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Abstract

Continuous degradation of phenol from 100 mg/l to concentrations as low as 2.5 mg/l with immoBiseedomonas putidaas
achieved. Increase in dilution rate increased degradation rate but only to bb&pond which effluent phenol concentration began to rise.
However, effluent concentration could be held<d0 mg/ml by proportionally increasing bead quantity when the dilution rate was
increased. Under such operation, phenol was removed at rates that increased in proportion to the increase in dilution rate, with 108 mg
being the highest degradation rate achieved. At dilution rates above 6,3he immobilized cell system studied was better at degrading
phenol than a free cell system. Superiority of the immobilized cell system was more pronounced the higher the dilution rate used. Oth
findings were that pH 5.5 to 6.0, temperatures between 25°C and 30°C, and a bead diameter between 1 and 2 mm were found to be opti
for phenol degradation at low levels. © 1999 Elsevier Science Inc. All rights reserved.
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1. Introduction free cell system, the maximum dilution rate that can be
achieved is limited by the need to prevent cell washout. The
Studies on microbial means of treating phenolic effluents use of immobilized cells increases the maximum dilution
date back at least 2 decades. Although phenol is toxic to fishrate that can be achieved before cell washout occurs. Thus,
at concentrations as low as 5 mg/l [1], most studies have continuous culture with immobilized cells should be capa-
been on the degradation of much higher concentrations. Fewp|e of degrading phenol at low concentrations because cell
authors have presented work on phenol degradation at starthympers potentially can be maintained through the use of
ing concentrations Ipwer than 250 mg/l [2.—4].' higher dilution rates.
Phenol degradation can be achieved in either batch or “An assessment of previous biodegradation studies with
continuous mode. Ip bpth cases, the major 'determlnant thigh initial phenol concentrations=@00 mg/ml) in contin-
:22 riﬁ?ug];?ep%r::;t'ggr:z:ﬂ;?omnbaer:'dlZﬁg{;g:urg?: gglr:ltjrroel, uous culture reveals two features. First, what might be
. o considered steady-state effluent concentrations of phenol
cell number. When the influent concentration is low, cell . ' .

. . L were rarely less than 5 mg/ml (toxic to fish at this concen-
number will be corresponding low, which in turn means that tration). Second, for the most complete removal of phenol
degradation rates will be low. To maintain a high cell 2 - ) S
number, continuous cultures need to operate at high dilutiont,he higher the influent concentration, the smaller the dilu-
rates when the influent concentration is low. However, in a 0N rate needs to be. For example, at an influent concen-

tration of 1000 mg/ml, an effluent concentration of 170

mg/ml can be achieved if the dilution rate is kept to 0.144
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treating such wastes where the concentration is reduced2.3. Reaction medium

stepwise in sequential vessels. Accordingly, studies on the

degradation of phenol at concentrations nearer the desired The components of the reaction medium were (mg/l):

final effluent concentration are worthwhile. phenol, 100; KHPQ,, 105.5; KHPQ,, 95; (NH,),SO,,
This paper reports on studies of the biodegradation of 488; NaCl, 60; CaGl 2775; MgSQ, 60; FeCl, 60.

phenol at an influent concentration of 100 mg/l, a level

lower than commonly has been investigatedeudomonas ~ 2-4- Phenol determination

putida was immobilized in calcium alginate beads, and its ) ) »
Phenol concentrations were determined by a modified

capacity for phenol degradation under various dilution rates, k . X

bead diameter, pH, and temperatures was studied. A Com_colorlmetrlc technique, based on a standard method for
parison also was made between immobilized cells and freephenOI [9]. Twenty-fold dilutions were made to the reagents
cells in phenol degradation ammonium hydroxide, potassium ferricyanide, and 4-ami-

The influence of various reaction parameters on phenol _noantlpyrme to enable the use of 5-ml phenol samples

degradation at low concentrations has not been widely stud-InStead (.)f 100-ml. The modified method was _cqnﬂrmed 0
. . — have a linear response comparable to the original method
ied, and it is not known \{vhether the responses seen a_t h'ghbetween 0 and 10 mg/ml of phenol.
phenol concentrations will also occur at low concentrations.
Thus, effect of dilution rate, reaction temperature, and pH
were investigated, and it was though possible to maintain a
steady effluent phenol concentration despite increases in A media and apparatus were autoclaved at 121°C for 15
dilution rate, if the quantity of beads was increased in mjn.
proportion to the increase in dilution rate.

As the diameter of gel beads immobilizing living cells is  2.6. Production of inoculum for use in the preparation of
increased, the problem of mass and gas transfer in the geimmobilized cells
matrix becomes increasingly significant. Furthermore, mi-
cro-environments can develop within beads, and these may Three 3-day-old colonies d?. putidaincubated at 25°C
alter intra-particle growth, metabolism, and product forma- on IPM agar were transferred into 5 ml of IPM and incu-
tion [6,7]. A bead diameter of 1 mm is suggested if uniform bated statically for 48 h at 25°C. Subsequently, this culture
distribution of cells within the beads is desired [8]. Other was transferred into a 250-ml screw-capped Erlenmeyer
studies indicate that cell growth is restricted to the outer flask containing 45 ml of IPM. The loosely capped flasks
0.3—0.5 mm of a bead [7] At low substrate Concentrations7 were incubated for 24 h in an orbital shaker at 25°C and 150
the concentration gradient within beads may be so poor thatPM-
sufficient substrate may not be available for cellular pro- ) ) N
cesses. The obvious answer to the problem is to decreasé& /- Production of immobilized cells
bead diameter. Therefore, examination of bead diameter
may allow improvement in reaction rates.

2.5. Sterilization

Inoculum culture from the previous step was mixed into
3% wl/v alginate (Manugel GMB kindly supplied by Kelco
AIL, Sydney, Australia). The ratio of inoculum culture to
alginate solution was 1:9. Beads were produced by pumping

2. Materials and methods the inoculum/alginate suspension through a hypodermic
needle from a height of 5 cm into a slowly stirred solution
2.1. Microorganism of 0.1 M CaC}. The type of needle used routinely was

Terumo Neolus 25 G, which produced bead® mm in
The culture used waBseudomonas putidaTCC 11172 diameter. Where bead size was varied for one study, 18 G
from the American Type Culture Collection (MD, USA). Was used for 3-mm beads and 30 G for 1-mm beads. Beads
were allowed to harden in the CgCfior ~30 min, after
which they were washed twice in distilled water, drained,
] ) and placed directly into the bioreactor with reaction me-
2.2. Inoculum production medium (IPM) dium. The amount of immobilized cell material available

. . . ~ for any reaction was quantified by the volume of the inoc-
The medium used for inoculum production was the min- yjum/alginate mix used to make the beads.

eral salts medium of Hill and Robinson [3]. It comprised

(mg/l): phenol, 500; KHPQ, 840; K,HPQ,, 750; 2.8. Bubble column bioreactor

(NH,),SQO,, 488; NaCl 60; CaGl| 60; MgSQ, 60; FeCl,

60. The phenol was added after autoclaving. For the prep-  The glass bioreactor was 3.0 cm in internal diameter and
aration of IPM agar plates, 11.0 g/l of agar was added. 410 ml in working volume. Continuous culture was effected

The culture was maintained on Nutrient Agar slants at 25°C.
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by the addition of fresh medium through a port at the top of 100 120

the bioreactor using a pump and spent medium left via an

overflow weir. The bioreactor was fluidized and aerated via I 90 | - 110

a downward-pointing sparger (single-orificed, 0.5 mm in - 100

diameter) 0.5 cm from the bottom of the bioreactor. Airwas < 801 L 90 I

filtered online with a sterile 0.24n cellulose acetate filter i 70 | —~

(Millipore, MA, USA) to exclude microorganisms. Air was £ - 80 o

humidified by passage through a vessel containing sterile § 60 1 L 70 ‘7_.

distilled water. Loss of liquid in the column was minimized & g

by manipulating the temperature of the humidifier. § 501 - 60 g
§ 40 -5

2.9. Reaction conditions S 40 5
9 30 g

Reaction pH was maintained by the automatic addition % 20 | % g’

of 0.1 M HCl or 0.1 M NaOH regulated by a pH controller. é - 20

The electrode was sterilized by immersion in 70% (v/v) W 10 - L 10

ethanol for 15 min before use. Electrode drift was corrected 0 o

daily by comparisons of pH controller readings against an
external pH meter. Air was supplied to the column at 1.0
I/min. Reaction temperature was maintained by water flow Dilution Rate (h™)

from a recirculating water bath th_rough the water jacket of Fig. 1. The effect of dilution rate on the effluent concentration and rate of
the reactor. Temperature was maintained at 25°C, pH at 6""-’*degr.sldation of phenol by immobilizéRseudomonas putidaTCC 11172.
the ratio of bead volume to volume of medium was 1:1, and
the dilution rate was 0.6 1 unless otherwise indicated. So
that performance of the beads be as uniform as possible
(with minimal effect from cell history), newly prepared
batches of beads were always used for each level of a

reaction parameter being tested. An effluent phenol concen- ] . )
P d P 0.15 h* to 1.2 h'! without increasing effluent phenol

tration that is maintained for at least six residence times was trati intained relativel tead d 10
deemed to be the steady-state value that phenol concentratoncentrations (maintained relatively steady aroun

tion was attenuated down to. All of the effluent phenol mg/ml or b?IOW) as ang as_the quantity_of beads "’T'SO was
concentrations reported and phenol degradations rates de[ncre?tseq n prozo(rjtlon ((jF'tg' 2). tThI(_a mclre{?lseds_ |ntbead
rived therefrom were at steady state. Five-milliliter samples quantity increased degradation rate inearly in direct pro-
were collected from the efflux stream. and cells were re- Portion to increment in dilution rate, thus allowing effluent
moved by using 0.22ém Millipore GS membrane filters. phenol concentration to be held steady.

. . 71 . .
After determination of its pH, the sample was assayed for . At dilution rates between 0.6 H and_1.2 h, '”_‘mOb*
phenol. lized cells were better than free cells in degrading phenol,

i.e. degradation rates were higher and effluent concentra-
tions of phenol were lower (Fig. 3 cf. Fig. 1). With higher
dilution rates, free cells began to form large flocs. This
3. Results caused some fluctuation in the total volume of reaction
because the overflow outlet was intermittently impeded. At
Phenol degradation ratR, was used as a measure of the the highest dilution rate, growth appeared rapidly on the
rate of phenol removal. bioreactor walls, and so the results at this rate are not
R=(S—S)D considered to be indicative of truly free cell bioreaction.
Degradation of phenol was best when pH was held be-
where S = influent phenol concentratior§, = effluent tween 5.5 and 6.5 (Fig. 4) with effluent phenol concentra-
phenol concentration at steady state, &ng- the dilution tion at a minimum o0& 10 mg/ml on the more acidic side of
rate. As in most other studies on phenol biodegradation, thethe band. Tolerance to acidic conditions fell sharply be-
unit used forR in this paper is mg/l h. This unit can be tween pH 5.0 and 5.5. Half a pH unit separated optimal
converted to kg/m day (amount degraded per unit reactor degradation and almost nonexistent degradation (effluent
volume per unit time) by using a multification factor of phenol concentration approached the influent concentration
0.024. at pH 5.0). Degradation also diminished above pH 6.5,
Degradation rate of phenol responded to dilution rate in although not as sharply as below pH 5.5.
two steps. Degradation rate increased to a maximum at a The temperature profile indicates an optimum between
dilution rate of 0.6 h'* and did not respond to higher rates 25°C and 30°C for phenol degradation (Fig. 5) where ef-

T T
0.3 0.6 0.9 1.2

up to 1.2 ! (Fig. 1). The lack of response of degradation

rate to increased dilution rate was accompanied by a corre-

sponding increase in phenol concentration in the effluent.
In the system tested, dilution rate can be increased from
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0.0 03 06 0.8 12 Fig. 4. The effect of pH on the effluent concentration and rate of degra-
Dilution Rate (h'1) dation of phenol by immobilize®?seudomonas putidaTCC 11172.

Fig. 2. The effect of increasing bead volume in direct proportion to dilution
rate on the effluent concentration and rate of degradation of phenol by

immobilized Pseudomonas putidaTCC 11172. apparently marginal effect in absolute terms for measured

phenol concentration and degradation rate (Fig. 6). How-

ever, in relative terms, if 1 mm is considered as the starting
fluent phenol concentrations were again below 10 mg/ml Size, each mm increase in diameter was accompanied by an
When at optimum_ H|gher temperatures appear more detri_appFOXImate doub“ng Of the efﬂuent phenol concentration.

mental to phenol degradation than do lower temperatures. The surface area-to-volume ratio of a bead and the number
Differences in bead diameter in the range tested had ©f beads are critical determinants of the degradation capac-
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Fig. 3. The effect of dilution rate on the effluent concentration and rate of Fig. 5. The effect of temperature on the effluent concentration and rate of
degradation of phenol by free cells BEeudomonas putidaTCC 11172. degradation of phenol by immobilizé®seudomonas putidaTCC 11172.
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£
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(mgl/l h)
0 T T T 0
1 2 3 0.33 +0.05
) 0.50 +0.10
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Fig. 6. The effect of bead diameter on the effluent concentration and rate
of degradation of phenol by immobilizeBseudomonas putidATCC

tiire. eter, the change in degradation rate was not linear, unlike
Bead diameter SE of S, SE of R, the change in the surface area to volume ratio (Fig. 7).
(mm) (mg/l) (mg/l by Degradation rate improved as diameters were reduced from
1 +0.09 +0.05 3 mm, but this improvement was halted as diameters ap-
2 +0.20 +0.10 proached 2 and then 1 mm. Standard error forSeandR

3 +0.40 +0.20

data points in Figs. 6 and 7 were calculated by using values
from six different samples taken at steady state. The result-
ant error bars proved too small for the figures and were,
therefore, tabulated in the figure legends.

ity of the bioreactor. Surface area to volume ratio may be
expressed as:

A, 4mr®N,

Ve Vg @) 4. Discussion

and the number of beads as: Increase in dilution rate increased degradation of phenol

A but only when it was kept below 0.6 #, beyond which

Np = 4 2 effluent concentration of phenol began to rise (Fig. 1). This
—ar3 saturation in the response curve also was encountered by
3 Lakhwala et al. [4], who attributed the effect to an increase

Therefore, substituting faN, in Eq. (1): in oxygen demand by a cell population that had increased in

5 size. However, the experiment in which bead volumes were

A_b _ AmrtV, increased in proportion to increased dilution rate (Fig. 2)

Vi 4 suggests differently. Degradation rate was found to respond
ngwr linearly when bead volumes and dilution rate were in-

) ) . creased together. Degradation rates are an indication of cell
which simplifies to: numbers on the basis of the relationship between substrate
A, 3 consumption and cell numbers. Thus, it could be said that
V_b: T (3) total population size in the reactions increased in direct

proportion to increased dilution rate and bead volumes. This
whereA,, = total bead surface arel,, = number of beads, = was despite aeration rates that were kept the same across the
V,, = total volume of beads, arrd= bead radius. Therefore, different dilution rates and bead volumes examined. Thus, a
the surface area-to-volume ratio of the beads is proportional better explanation for the response found with a fixed num-
to the reciprocal of bead radius and thus the bead diameterber of beads when dilution rate is increased may simply be
When examined in relation to the reciprocal of bead diam- that the cells were substrate saturated. This saturation ap-
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pears to be relieved when the total population size is in- be an influence. A diameter of 1 mm has been suggested if
creased such as by using more beads. Within the range obeads are to be uniformly [8] and maximally populated.
dilution rates tested, there appeared to be no factor limiting Below the critical bead diameter, reaction rates within the
phenol degradation rate when bead volumes were kept inbeads would be similar, and because the total bead volume
proportion. However, it is likely that at some rate higher was kept constant in this study, changes in bead diameter
than 1.2 h'*, aeration rate (oxygen supply and bead fluid- would simply change how the total cell population is dis-
ization), bioreactor geometry (mixing and gas transfer), and tributed among beads but not the population size. This
washout of beads will no longer allow a linear response of means that reactions would be mediated by the same total

degradation rate to increased dilution rate. number of cells, resulting in similar degradation rates. A
The immobilized cell system was better for degrading further speculation is that, in beads of less than critical
phenol than the free cell system at dilution rate8.3 h* diameter, conditions for the immobilized cells would ap-

(Fig. 2 cf. Fig. 3). Superiority of the immobilized cell proach those available to free cells, thus obviating the phys-
system is more pronounced the higher the dilution rate used.icochemical differences that might be beneficial for biore-
This superiority is probably based on higher (on the basis of action.
the amounts of phenol degraded) total cell numbers avail-  Effluents are likely to contain substances other than phe-
able for bioreaction (assuming that any beneficial physico- nol. The performance of the system reported may be atten-
chemical effect of immobilization is of lesser significance). uated in the presence of metabolic inhibitors or competing
The loss of degradation rate with free cells at dilution rates substrates and any such effect may be studied by using
greater than 0.6 T+ was probably related to two factors. concocted effluents containing a range of selected materials.
The first was the observation of the formation of flocs the Of the few reports on biodegradation at comparable influent
size of which became larger the higher the dilution rate phenol concentrations using real effluent, degradation rates
used. Flocs would conceivably be less efficient than free estimated from data published were 3.8 mg/l h (oil shale ash
cells in phenol degradation on the basis of mass transfer andeacheatePseudomonas putiglaerobic process) [10] and
gas exchange. Second, at the higher dilution rates, washouR2.5 mg/l h (phenolic wastewater; unspecified acclimated-
especially of the unflocculated cells would contribute to loss phenol bacterial population; aerobic process) [11]. Thus, the
of total degradative capability. best degradation rate reported in this paper of 58.5 mg/l h
Little difference in the ability of immobilizedP. putida (Fig. 6) is significantly better and is indicative of the po-
to degrade phenol was observed between pH 5.5 and 6.5tential of an unattentuated system.
However, the bacterium is sensitive to small changes out-
side the limits where a deviation of half a pH unit resulted
in a minimum of 50% drop in degradation rate. This indi- aAcknowledgments
cates that regulation of pH must be a feature of phenol
degradation for effluents with pH:5.5 or>6.5. Thanks to Richard Burgess for the construction of the
Phenol degradation proceeded optimally between 25°C b pble column bioreactor.
and 30°C. As with pH, the system was relatively sensitive to
deviations outside the optimal range where a 5°C change at
either end of the range resulted in decreases in phenol
degradation rate of at least 50% at the lower end and almost
_10(_)% at the higher end_' As with p_H, temperature Cont_r()l I_S [1] Wallace J. Phenol. In: Kroschwitz JI, editor. Kirk-Othmer encyclo-
indicated for phenol biodegradation systems to maintain pedia of chemical technology. New York: John Wiley & Sons, 1991.
high performance. p. 592-602.
That degradation rate should decrease when bead diam- [2] Autenrieth RL, Bonner JS, Akgerman A, Okaygun M, McCreary EM.
eter is increased is predictable on the basis of lower mass B@odegradatipn of phenolic wastes..J He'lz.ardo.us Mat 1991;28:29-53.
. . . [3] Hill GA, Robinson CW. Substrate inhibition kinetics phenol degra-
and _gas transfer becaus? of increased distances in the Qe' dation byPseudomonas putid8iotech Bioeng 1975;17:1599-1615.
matrix and the decrease in the surface area-to-volume ratio [4] Lakhwala FS, Goldberg BS, Sofer SS. A comparative study of gel
of the bead. This probably explains the claim that cell entrapped and membrane attached microbial reactors for biodegrad-
growth is restricted to the outer 0.3—0.5 mm of beads [7], at ing phenol. Bioprocess Engineer 1992;8:9-18.
least for larger beads. This being the case, the poorer deg- [5] Livingstone AG. A novel membrane bioreactor for detoxifying in-

. : dustrial wastewater. |. Biodegradation of phenol in a synthetically
radation rates of larger beads (when the total bead volume is concocted wastewater. Biotechnol Bioeng 1993:41:915-926.

kept the same) would be due to relatively smaller cell [g] poherty ES, Halling PJ, McNeil B. The importance of bead size
populations per bead. The implication is that smaller diam- measurement in mass-transfer modelling with immobilized cells.

eters are better. However, it is also predictable, as this study _ Appl Microbiol Biotechnol 1995;43:440—444.

suggests, that an optimal bead diameter exists lesser than[7] McLoughlin A. Controlled release of |mmoblllsed cells .as astrategy
- . . to regulate ecological competence of inocula. Adv Biochem Engi-

whl_ch |mprqvement of degradation raFes ceases. An expla_l— neer/Biotechnol 1994:51-1— 46,

nation for this can be made on the basis that, below a certain [g] paiili M, Chau PC. Intraparticle diffusional effects in immobilised

bead diameter, diffusion across the gel matrix will cease to cell particles. Appl Microbiol Biotechnol 1987;26:500-506.
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