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Abstract

Bacterial growth on mixed substrates is employed for wastewater treatment. Biodegradation kinetics of Pseudomonas putida CECT 324 growth
on formic acid, vanillin, phenol and oxalic acid mixtures is described. The experiments were carried out in a stirred-tank fermentor in batch mode
at different temperatures (25, 30 and 35 °C) and pH (5, 6 and 7). The four compounds selected are typical intermediates in pesticide-contaminated
water treated by advanced oxidation processes (AOPs). The toxicity of intermediates was investigated for a combined AOP-biological treatment,
and the minimum DOC inhibitory concentration of the intermediate mixture was 175 ppm. The resulting biodegradation and growth kinetics were
best described by the sum kinetics with interaction parameters (SKIP) model. Phenol and oxalic acid inhibit P. putida growth, and formic acid
consumption strongly affects the biodegradation of oxalic acid. At all the temperatures tested and at pH between 5 and 7, P. putida CECT 324 was
able to degrade the four substrates after culture times of 30 h at 30 °C and pH 7, which were the best conditions, and after 70 h, under the worst, at

35°C.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

One of the most alarming phenomena affecting water sources
is the growing accumulation of anthropogenic substances that
are barely biodegradable due to a lack of water treatment systems
capable of diminishing the concentration of toxic substances
representing an acute or chronic chemical risk. The inability
of conventional biological wastewater treatments to effectively
remove many toxic pollutants shows that new treatment sys-
tems are needed. Rigorous pollution control and legislation in
many countries has resulted in an intensive search for new
and more efficient water treatment technologies. In the Euro-
pean Union, water policy is presently undergoing considerable
change. The Framework Directive on Water [1] provides a pol-
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icy tool that enables this essential resource to be sustainably
protected. Among other measures, surface water deterioration
must be prevented, and bodies of water protected and restored,
good chemical and ecological condition of such water achieved
and pollution from discharges and emissions of hazardous sub-
stances reduced by 2015. It has recently been shown that partial
oxidation of toxic compounds by advanced oxidation processes
(APOs) (that involve generation and subsequent reaction of
hydroxyl radicals, *OH) may substantially increase wastewa-
ter biodegradability [2—7]. Even though wastewater treatments
using AOPs have been shown to be highly efficient, their oper-
ation is still quite expensive (tens of € m~3) [7-9]. Therefore,
combination of an AOP as a preliminary treatment, followed by
an inexpensive biotreatment, would seem to be an economically
attractive option.

There are many publications dealing with integrated chemical
and biological oxidation processes for wastewater for a vari-
ety of single compounds (e.g., aromatics, pesticides, antibiotics,
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Nomenclature

I;; interaction constant (L mg™!)

J objective function (dimensionless)

kq Decay coefficient (h~!)

Ks; saturation constant for substrate i (mgL~")

Ksap,; apparent saturation constant for substrate i
(mgL~h

K1, inhibition constant for substrate i (mg L

KsThi; Theoretic saturation constant for substrate i
(mgL~h

S; i substrate concentration (mgL™!)

S; j substrate concentration (mgL~!)

X biomass concentration (mgL™")

X()moa simulated state space vector (mg LhH

X(i)exp experimental state space vector (mg L

Yx/s;  yield coefficient on substrate (g g h

Greek letters

Wi specific growth rate for substrate i (h™!)

Mmax,; Maximum specific growth rate for substrate i
(h~h)

Mmaxap,; apparent maximum specific growth rate for sub-
strate i (h™1)

MmaxTh,; theoretic maximum specific growth rate for sub-
strate i (h™1)

synthetic dyes, etc.) [10,11] and multicomponent feed streams
(effluents from textile mills, paper mills, tannery, vinasse and
olive mills, etc.) [3,12]. However, it must be kept in mind that
some intermediates of the chemical reaction could be as toxic
as the parent substance or even more so [3,13—15]. Therefore,
toxicity of the intermediates mixture formed as the chemical
reaction proceeds must be evaluated. A recent review of the
current technologies for integrated chemical and biological pro-
cesses in the literature by Gogate and Pandit [16] reported that
for quantification of performance with a mixed culture, mainly
activated sludge, most papers consider global variables such as
BODs, COD and TOC. For microbial activity, biomass produc-
tion and respiration rates are commonly reported, and gas phase
composition has also been analysed, especially in small scale
bioreactors [15,17]. Little has been written about the kinetics of
the integrated oxidation processes or the toxic or inhibitory prop-
erties of chemical oxidation intermediates [18]. In wastewater,
the occurrence of organic chemical mixtures makes the degra-
dation of one component strongly affected or inhibited by other
compounds [19-21].

This work is aimed at studying the biodegradation of a
mixture of compounds using the bacterial strain Pseudomonas
putida CECT 324, a model microorganism for biological treat-
ment. In this research, the growth medium contains two aromatic
compounds, vanillin and phenol, and two carboxylic acids,
formic acid and oxalic acid, as these substances are frequently
found only partly oxidized in the mixture of pesticide residues
during the photocatalytic process [22—24]. The aqueous solution

of these compounds forms a synthetic wastewater simulating
effluents from an AOP. Phenol degradation by P. putida is well
documented in the literature [25-27]. However, as far as we
know, the P. putida CECT 324 potential for degrading vanillin
and carboxylic acids has not yet been explored. While this pure
culture system lacks the complexity of activated sludge, it is a
reasonable starting point for the development and validation of
mathematical models for integrating AOP and biological treat-
ment units.

In view of the acidic conditions at the pre-treatment (AOP)
outlet and the strong effect that will have on the biological state
of the culture, two controlled pH conditions were assayed (5
and 7). In a combined treatment, an intermediate neutralization
step will be necessary, so these experiments are conceived as
a first check of the extent of neutralization. A third experiment
was carried out without pH control during culturing, starting out
at pH 6. The temperature selected for the pH study was 30 °C,
reported by Hill and Robinson [28] and Yang and Humphrey [29]
as optimum for phenol biodegradation by P. putida. At the best
pH, the temperature effect was tested at 25 and 35 °C, covering
a 10-degree interval around the reported optimum of 30 °C.

Kinetics models taking several substrates into account were
tested, mainly those that capture the strong interaction between
chemically similar species and the substrate inhibition effect.
The sum kinetics with interaction parameters (SKIP) model [30],
was found to be a suitable starting point.

2. Materials and methods
2.1. Microorganism and culture media

P. putida CECT 324 was acquired from the Spanish Type Cul-
ture Collection (Coleccion Espanola de Cultivos Tipo, Valencia,
Spain). Cultures were grown in 1gL~! beef extract at pH
7.2, 2gL~! yeast extract, 5gL~! peptone, 5gL~! NaCl, and
15gL~! agar powder, and were kept in glycerol at —70 °C.

2.2. Flask cultures

The effect of DOC concentration on the growth of P. putida
was studied in triplicate in shake flasks. Cultures were incu-
bated for 72h at 30 °C on a rotary platform shaker (150 rpm,
2.6 cm stroke) in 100-mL Erlenmeyer flasks filled with 20 mL
of synthetic wastewater. Before addition of the carbon source,
the composition of the medium was: 0.5 g L~! NH4C1,0.5gL~!
K,HPO,4, 0.5gL~! KH,POy4, 0.5gL~' MgS0O4-7H,0, and
10mL L~! of trace mineral solution [21]. Completing the syn-
thetic wastewater, the carbon source was a 1:1:1:1 molar mixture
of vanillin, phenol, oxalic acid and formic acid. This ratio
was maintained throughout the experiments. For instance, to
start at 150 ppm DOC concentration, individual species con-
centrations were: 111.84 mg L~! vanillin, 69.18 mg L' phenol,
66.18 mg L~! oxalic acid and 33.84 mg L' formic acid, yield-
ing 70.56 ppm DOC from vanillin, 52.92 ppm DOC from phenol,
17.64 ppm DOC from oxalic acid and 8.82 ppm DOC from
formic acid. Initial DOC ranged from 25 to 500 ppm.
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The flasks were inoculated with 30 wL of bacterial stock at
—70°C. Culture medium (except vanillin, phenol, formic acid
and oxalic acid) and materials were autoclaved at 126 °C for
20 min.

2.3. Stirred-tank fermentor

Fermentations were done in a 5-L working-volume bioreactor
(Bioflo III, New Brunswick Co., USA) with an internal vessel
diameter of 0.17 m, four baffles, rounded bottom and a broth
height to vessel diameter ratio of 1.4. Agitation was provided by
two Ruston turbines (300 rpm). A pipe sparger aerated the cul-
ture at 1 vvm. Following the method reported by Casas Lépez
et al. [31], a maximum oxygen uptake rate of 60 mg Oy L~' h~!
was measured during culturing. The minimum dissolved oxygen
concentration was 7.8 mg L1, and therefore, it can reasonably
be assumed that oxygen was not a growth-rate-limiting sub-
strate in our experiments. Automatic sampling was done by a
Sigma 900 Portable Sampler. Five millilitres of bacteria stock at
—70°C was directly inoculated. Experiments were performed
in duplicate with repeated runs at separated times for an accurate
assessment of variability. Batches were cultured for 96 h.

2.4. Analytical methods

Biomass concentration was measured by optical density (OD)
at 600 nm [32] using a spectrophotometer (Unicam, UV 2, Cam-
bridge, UK). The relationship between dry weight and optical
density was found to be (X (g L~1)=0.40330Dgnp — 0.0057,
2 =0.988).

Vanillin, phenol, oxalic and formic acid concentrations were
measured by high-pressure liquid chromatography (Shimadzu
Lc10, Kyoto, Japan). Samples were filtered though 0.20-pm
syringe filters (Millex®-GN, Millipore, Ireland) to remove bac-
teria before HPLC injection. Vanillin and phenol concentration
were determined with an XTerra MS Cig (150 mm x 4.6 mm,
5 wm) column at a mobile phase flow rate of 1 mL min~! with a
60% MeOH-40% H>SO4 0.01 M isocratic elution. A Synnergi
Hidro-RP C;g (250 mm x 4.6 mm, 4 pum) column running with a
mobile phase flow rate of I mL min~! with 20 mM KH, POy and
pH 2.9 was used for carboxylic acid determination. The sample
injection volume was 20 pL in all cases.

Mineralisation was monitored by measuring the total organic
carbon (TOC) by direct injection of filtered samples (determin-
ing dissolved organic carbon, DOC) into a Shimadzu-5050A
TOC analyser provided with an NDIR detector and calibrated
with standard solutions of potassium phthalate.

3. Results and discussion
3.1. Inhibitory concentration of the compound mixture

To characterise a biodegradation process, the amount of
organic compounds that can be treated must be known. The
organic load can be quantified by means of the DOC concentra-
tion in the wastewater. When combining an AOP and biological
oxidation, the inhibitory effect of degradation intermediates
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Fig. 1. Effect of vanillin, phenol, oxalic acid and formic acid substrate mixture
concentration, on growth of P. putida CECT 324 after culturing for 24 h at 30 °C.
Vertical bars represent the standard deviation on triplicates.

on the microorganism must be taken into account. The work
reported in this paper studied the effect of the total DOC con-
centration on the growth of P. putida. Keeping the mixture ratio
the same, the total substrate concentration was quantified as the
equivalent DOC supplied to the culture. Shake-flask experiments
were carried out at the following DOC concentrations: 25, 50,
75, 100, 125, 150, 175, 200, 300, 400 and 500 ppm with the
results as plotted in Fig. 1. Up to 150 ppm, bacterial growth
was observed, followed by a dramatic drop in biomass concen-
tration at 175 ppm. In this sense, an average biomass yield of
0.9340.08 g g~! was obtained from 25 to 150 ppm DOC com-
pared to 0.17 £0.06 gg~! at 175 ppm DOC and decreasing at
higher carbon concentrations. This behaviour was observed at
three culture times, 24, 48 and 72 h. Therefore, 175 ppm was
considered the minimum inhibitory DOC concentration for the
selected degradation intermediates for P. putida cultures. Fur-
ther stirred-tank experiments were conducted at 150 ppm. By
determining the minimum inhibitory concentration, work can
be performed in a DOC range in which the lack of cell acclima-
tization will not interfere with the experiments. The goal in this
study, is not DOC degradation, but the relative kinetics of sub-
strate consumption. Lag-phases as long as 1 week have been
reported to occur during degradation of phenol at an initial con-
centration of 700 mg L~! using well-acclimated P. putida [27].
In this study, only a few hours were enough to adapt the cells to
the new environment.

3.2. Effect of pH

The effect of pH on the biodegradation capability of P. putida
is shown in Figs. 2—4. Different substrate uptake patterns were
observed and sequential consumption was evidenced by deple-
tion time for each chemical substance: formic acid and vanillin
were consumed almost simultaneously during a short period
between 13 and 18 h of culturing at pH 5 (Table 1). The mean of
all the experimental formic acid and vanillin depletion times is
15.8 £ 1.3 h. This time is in the range observed for toluene and
benzene biodegradation by P. putida F1 at 30 °C, and although
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Fig. 2. Results from a batch culture of P. putida CECT 324 on a formic
acid—vanillin—phenol—oxalic acid mixture at 30 °C and pH 5. Solid lines show
model estimations. (a) (¢) Formic acid, (O) vanillin, (A) phenol and (CJ) oxalic
acid concentrations. (b) (@) Biomass concentration.

the pH was not controlled, it remained in the 6.7-6.9 range.
Initial substrate concentrations were 40 mg L1 [33].

Variation in depletion time was wider for phenol and oxalic
acid. AtpH 7, 28 h were enough for total consumption of organic
carbon, phenol being the last degraded carbon source. At pH
5, depletion time for phenol was close to that found at pH 7,
although it took 24 h longer for oxalic acid. The experiment with
uncontrolled pH resulted in a growth curve significantly differ-
ent from controlled pH, regardless of the pH setpoint (Fig. 4).
Vanillin and formic acid were consumed in 16 h. At this time, pH
dropped to 4.7 from the initial 6.0. Total phenol consumption was
reached after culturing for around 46 h, with pH down to 4.0. At
the end of the culturing period, pH rose to 6 again when growth

Table 1
Effect of pH on substrate degradation by P. putida CECT 324 at 30°C
pH Experimental depletion time (h)
Formic acid Vanillin Phenol Oxalic acid
5 13 18 32 46
7 17 17 28 22
6 uncontrolled 14 16 46 53
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Fig. 3. Results from a batch culture of P. putida CECT 324 on a formic
acid—vanillin—phenol-oxalic acid mixture at 30 °C and pH 7. Solid lines show
model estimations. (a) (¢) Formic acid, (O) vanillin, (A) phenol and (OJ) oxalic
acid concentrations. (b) (@) Biomass concentration.

ceased due to lack of nutrients. The change in two pH units
during culturing did not affect molecular vanillin (pK, =7.38 at
298 K), phenol (pK, =9.98 at 298 K) or formic acid (pK, =3.77
at 298 K) as both aromatic substances remained alkaline until
consumption, and the formic acid was dissociated. Only oxalic
acid was affected in its second dissociation when pH dropped to
4 because it was so close to pK,, (pKa, =1.30; pK,, =4.30 at
298 K).

Qualitative analysis of the experimental results provides a
framework for an approximate mathematical model. At all pH
assayed, vanillin and formic acids are degraded in the early hours
of culturing, giving rise to exponential biomass growth. Once
both substrates are depleted in the medium, an adaptation phase
is observed, and cells are finally able to degrade phenol and
oxalic acid.

Purely competitive inhibition kinetics alone cannot explain
the unusual interaction observed, and the nature of the substrate
interaction in the mixture is not well understood. The use of sum
kinetics with an empirical interaction seems to be a reasonable
approach. The SKIP model was first proposed by Yoon et al.
[30] and recently used by Reardon et al. [33] and Abuhamed
et al. [26] to describe the biodegradation kinetics of benzene,
toluene and phenol as mixed substrates with P. putida.
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Fig. 4. Results from a batch culture of P. putida CECT 324 on a formic
acid—vanillin-phenol-oxalic acid mixture at 30°C. Initial pH was 6 and
remained uncontrolled during culturing. Solid lines show model estimations. (a)
(0) Formic acid, () vanillin, (A) phenol and (CJ) oxalic acid concentrations.
(b) (@) Biomass concentration and pH (dashed line).

In this kinetics study, all models consisted of a specific growth
rate equation, u, as a function of substrate concentration and a
substrate removal rate equation, taking into account the sub-
strate biomass yield. Vanillin and formic acid are considered
non-inhibitory compounds and so are represented by Monod’s
non-inhibitory kinetics equation as shown below for substrate i:

1 = Mmax,iSi (1

Ksi+ S
where the constant K ; indicates the ability of the microorganism
to grow at low levels of substrate i.

Phenol inhibition had been observed in all previously
reported studies and was also found in our experiments. As
oxalic acid behaviour was similar, phenol and oxalic acid were
considered growth-inhibitory compounds, and their kinetics
were fitted to Andrews’ growth model due to its mathemati-
cal simplicity and wide acceptance for representing the growth
kinetics of inhibitory substrates [34]. In order to find out whether
there is any kind of interaction between vanillin and phenol
or formic acid and oxalic acid, an interaction parameter was
introduced in the phenol and oxalic acid kinetic expressions.
Therefore, the inhibitory-interaction growth kinetics equation is

as follows:
= Mmax ap,iSi . M max Th,iSi )
" Ksapi+ S Ksn+ Si(1+(Si/Kui) + 1;S))

where

Mmax Th,i

R i 3

Himax ap. (I 4+ (Si/Kr) + 1;;S)) ©)
and

Ks Tnh,i
Ks api = ’ 4)

(I +(Si/Kvi) + 1ijS;)

K1, is a substrate i inhibition constant. The interaction parameter
I;; indicates the degree to which substrate j affects the biodegra-
dation of substrate i (the higher it is, the stronger the interaction).

The initial SKIP model for the overall specific growth rate,
W, in the four-substrate mixture is:

Mmax Th,VSV
Ks Thv + Sv

= Pmax Th,FSF
Ks thr + SF

" Mmax Th,PSP
Ks thp + Sp + (S3/K1p) + IpySpSy

+ Mmax Th,OSO
Ks o + So + (83/K1,0) + IorSo Sk
fori=F, V, P and O for formic acid, vanillin, phenol and oxalic

acid, respectively.This model was used to write the equations
for the change in biomass concentration

&)

X ko x ©)
dr 1% d

and each substrate concentration over time:

ds; X

2= ™)
dr Yx/s;

All model parameters were determined by fitting the proposed
differential equations to the experimental data using Matlab™
(Version 6.5). The Matlab Optimization Toolbox was used to
find the model parameters. Constrained nonlinear programming
was used for the search. The target function to be minimized was
defined as a function of the vectorized state space, Xexp, thatis, all
substrate data plus the biomass off-line readings. Note that each
state could have a different number of points. Simulation points
were picked at the same time as the data and arranged in the same
order to conform the vectorized simulated state space vector,
Xmod- The objective function, J, is then defined as weighted
squared differences, as follows:

N

=y
i=1

The state vector contains the biomass and substrate data col-
lected following the experimental procedure. The model state
vector was sampled at the same times by defining an appropriate
time vector to numerically solve the differential equations men-
tioned above. To account for a reasonable number of parameters
in the search, a sensitivity analysis had previously been per-
formed, in which the death rate of biomass was found to be the

X(i)exp - X(i)mod
X(@Dexp

®)
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Table 2
SKIP model growth kinetics parameter values

785

Maximum specific Yield coefficient on

Saturation constant

Inhibition constant Interaction Decay coefficient

growth rate (h~1) substrate (gg~") (mgL~1) (mgL~1) constant (L mg~") (h™h
Mmax Th,F 0.03 Yxip 0.26 KsTnF 6.43
Mmax Th,V 0.05 Yxv 0.34 Ksthyv 16.63 _
pHS LmaxThp 009 Yyp 024 Kstnp  1.67 Kip 496 Ipy 0.03 ka=0.002
WmaxTho  0.14 Yxo  0.16 Ksmo 252 Ko 1.61 lor 10°
Mmax Th,F 0.03 Yxr 0.98 Ksthr 4.38
HUmaxThv  0.10 Yyv  0.65 Kstnyv 13.70
H7 : : -0,
P [Amax Th,P 0.09 Yxp 0.29 KsThp 4.44 Kip 4.43 Ipy 0.03 kq=0.003
tmaxTho 021 Yyo 0.1 Kstho 1975 Kio  1.00 Ior 0.01
Mmax Th,F 0.03 Yx/r 0.53 KsthF 1.29
HUmaxThv  0.07 Yyv  0.50 Kstnyv  4.10
H 6 trolled > > =0.
P B uneontote Pmaxthp  0.09 Yxp  0.50 Ksthp  2.05 Kip 485 Ipy 0.03 ka=0.004
M max Th,0 0.15 Yxi0 0.48 KsTho 41.17 Ko 1.80 Ior 518

Effect of pH.

most determinant parameter in the simulation. This was always
included in the parameter sets that were tested with the opti-
mization algorithm. Upper and lower levels were taken from
literature, and were typically the yield coefficient and specific
growth rates.

Table 2 gives the model parameter values for pH experiments.
A general analysis shows that the maximum specific growth
rates for each substrate are low, and that the best value is for
oxalic acid. At controlled pH (pH 5 and 7) biomass yields on
the substrate are close to those for formic acid and vanillin and
decrease for phenol and oxalic acid and for uncontrolled pH
experiments Yy/s was around 0.5. K values are in the range
found for substrates in the literature [26,28,33,35,36] and no
general trend was observable for any growth medium ingredi-
ent. For the sake of comparison, Ky at 30 °C for phenol ranged
from <1.0 with P. putida ATCC 17484 [28], where phenol was
the only carbon source, to 32mgL~! with P. putida F1 [33]
in a mixture of toluene, phenol and benzene. With the same
mixture and bacterial strain, Abuhamed et al. reported a Kg
of 18 mgL~! for phenol [26]. Maximum specific growth rate
ranged from 0.051 h~! [26] to 0.534 h~! [28]. The main model
parameters seem to be the inhibition constant and the interaction
parameter. At pH 7, the two interaction parameters are very low,
pointing out that interaction between substrates is negligible (see
Fig. 3). This was always the case for Ipy (0.03 ng_l) which
is not affected by operating parameters. Thus, phenol was con-
sumed regardless of vanillin concentration. Nonetheless, at pH
5 and 6 (uncontrolled), IoF is high, giving rise to delayed con-
sumption of oxalic acid, as the growth rate would remain low if
there were a concentration of formic acid present in the medium.
Confirming the initial model hypothesis, phenol and oxalic acid
caused inhibition as Kj is relatively low in comparison to sub-
strate concentrations. A high Kj indicates that inhibition can
only be observed in a high concentration range. In this sense,
oxalic acid inhibits P. putida growth at lower concentrations than
phenol.

With regard to substrate removal rates given by Eq. (7), the
maximum uptake rates of 12.3 and 15.7mg L~" h~!, were found
for phenol and oxalic acid, respectively, with 9.6mgL~'h~!

for vanillin and 3.5mgL~" h™! for formic acid at pH 7. These
values decreased at pH 5 to 11.0, 9.2, 5.8 and 2.8 mg L 'h!
and at uncontrolled pH to 6.14, 6.03, 4.1 and 3.6 mgL~'h~!
for phenol, oxalic acid, vanillin and formic acid, respectively.
Maximum removal rates are in the range reported in literature
for phenol, but no data have been found for the other sub-
strates. Phenol degradation rates by P. putida CCRC14365 at
30°C were 28.1 and 19.4mg ~' h~! for free and immobilized
cell systems, respectively, in a batch reactor [25]. In shake-
flask cultures, Pseudomonas pseudomallei degraded phenol at
13.85mgL~'h~!, while 26.16 mg L~! h~!phenol degradation
rate was obtained with P. aeruginosa. Moreover, the effect of
various salts was studied and the phenol degradation rate was
up to 1.53 times faster with P. aeruginosa [37].

3.3. Effect of temperature

Culturing of P. putida at 25 and 35 °C produced a marked
delay in the uptake of phenol and oxalic acid, even though pH
was kept optimum (Table 3; Figs. 5 and 6). This effect was
stronger at 35 °C, for which phenol (66 h) and oxalic acid (70 h)
biodegradation times were the longest.

Model parameters are shown in Table 4 as a function of tem-
perature. Initial specific growth rates calculated by Eq. (5) show
a limited effect of temperature on growth in the range tested
(0.11h~! at 25°C, 0.12h~! 30°C and 0.10h~! at 35°C). In
fact, specific growth rates, yield coefficients and saturation con-
stants are consistent with those found at 30 °C. Nonetheless, at
25 and 35 °C, an increase in IoF is observed, being very high at
35°C as discussed earlier at pH 5. This increase in the interac-

Table 3
Effect of temperature on substrate degradation by P. putida CECT 324

Temperature (°C) Experimental depletion time (h)

Formic acid Vanillin Phenol Oxalic acid
25 15 14 54 46
35 14 18 66 70
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Maximum specific Yield coefficient on Saturation

Inhibition constant Interaction Decay coefficient

growth rate (h~1) substrate (g~ ") constant (mg L~") (mgL~") constant (L mg~") (h™1
fmaxThE  0.05 Yxp 099 Ksmp  18.18
o MmaxThy  0.09 Yxrv 098 Kstny 1529 _
B°C e 005 Yep  0.49 Kstnp  3.90 Kip 414 v 003 ka=0.003
fmaxTho  0.15 Yxo 024 Kstho  19.91 Ko 088 Ior 357
MmaxThF  0.05 Yxyr  0.78 Ksthr  20.19
o HmaxTh,v  0.09 Yxv o 092 Kstnyv  10.24 _
35°C Wmax ThP 0.06 Yxp 0.66 KsThp 3.66 Kip 4.38 Ipv 0.03 kq=0.015
Mmax Th,0 0.17 Yx0 0.43 KSTh,O 34.65 KI,O 4.96 Ior 105
Effect of temperature.
tion parameter justifies the delay in oxalic acid consumption. As @ 4
discussed above, oxalic acid caused slightly stronger inhibition _
than, phenol except at 35 °C, when the two K7 values are similar. Ty 120
A decay rate of around 0.003 h~! was found except at 35 °C. At g 10
this high temperature, kg was higher than at 25 and 30 °C due to g
the mesophilic behaviour of P. putida [38]. E 8
An analogous effect of temperature on degradation rate was S 60
observed. Decreasing culture temperature to 25°C caused a E -
decrease in maximum substrate removal rates to 6.3, 8.1, 8.4 z
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&8 Fig. 6. Results from a batch culture of P. putida CECT 324 on a formic
E” acid—vanillin—phenol—oxalic acid mixture at 35 °C and pH 7. Solid lines rep-
E 1004 resent model estimations. (a) (¢) Formic acid, (O) vanillin, (A) phenol and (OJ)
g oxalic acid concentrations. (b) (@) Biomass concentration.
(=]
2
50+ and 2.3mgL~'h~! while 35°C produced the lowest rates of
3.6, 7.2, 8.0, 7.2 and 2.1mgL~"h~! for phenol, oxalic acid,
5 vanillin and formic acid, respectively.
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Fig. 5. Results from a batch culture of P. putida CECT 324 on a formic
acid—vanillin—phenol—oxalic acid mixture at 25°C and pH 7. Solid lines rep-
resent model estimations. (a) (¢) Formic acid, (O) vanillin, (A) phenol and (O)
oxalic acid concentrations. (b) (@) Biomass concentration.

4. Concluding remarks

As a general conclusion, it must be remarked that at all the
temperatures tested and pH between 5 and 7, P. putida was able
to degrade the four substrates in culture times of between 30h
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under the best conditions, 30 °C and pH 7, and 70 h under the
worst, at 35 °C. The goal of this study was to explore the rela-
tive variation in kinetics of bacterial cultures in complex media.
The kinetic approach described reveals the variety of consump-
tion patterns that take place during biodegradation of complex
substrate mixtures, such as the incompletely oxidized effluents
of advanced oxidation processes. A change in temperature of a
few degrees gives rise to quite different behaviour of individ-
ual substrate uptake patterns. Management of residence time in
a biological oxidation plant must consider the major change in
biodegradation kinetics with environmental conditions. The typ-
ical treatment time in an urban wastewater plant (=~10h) may
be insufficient for biooxidation of residues from an AOP plant.
A complete specific system design may be required and close
control of the chemical oxidation step would be necessary for
proper chemical-biological plant operation.
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