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ABSTRACT

The degradation of 3-chlorobenzoic acid in polluted waters and synthetic effluents by a previously isolated indigenous strain
of Pseudomonas putida was studied. Batch biodegradation assays were performed using a 2 L microfermentor at 28 °C with
agitation. To simulate polluted water, 100 mg.L! of 3-chlorobenzoic acid were added to surface river water. Continuous-flow
assays were performed in an acrobic up-flow fixed-bed reactor constructed from PVC employing hollow PVC cylinders as support
material. Synthetic wastewater was prepared by dissolving 3-chlorobenzoic acid in non-sterile groundwater. Biodegradation
was evaluated by spectrophotometry, chloride release, gas chromatography and microbial growth. In batch experiments the
indigenous strain of Pseudomonas putida degrades 100 mg.L™! of 3-chlorobenzoic acid in 28 hours with a removal efficiency
0f'92.2 and 87.2%, expressed as compound and chemical oxygen demand removal, respectively. In the continuous-flow reactor
the removal of an average influent concentration of 98.6 mg.L"!' reached 91.7% of compound and 88.9% of COD removal.
The process efficiency remained approximately constant despite changes in the influent flow, compound concentration and
temperature. The absence of metabolites was determined by gas chromatography performed at the end of the batch process and
at the effluent of the continuous reactor. The ability of the isolated indigenous strain to degrade 3-chlorobenzoic acid in both
batch and continuous reactors represents a promising feature to improve the treatment of effluents.
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RESUMO

Reatores Aerdbicos para o Biotratamento de Aguas Poluidas e Efluentes Sintéticos Contendo Acido 3-Clorobenzéico

Foi estudada a degradacgdo do acido 3-clorobenzoico em aguas poluidas e efluentes sintéticos por uma cepa nativa previamente
isolada de Pseudomonas putida. Ensaios de biodegradacdo de lotes foram realizados usando um microfermentador de 2 L a
28 °C sob agitagdo. Para simular dgua poluida, 100 mg.L" de acido 3-clorobenzodico foram adicionados a agua superficial de
rio. Foram realizados ensaios de fluxo continuo num reator aerobico de fluxo ascendente de leito fixo construido em PVC,
utilizando cilindros de PVC como material de suporte. Agua sintética residuaria foi preparada dissolvendo acido 3-clorobenzéico
em agua subterranea ndo estéril. A biodegradacao foi avaliada por espectrofotometria, liberagdo de cloreto, cromatografia
gasosa e crescimento microbiano. Nos experimentos em lote, a cepa nativa de Pseudomonas putida degrada 100 mg.L™' de
acido 3-clorobenzodico em 28 horas com uma eficiéncia de remogao de 92,2 e 87,2%, expressada como remogao de composto e
demanda de oxigénio quimico, respectivamente. No reator de fluxo continuo, a remogao de uma concentragdo média de afluente
de 98,6 mg.L" atingiu 91,7% do composto e 88,9% da remogao de COD. A eficiéncia do processo permaneceu aproximadamente
constante apesar das mudancgas de fluxo, concentragdo do composto e temperatura. A auséncia de metabolitos foi determinada
por cromatografia gasosa realizada no final do processo em lote e no efluente do reator continuo. A capacidade da cepa nativa
para degradar o acido 3-clorobenzoico em ambos os lotes e reatores continuos representa uma fung¢@o promissora para melhorar
o tratamento de efluentes.
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INTRODUCTION

The ever-increasing industrial use of new synthetic
organic compounds has resulted in a build-up of xenobiotic
compounds in the environment. They are often recalcitrant
to biodegradation, thus persisting in the ecosystems and
augmenting the exposition risk to organisms. Chlorobenzoates
are examples of such compounds. 3-chlorobenzoic acid,
specifically, is employed as raw material in the formulation of
dyes, pharmaceuticals, fungicides and as a preserving agent
for adhesives and paints. Like other chlorobenzoates it can
originate both as a dead-end product from the cometabolism
of PCBs and chlorotoluenes (Baggi; Zangrossi, 2001) and in
water chlorination processes. The result of its widespread use
is that it can be found as a contaminant in industrial effluents,
rivers and groundwater, thus persisting as a toxic compound
in the environment for long periods. A half-life of 38, 75
and 340 days was estimated for the compound in water, soil
and sediments, respectively, using EPA’s PBT profiler (EPA,
2006). Despite this, several microorganisms able to degrade
the compound have been reported (Hernandez et al., 1991;
Saini et al., 1998; Fulthorpe et al., 1998; Pavlu et al., 1999;
Krooneman et al., 2000; Song et al., 2000).

Studies usually focused on the degradation of the
compound in synthetic culture media; however, it is of great
significance the assessing of the ability of the bacterium to carry
out the process in a polluted environment. It is important that
these degradation studies should focus on realistic bioreactor
operating conditions (Pallerla; Cambers, 1998), which will
allow the transfer of results.

In a previous work, the isolation of an indigenous strain
of Pseudomonas putida from a polluted Buenos Aires River
was reported (Gallego et al., 2005). The bacterial strain was
capable of degrading up to 1000 mg.L™" of 3-chlorobenzoic
acid. It was also demonstrated that the biodegradation process
was not affected by the different factors assayed, such as
initial concentration, pH and inoculum density, nor was the
simultaneous presence of readily biodegradable or related toxic
compounds. The purpose of the present investigation was to
study the degradation of 3-chlorobenzoic acid in polluted waters
and synthetic effluents by the isolated indigenous strain in both
batch and continuous flow fixed-bed aerobic reactors.

MATERIAL AND METHODS

An indigenous bacterial strain was employed in this
study. The isolation from a polluted Buenos Aires River
and its identification were described in a previous work
(Gallego et al., 2005). The strain was identified as Pseudomonas
putida using the API system and confirmed by obtaining the
partial 16S rRNA gene sequence. Pseudomonas putida was
able to grow and degrade 100 mg.L™' of 3-chlorobenzoic
acid in minimal medium in a pH range between 6 and 9. The
biodegradation was not affected by the absence of adaptation
to the compound or the decrease of one order in the initial
inoculum of 1 x 10° CFU.mL"'. The simultaneous presence
readily metabolizing subtrates such as glucose (100 mg.L ™)
or sodium acetate (100 mg.L™") in the culture medium did not
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affect the efficiency of the biodegradation process. Neither
did the presence of toxic-related compounds, like phenol,
o-cresol, m-cresol, p-cresol, 2-chlorophenol, 3-chlorophenol,
4-chlorophenol, 2,4-dichlorophenol, 2,4,6-trichlorophenol or
4-chlorobenzoic acid in concentrations of 10 mg.L™, inhibit
the degradation of 3-chlorobenzoic acid (100 mg.L™").

The bacteria were adapted by inoculation in synthetic minimal
medium (Korol et al., 1989) supplemented with 100 mg.L"!
of 3-chlorobenzoic acid as carbon source, and incubated in a
rotatory shaker at 28 °C overnight (stock culture).

Biodegradation assays in batch reactor were performed
in a New Brunswick Multigen TA microfermentor, aerobically
operated at 28 °C with an effective volume of 1,250 mL. To
simulate polluted water 100 mg.L™' of 3-chlorobenzoic acid
were added to surface river water. During incubation, 10 mL
samples were removed from the system at appropriate intervals
in order to determine the amount of remaining 3-chlorobenzoic
acid and evaluate microbial growth.

Continuous-flow biodegradation assays were performed
in an aerobic up-flow fixed-bed reactor constructed with PVC
(50 x 15 cm internal diameter, 7.7 L effective volume). The
column was filled with hollow cylinders (approximately
15 x 15 mm in diameter) cut from a PVC conduit used in
electrical wiring and employed here as a support for bacterial
biofilm immobilization. A diagram to scale of the reactor is
shown in Figure 1. Non sterile air was supplied by an acration
pump from the bottom of the column at a flow rate of 1 L.min"".
The reactor was operated under environmental non-sterile
conditions at room temperature. It was fed continuously with
synthetic wastewater prepared by using 3-chlorobenzoic
acid and a farming fertilizer (BASF) free from chloride,
ratio of N:P:K 10:2:6. Initial concentration of the compound
was 50 mg.L"!, later increased to 100 mg.L'. The synthetic
wastewater flows through the reactor by a hydrostatic pressure
gap, without energy consumption. The influent flow rate was
between 2 and 2.5 L.day ! to give an estimated residence time
of three days. Non-sterilized groundwater was employed as
dilution water. Before start-up, the reactor was inoculated
with Pseudomonas putida and operated in batch mode for one
month to allow biofilm formation on the support. The reactor
was kept in operation for six months.

To estimate the absence of other degrading microorganisms
and the abiotic loss of the compound controls in similar batch
and continuous reactors, without inoculation, were carried out.
The batch reactor assay was conducted for three days whereas
the continuous reactor was operated for one month.

To evaluate the bacterial biofilm, 10 g of the support
material in 100 mL of a sterile saline solution were suspended
and subjected to vortex agitation for 4 minutes. The counting
and identification of the removed bacteria from the support
were then executed. To test their degradation capacity,
biodegradation assays with bacterial isolates were carried out
in minimal medium containing 50 mg.L™! of 3-chlorobenzoic
acid Scanning electronic microscopy (Philips XI130) was
employed in order to observe the bacterial cells on the PVC
cylinder in the reactor.
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Figure 1 — Experimental up-flow aerobic fixed bed reactor.

3-chlorobenzoic acid was of analytical grade and purchased
from Flucka (Buchs, Switzerland). All the other chemicals were
of analytical reagent grade and purchased from Mallinckrodt
Chemical Co. (St. Louis, USA), and Merck (Darmstadt,
Germany). 3-chlorobenzoic acid was prepared aseptically by
dissolving the necessary amount in sterile 0.1 N NaOH.

To determine the amount of remaining 3-chlorobenzoic
acid, bacterial cells were separated by centrifugation, and the
filtered supernatant fluid was submitted to spectrophotometrical
analysis (Metrolab UV 1700 Spectrophotometer); the absorbance
in 0.1 N NaOH was measured at 230 nm. A standard curve
with 3-chlorobenzoic acid at different concentration was run
simultaneously. Chemical oxygen demand (COD) and chloride
were measured in samples taken at the beginning and at the
end of the batch process, and at the influent and effluent of the
continuous reactor, according to APHA (2005). Determination
of cell viability was performed by spreading sample dilutions
on the surface of nutrient agar plates (APHA, 2005).

To assess mineralization, selected samples were analyzed
by gas chromatography. The samples at pH 4 were injected
without a concentration step. Hewlett-Packard model 6890 gas
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Figure 2 — Batch reactor. Degradation of 3-chlorobenzoic acid by
Pseudomonas putida in synthetic minimal medium and polluted waters.
Growth kinetics of strain with a concentration of 100 mg.L™' both
in minimal medium (--0--) and polluted waters (--0--). Remaining

3-chlorobenzoic acid in minimal medium (—a—)
and polluted waters (—e—).
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Figure 3 — Degradation of 3-chlorobenzoic acid by Pseudomonas putida
in aerobic up-flow fixed bed reactor. 3-chlorobenzoic acid concentration
(mg.L™") in the influent (—B—) and in the effluent (--0--).

chromatograph equipped with a Model 5972 mass selective
detector was used. Separations were obtained using a capillary
column (HP-5MS, 30 m x 0.25 mm, 0.25 mm film) with He as
carrier gas and a gradient of temperature from 120 to 290 °C,
increasing at 15 °C min'. Detection was done in SCAN (data
not show) and SIM mode.

RESULTS

The assays carried out in batch reactors with simulated
polluted water show that the indigenous strain of Pseudomonas
putida was capable of degrading 100 mg.L ' of 3-chlorobenzoic
acid in 28 hours. The specific growth rate (1) was 0.22 hours™!
and the process efficiency of 92.2 and 87.2% expressed as
compound and chemical oxygen demand removal, respectively
(Table 1). Chloride was stoichiometrically released. Figure 2
shows degradation kinetics compared with that obtained in
minimal medium with the same concentration of the compound.
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Table 1 — Degradation of 3-chlorobenzoic acid by Pseudomonas putida in batch and continuous reactors.

Parameter Batch reactor Fixed-Bed reactor
Initial Final % Removal Influent Effluent % Removal
3-Chlorobenzoic acid (mg.L™") 97.4 7.6 92.2 96.4 8.0 91.7
COD (mg.L™") 234.2 30.0 87.2 205.2 22.8 88.9
Chloride (mg.L™") 34.2 54.2 - 26.8 46.3 -

10 pm

10 pm

£
-

Figure 4 — Scanning electron microscope photomicrographs of PVC cylinders surface:
(a) before inoculation (1520 x) and after inoculation (b) 500 x (c¢) 2000 x (d) 3500 x.

Despite the increase in the lag phase and the decrease in
the specific growth rate (W, viar venion: 0-41 hours™), the
biodegradation process in polluted water occurred within a
time period still suitable for biological treatment and with the
same removal efficiency obtained in minimal medium. The
results obtained with the batch control reactor show that the
remaining concentration of 3-chlorobenzoic acid at the end of
the process was 99% of the initial concentration.

Assays performed in the fixed-bed reactor under operating
conditions were initially carried out with an average influent
concentration of 51.9 mg.L" of 3-chlorobenzoic acid. Compound

removal reached 86.5%. Then the influent concentration
was increased to an average value of 96.4 mg.L! (Figure 3),
representing an organic load of 31.3 and 66.6 g.m.day ' expressed
in terms of 3-chlorobenzoic acid and COD respectively. With
this influent concentration, the 3-chlorobenzoic acid removal
efficiency and the COD achieved were of 91.7 and 88.9%
respectively (Table 1). Chloride was also stoichiometrically
released in these assays.

The hydraulic residence time was 72 hours. The process
efficiency remained approximately constant despite changes
in the influent flow, compound concentration and temperature,
which fluctuated between 10 and 28 °C.
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Figure 5 — GC MS chromatograms: (a) batch reactor; (b) fixed-bed reactor.

It is noteworthy that the biomass of the degrading
microorganism in the reactor remained approximately constant
in the aqueous phase, and developed only from initial inocula,
so that reinoculation was not necessary. Total bacterial count
in the continuous reactor effluent reached 3.0 x 10 CFU.mL"".
Pseudomonas putida was predominant, although other
environmental bacteria were isolated; the laboratory testing
under batch conditions that we performed showed that the other
environmental bacteria cannot degrade 3-chlorobenzoic acid.
The indigenous strain was also predominant in the bacteria
removed from the support. Data from the bacteria removed
by vortex agitation allowed us to estimate a 1.8 x 10* CFU.g!
biomass for the support material. The control assay shows that
the remaining concentration of 3-chlorobenzoic acid in the
effluent was 99%, thus, proving the role of the Pseudomonas
putida strain in the biodegradation of the compound and the
absence of abiotic loss in the system.

Figure 4 shows the scanning electron microscopy of the
surface of the PVC cylinders before and after inoculation.

The absence of metabolites was demonstrated by gas
chromatography carried out at the end of the batch process
and in the fixed-bed reactor effluent (Figure 5).

DISCUSSION

Although several bacteria able to degrade 3-chlorobenzoic
acid have been reported, few studies have focused on
the application to polluted environments of the isolated
microorganism. Certain bacterial features are critical considering
their potential application. A high specific growth rate of the
strain has been pointed out as outstanding because it allows the
strain to compete with the other microorganisms (Kar et al.,
1997). Moreover, the microorganism resistance to high
concentrations plays an important role when substrates are
toxic. The isolated indigenous strain of Pseudomonas putida
showed both these features, and exhibited thus a promising
behavior which allowed the performance of assays in polluted
waters and synthetic effluents. Chromatography data in SIM and
SCAN mode, associated with the decrease in COD values and
the absence of UV absorbance demonstrated the mineralization
of the compound and the absence of metabolites.

The investigation carried out in surface waters proves
the ability of the strain to grow and degrade the compound
in a natural environment. The removal efficiency achieved
was similar to that obtained in minimal medium at regulated
pH and in the absence of other microorganisms. At the end
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of the assay the indigenous strain of Pseudomonas putida
was absolutely predominant. In an uninoculated control the
initial river bacterial count was 1.2 x 10° CFU.mL"!, which
decreased to 2.3 x 10° CFU.mL"' demonstrating the toxicity
of the compound. A fixed-bed continuous reactor was used
for the experiments because biofilm processes have been
shown to be less sensitive to toxic compounds than suspended
sludge processes (Perron; Welander, 2004). A wide variety
of materials have been employed for supporting growth in
biofilm reactors. Frequently reported support materials include
calcium alginate (Gonzalez et al., 2001), granulated activated
carbon (Wilson et al., 1997), polyurethane foam (Hsien; Lin,
2005), or siliceous granular materials such as pumice (Kasikara
Pazarlioglu; Telefoncu, 2005) or PORAVER® (S4; Boaventura,
2001). Qureshi et al., (2001) employed hollow PVC cylinders
cut from conduit used in electrical wiring in a biofilm reactor
for copper adsorption. In a previous work we used the same
support material for the treatment of a synthethic effluent
containing o-cresol, m-cresol and p-cresol (Gallego et al.,
2008). Since the main objective of our work is transferring
results to industrial applications, operating and construction
costs play an important role in reactor design. Both the use of
an inexpensive support material and the passive flow obtained
without the use of pumps are desirable for such purposes. The
operating of the reactor in batch mode to facilitate start-up
was reported elsewhere (S4; Boaventura, 2001; Quan et al.,
2003; Kargi; Ecker, 2005). This objective was reached, since
after the start-up of the reactor the compound concentration
in the effluent decreased to average minimum values in only
ten days of operation. Removal efficiency of 3-chlorobenzoic
acid was similar to that obtained in batch reactors in minimal
medium. The indigenous strain of Pseudomonas putida was
the only 3-chlorobenzoic acid degrader that was isolated in
both the reactor effluent and the support material. Unlike
other authors (Fulthorpe; Wyndham, 1991; Springael et al.,
2002), who have reported the gene transfer of the degradation
capability, no other environmental bacteria capable of degrading
the compound were detected when carrying out this work. The
laboratory testing under batch conditions that we performed
showed that the other environmental bacteria cannot degrade
3-chlorobenzoic acid.

It is suggested that the ability of the isolated indigenous
Pseudomonas putida strain can be exploited to improve the
treatment of wastewaters containing 3-chlorobenzoic acid and
to bioremediate 3-chlorobenzoic acid-polluted sites. The use of
the continuous reactor proposed in this work can be considered
as an inexpensive alternative to treat effluents efficiently.
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