnprovement in th&¥ value. In order to investigate
order model (th&? values were 0.64 and 0.61) andthis further, the other objective functiog, was
that a small improvement could be made by addingsed, see equation 11. Starting from the valuss ju
the extra constank, of the Monod model,le rose mentioned, the Solver routine in Excel was used to
to 0.66 wherK= 19 g n?), see Fig. 3. From the vary the values ok, kaand F to minimisg. It was
interceptkais estimated to be around 950 s found thaty was improved from 0.17 to 0.0029 by
For the higher level nitrogen conditions, the fitsadjusting the parameters to & 58.4,F= 0.00018
were much poorer. The Monod model gave th@ndka= 1072. Itis noted tha is close to zero and
best results,F{2=0.46, wherk= 15 g m, a similar theK andkavalues are not far from the values from
value to the one obtained in the previoushe earlier regression analysis on the Monod model.

experiments). This suggested fixing at zero, (hence ignoring any
inhibition effect) and just varying the remainirngpot
Cocoa-Fibres parameters. In this way, y was improved still farth

This constituted the largest set of data. The zero 0.0025) wheik= 37.3 g n7 andka= 930 S
and first order models gave simil&® values,

y = 1,4452x - 0,0166
R? = 0,6583

0,015

3 001 y
g .
« 0,005 /
—+
S O T L 2 \‘
8 0,005 ‘/eﬁ/ ¢ 0015 0,02
— -0,005
o
-0,01

Q (Cin + KInCin)

Figure 3 - Monod plotting of the glass beads packing results.
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y =1,096x - 0,04
R?=0,9013
- 0,1
5
o
O
< 0,05
X
+
5 0 :
(@]
Qe 0 0,05 0,1 0,15
O -0,05
Q ( Cin +KlIn Cin)

Figure 4 - Cocoa-fibres data and the Monod model.

y =1,1268x - 0,1435
2 _
" R?=0,9282
03
>
Sg 02
=9 o1
¥ 3 7
+ Q e
50 0 < :
S 010 0.1 0.2 0.3 0l4
o4 Q( Cin +K In Cin +F Cin2/2)
Figure 5- Cocoa-fibres data and the inhibition model.
DISCUSSION Equations 7 and 10 can be used for preliminary

design work to size the system for other flow-rates
In soft polyurethane foam, the cells areand inlet conditions.
immobilized on a very structured particle surface.
In addition, due to soft characteristics of these
particles, it happened that the bed was compress€ONCLUSIONS
and torn off into two parts (a part of it was
separated and lifted-up). An increased pressurk The results demonstrated the ability of the
drop was noted, especially at higher loading rates packed bed reactor to remove the phenol using a
(high G, ) when it was necessary to increase the variety of packing materials.
air flow rate to keep aerobic conditions along the. Most of the collected data can be represented by
entire bed height (as measured by the dissolved the Monod form of kinetic equation to predict
oxygen tension in the outflow). However, the glass the apparent rates of microbial degradation of
beads and well-packed cocoa-fibres did not show the phenol stream.
out this undesirable behaviour. 3. Typically, the saturation constar, is about
The simple modelling of these results showed that 50g m°, ka is around 900 5and the factorF,
the Monod form of kinetic equation was sufficient for inhibition was best set to zero for these
to represent the observed behaviour of the cells. experimental results.
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