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Sodium phthalate-2-sulfonate improves the biodegradation of dye reactive blue
13 and pentachlorophenol by Pseudomonas sp. in anaerobic conditions
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ABSTRACT

Electron transfer between a microbe and a pollutant is often the rate-limiting stage of pollutant
degradation. Strategies to increase the rate of electron transfer are thus of fundamental importance
to accelerating the rate of biodegradation. This study investigated the impact of the redox mediator
sodium phthalate-2-sulfonate (AQS) on Pseudomonas sp.-mediated degradation of reactive blue 13
(RB13) and pentachlorophenol (PCP) under anaerobic conditions. In a system containing 10 mg/L
PCP and 100 mg/L RB13, at an optimized AQS concentration of 0.3 mM, the rates of dechlorina-
tion of PCP and biodecolorization of RB13 were increased 2- and 4-fold, respectively. The kinetic
constants V_and K were obtained from dynamic experiments and were respectively calculated
to be 5.16 mg/L h, 33.75 mg/L in the presence of AQS and 4.2 mg/L h, 90.82 mg/L in the absence
of AQS. When the concentration of AQS was less than 0.5 mM, there was no significant effect on
bacterial growth. The dosing method of AQS had a large influence on the change in degradation; sep-
arate addition (bacteria and then AQS) improved the removal of pollutants more than simultaneous
addition. Finally, the intermediate degradation products of the pollutants were investigated.
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1. Introduction

Wastewater released from dye manufacturing plants
contains dyes and a host of other chemicals, many of which
are categorized as persistent organic pollutants [1]. Therefore,
the disposal of these wastes directly into the environment
is harmful and can kill many aquatic organisms.

The methods for removing wastes from manufacturing
effluents include coagulation, flotation, adsorption, oxida-
tion, filtration, and biotreatment [2]. Among these methods,

* Corresponding author.

biotreatment technology is the most low-cost and environ-
mentally friendly method and has thus been extensively
studied [3,4]. However, microbial degradation of pollut-
ants is generally a time-consuming process [5,6]. The trans-
fer of electrons between the microbe and pollutant is the
rate-limiting step of pollutant degradation, a finding that
has been well established in the literature [7,8]. Therefore,
the question of how to increase the rate of electron transfer
between microbes and pollutants is of central importance
to accelerating the overall rate of biodegradation [9,10].
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Electron shuttling materials, that is, redox mediators
(RMs), have been extensively studied as catalysts to promote
reactions. RMs are organic substances that can be reversibly
oxidized and reduced and can be used as an electron carrier
in redox reactions. RMs accelerate the reaction by lowering
the activation energy of the total reaction. In some cases,
RMs are required for a reaction to proceed in real-world
conditions. In general, RMs include humic substances [11]
and quinoid compounds (such as guanidine-2,6-disulfonic
acid, 1,4-benzoquinone, 1,4-naphthoquinone, 4-naphthoqui-
none, menaquinone and lawsone) [12], and promote electron
transport and redox reactions between many inorganic and
organic substances. Under optimal conditions, the rate of
biological degradation can be increased by several orders of
magnitude [12].

The use of RMs to improve the biodecolorization of
dyes has been a topic of extensive research [12-14]. Our
prior publication showed that sodium phthalate-2-sulfonate
(AQS) can improve the rate of biodegradation of reactive
blue 13 (RB13) by Pseudomonas sp. [15]. However, there is
not much published data on the ability of RMs to improve
the biodegradation of pentachlorophenol (PCP), an indus-
trial product that was once used worldwide and remains in
the environment for a long time [16]. Tong et al. found that
the addition of humic acids led to a 2.2-fold improvement in
the degradation rate of PCP by microorganisms [17]. Zhang
and Katayama [18] reported that humans are very import-
ant for the reductive dechlorination of PCP by microbial
communities found in soil. However, other RMs, such as
anthraquinone-2,6-disulfonate (AQDS), 1,4-naphthoqui-
none, hydroquinone, and vitamin B12, have been found to
have no dechlorination activity. This surprising finding is
possibly due to the intricacies of the microbial communities
used in the various studies; it is possible that PCP is only
degraded by particular bacterial strains [19,20]. Chen et al.
[21] investigated the effect of AQDS on soil microbes’ anaer-
obic transformation of PCP and found that AQDS accelerates
the transformation of chlorinated contaminants by increas-
ing the relative abundance of indigenous AQDS-utilizing
Geobacter sp. in paddy soil. Of note, all of these previous
studies indicated that RMs can improve PCP dechlorination
to some degree under anaerobic conditions. However, the
ability of RMs to improve bacterial degradation of other pol-
lutants remains an under-studied topic to date.

In a preliminary experiment, we found that PCP could
inhibit the degradation of RB13 by Pseudomonas sp. in a
co-pollutant system. Indeed, the RB13 biodecolorization
time increased from 60 to 360 h as the amount of PCP
was increased from 0 to 20 mM. We hypothesized that the
introduction of RMs could improve the efficiency of bacte-
rial degradation of contaminants, namely that AQS could
improve the rate of biodegradation of RB13 by Pseudomonas
sp. [15]. In this work, we tested the role of AQS in the anaer-
obic biodegradation of RB13 and PCP by Pseudomonas sp.

2. Materials and methods
2.1. Bacterial maintenance and growth

The Pseudomonas sp. were collected from an aerobic
tank of the SiBao sewage treatment plant in Hangzhou,

China [22]. Bacteria used in all batch experiments were cul-
tivated in serum bottles (510 mL), and the medium com-
position was as follows: glucose (500 mg/L), (NH,),SO,
(96 mg/L), KH,PO, (15 mg/L), K,HPO, (10 mg/L), MgSO,
(12.5 mg/L), FeSO, (12.5 mg/L), and was maintained at pH
~7.0. The serum bottles were sealed with a rubber septum
by a screw cap and filled with N, to maintain anaerobic
conditions. Glucose was used as a substrate. To adjust pH,
1 M NaOH or 1 M HCI solution was used as necessary. All
incubations were carried out in a temperature-controlled
incubator at 33°C and pH 7 (the optimal condition for RB13
decolorization by Pseudomonas sp. [22]).

2.2. Experimental procedures

The degradation studies were performed in 500 mL of
medium with a 5 mL bacterial inoculum and were kept sealed
in dark conditions at 33°C. After the bacteria had grown for
24 h, RB13 and PCP were injected into these bottles to initial
concentrations of RB13 and PCP of 100 mg/L and 0-20 mg/L,
respectively. The RMs AQS was purchased from Sinopharm
Chemical Reagents, (Beijing). The AQS stock solution was
prepared as follows: 1 g of AQS solution was weighed and
dissolved in a 1,000 mL brown volumetric flask, and the AQS
working solutions used in experiments were diluted from
the AQS stock solution. In AQS conditions, the AQS was
added to the bacterial cultures at the same time as RB13 or
PCP. Conditions with AQS added to the system were defined
as the “AQS presence” condition (AQS+), and conditions
without AQS were defined as the “AQS absence” condition
(AQS-). One milliliter samples were taken at regular inter-
vals and centrifuged at 8,000 g for 10 min. The supernatants
were then analyzed for different parameters. All experiments
were carried out in triplicate.

2.3. Extraction of PCP from different parts of bacteria

A modified heat extraction method [23] was used to
isolate the loosely bound bacterial extracellular polymeric
substances (LB-EPS) and tightly-bound extracellular poly-
meric substances (TB-EPS). The bacteria were first pelleted
by centrifugation at 8,000 g for 10 min and then were resus-
pended in 15 mL 0.05% NaCl solution that was pre-heated
to 70°C to ensure the bacterial suspension reached an
immediate temperature of at least 50°C. Next, the bacterial
suspension was vortexed for 1 min, centrifuged at 8,000 g
for another 10 min, and then the supernatant was filtered
through a 0.22 pm cellulose acetate membrane to obtain
the LB-EPS.

The TB-EPS was collected by further treating the remain-
ing pelleted bacteria as follows: (1) the bacteria without
LB-EPS were resuspended again in 15 mL of 0.05% NaCl
solution; (2) the suspension was heated to 60°C in a water
bath for 30 min; (3) the bacterial mixture was then centri-
fuged at 12,000 g for 30 min, and the supernatant was fil-
tered through a 0.22 pm cellulose acetate membrane to
generate the TB-EPS. The remaining pellet was considered
to be bacteria without EPS. The PCP was extracted from
LB-EPS, TB-EPS, and cells without EPS with ethyl acetate
(99.5%) and acetonitrile high-performance liquid chroma-
tography (HPLC grade) for further analysis [24]. Previous
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experiments indicated that a 70/30 (V,__/V. ) mixed sol-
vent was effective for extracting RB13 from bacteria solvent
[25]. RB13 was extracted from bacteria without EPS using

this mixed solvent.

2.4. Analytical methods

The residual RB13 concentration in the supernatant
was analyzed by measuring the absorbance at 570 nm
with a UV-Visible spectrophotometer. However, this anal-
ysis wavelength for RB13 was too close to that of bacterial
content (measured at 600 nm), so Walker’s method was to
account for the interference of RB13 on the determination
of OD600 [26]. The specific methods used were as follows:
first, OD600 of the sample was measured, and then the
bacteria were pelleted out via high-speed centrifugation
(8,000 g) for 5 min. The OD600 of the resulting supernatant
was again measured to determine the absorbance due to
RB13 or other interference, and the OD600 value of bacteria
was considered to be the difference between the two val-
ues. Thus, OD600 = OD600 (before centrifugation)-OD600
(after centrifugation).

Samples were periodically collected, centrifuged, and
then analyzed to determine the residual RB13 concentration
at A (570 nm). The residual PCP concentration was deter-
mined using (HPLC, Agilent 1260, USA) at A__ (220 nm).
The metabolites of PCP were determined by HPLC after
extraction by ethyl acetate (99.5%) and acetonitrile (HPLC
grade), the detailed steps of which have been previously
described [24].

The glucose concentration was measured by the phe-
nol sulfuric acid method [27]. The concentration of chloride
ions was detected using an ion chromatograph (DIONEX
ICS-1100, USA) equipped with an SI-90 4E column and a
conductivity detector. The dissolved oxygen (DO) concen-
tration and the oxidation-reduction potential (ORP) were
measured with a DO analyzer and redox-potential meter,
respectively.

3. Results and discussion
3.1. Selection of RMs

Two water-soluble RMs were chosen for follow-up
experiments. One was AQS, with a molecular formula of
C,H,NaO.,S5, and a molecular weight of 310 g/mol. It is a
yellow crystal, soluble in hot water, and slightly soluble in
cold water; the other was riboflavin (RF) which has a water
solubility of 120 mg/L at 27.5°C and is resistant to oxidation.
However, RF undergoes irreversible decomposition after
exposure to light or ultraviolet irradiation.

In previous experiments, the decolorization of RB13
by bacteria in the presence of RMs was studied, and those
results are shown in Fig. 1. Both AQS and RF clearly
increased the extent of dye decolorization. However, many
previous studies have shown that AQS is more effective at
removing azo dyes than other RMs. For example, Kudlich et
al. [28] compared RMs such as AQS, lawsone (LAW), AQDS,
benzyl viologen (BV), methyl viologen (MV), flavin adenine
dinucleotide (FAD), and ethyl viologen (EV). In tests of the
ability to cause decolorization of acid red 27, AQS was the

most effective. The RMs, sorted by effect size, were AQS
(10.5 times) > LAW (10 times) > AQDS (6.5 times) > BV (2
times) > MV (1.5 times) = FAD (1.5 times) > EV (no effect).
However, considering that RF produces a pronounced yel-
low color when dissolved in water that persists even after
degradation, AQS was chosen for subsequent experiments.
Next, we compared the impact of adding AQS to a sys-
tem with continuous addition of 100 mg/L RB13. As shown
in Fig. 2, the decolorization rate was only 60% without
AQS (bottles #1 and 2), however, the rate of decolorization
of RB13 was significantly improved with the addition of
0.05 mM AQS, leading to nearly 100% decolorization (bottle
#3). This finding indicated that, although there have been
prior reports that the intermediate product can be toxic
to Pseudomonas sp. [22], it did not completely inactivate
the bacteria. When AQS was added, electron transfer was
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Fig. 1. Effect of AQS and RF on the biodecolorization of 100 mg/L
RB13.
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Fig. 2. Impact of AQS on biodegradation during a continuous
100 mg/L RB13 addition process. (100 mg/L RB13 was consecu-
tively added to the serum bottles for biodegradation for 3 cycles).
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promoted, thereby accelerating the decolorization rate of
RB13.

3.2. Effect of AQS concentration on the biodecolorization of RB13

The impact of AQS dosing method on the decolor-
ization of RB13 was investigated. These studies showed
that the dosing method had a significant influence on the
decolorization of RB13 (Figs. 3a and b). Stepwise addition
of bacteria and then AQS led to more rapid decolorization
than the simultaneous addition of AQS and bacteria. This
may be related to the delayed generation of electrons, for
which there is a lag while the bacteria initially consume
glucose (the electron donor). As the bacteria grow, glucose
is depleted within 12 h, providing enough electrons for
the bacteria to grow to a maximum concentration within
24 h. Therefore, at this 24 h timepoint, electrons are more
easily transferred from the bacteria to RB13 (the electron
acceptor) after the addition of AQS. In the presence of an
increased number of electrons, it is more likely that AQS
will contact those electrons and transfer them to RB13,
thereby achieving faster biodecolorization (Fig. 3b). Fig. 3b
also shows the effect of AQS concentration on the decolor-
ization of RB13. It can be seen that with increasing doses
of AQS, the decolorization of RB13 first increases and then
stabilizes, however, the higher range of AQS concentra-
tions were not conducive to the decolorization of RB13 [29].
The optimal concentration of AQS was 0.3 mM. Therefore,
all subsequent experiments used a fixed concentration of
AQS of 0.3 mM.

3.3. Effect of AQS concentration on bacterial growth

To investigate whether AQS itself has adverse effects
on the growth of bacteria, bacteria were grown in the pres-
ence of various concentrations of AQS (Fig. 4). When the
concentration of AQS was in the range of 0-0.4 mM, the
density of bacteria (OD600) was consistently above 0.3 after
24 h of growth, indicating that AQS in the selected range had
little effect on the bacterial growth.

RB13 removal rate (%)

0 20 40 60 8 100 120 140 160
Time (h)

3.4. Effects of AQS on anaerobic biodegradation of RB13 and PCP
by Pseudomonas sp.

3.4.1. Effect of PCP concentration on RB13 biodecolorization
in the presence of AQS

In the presence or absence of PCP, 0.3 mM of AQS was
added to study the impact on the decolorization of RB13 by
bacteria. The initial concentration of RB13 was 100 mg/L, and
the initial concentration of PCP ranged from 0-20 mg/L. The
results are shown in Fig. 5. After adding AQS, Pseudomonas
sp. can rapidly decolorize RB13 in the presence of PCP. The
catalytic effects of AQS were strongest with lower initial
concentrations of PCP. In the case of an initial concentration
of PCP less than 8 mg/L, RB13 decolorization as completed
within 40 h, which is at least 5 times faster than that without
the addition of AQS. However, with an increasing concen-
tration of PCP, the RB13 decolorization effect was notably
slower. However, it was completely degraded within 120 h,
which was still higher than without the addition of AQS
at all (300 h).

Next, we conducted a study to describe the traditional
Michaelis-Menten kinetics of bacterial dye degradation in
the presence of AQS [30]. This experiment was conducted
with various initial dye and PCP concentrations in the pres-
ence of 0.3 mM AQS, and was performed in 110 mL serum
bottles with a 100 mL inoculum. The Lineweaver-Burk
(LB) linear fitting method was used to calculate the kinetics
parameters [31]. The equation is as follows,

1 (K1, 1 .
vV |V v @

max X

where V (mg/L h) is the RB13 removal rate, S (mg/L) is the
concentration of RB13, V__ (mg/L h) is the maximum appar-
ent RB13 degradation rate, and K & (mg/L) is Michaelis—
Menten constant.

The experimental data were plotted against 1/V and 1/S
according to the LB linear equation, and the corresponding
parameter values were obtained according to the obtained

3
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Fig. 3. Effect of AQS dose timing on the biodecolorization of 100 mg/L RB13 (a) simultaneous addition with bacteria and (b) addition

after 24 h of bacterial growth.
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Fig. 4. AQS does not significantly impact bacterial growth
after 24 h cultivation in the range of 0-0.4 mM.
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Fig. 5. Effect of PCP concentration on 100 mg/L RB13 decolori-
zation in the presence of 0.3 mM AQS.

slope and intercept values and compared with the condition
without AQS.

The decolorization rate of RB13 was accelerated in the
presence of AQS (Table 1). For example, the value of V__
was increased from 4.20 mg/L h without AQS to 5.16 mg/L h
with AQS without PCP in solution. When AQS was added
to a solution with 20 mg/L PCP, the decolorization rate V__
increased from 0.58 to 0.75 mg/L h. In the presence of AQS,
the value of K was smaller than without AQS. For exam-
ple, in the absence of PCP, the K was 90.82 mg/L without
AQS, but 33.75 mg/L with AQS. The K is a parameter that
characterizes the affinity of the enzyme to the substrate, with
lower values indicating a higher affinity [31]. From this data,
the addition of AQS increases the affinity of the bacteria to
the dye RB13, thereby facilitating bacterial decolorization of
RB13. Furthermore, the K values at different PCP concen-
trations were all reduced in the presence of AQS. A similar
tendency toward a simultaneous decrease in K and V__
was previously reported by Radha et al. [32]. That group
found that the K and V__values of degradation of methyl

Table 1

Determination of the kinetic parameters of RB13 biodecoloriza-
tion at different PCP concentrations in the presence or absence
of 0.3 mM AQS

Cocp K,, (mg/L) V. (mg/Lh) R?

(mg/L) AQS+ (AQS-) AQS+ (AQS-) AQS+ (AQS-)
0 33.75 (90.82) 5.16 (4.20) 0.98 (0.97)

5 28.01 (36.70) 2.21(1.82) 0.97 (0.99)

10 20.20 (30.66) 1.53 (0.91) 0.95 (0.98)

20 5.80 (20.61) 0.75 (0.58) 0.95 (0.99)

violet and congo red by P. chrysosporium were simultaneously
decreased when immobilized bead diameters increased from
2 to 6 mm.

3.4.2. Effect of PCP concentration on the growth of bacteria in
the presence of AQS

The growth of bacteria was evaluated by a corrected
OD600, as described above. Although there was signifi-
cant variability in the data, it was clear that bacteria could
grow in the presence of both RB13 and PCP using glucose
as the carbon and electron source. However, the growth rate
decreased as the concentration of the PCP increased. Similar
observations were reported by Karn et al [33]. Fig. 6 shows
the number of bacteria at different PCP concentrations in
the presence of AQS. When AQS was not added, an increase
in the concentration of PCP reduced the number of bac-
teria. The OD600 value fluctuated between 0.2 and 0.4, in
good agreement with the condition without AQS (fluctu-
ation between 0.15 and 0.4), indicating that the addition of
AQS did not significantly affect the growth of bacteria in
two contaminants coexist system.

3.4.3. Effect of PCP concentration on glucose-utilization rate
of bacteria in the presence of AQS

The metabolism of glucose can be used as an indi-
cator of bacterial activity [34]. In these next studies, the
glucose-utilization rate was adopted to directly show the
toxic effect of PCP on bacteria metabolism. This experi-
ment examined the effects of different concentrations of
PCP on the metabolism of glucose in the presence of AQS.
As shown in Fig. 7, glucose consumption was nearly iden-
tical in the presence of different concentrations of PCP
(0-20 mg/L PCP) with 0.3 mM AQS. This result indicates
that the metabolic activity of the bacteria was not signifi-
cantly affected by PCP in the presence of AQS; up to 95%
of the glucose in the media was used by 12 h, and there
was no measurable glucose in the media at 24 h. The main-
tenance of normal metabolic activity could be ascribed to
the bacteria itself. Pseudomonas sp. can resist PCP toxicity
much better than other bacteria, such as acidogenic bacteria
and methanogenic bacteria [35].

3.4.4. Fate of PCP in the presence of AQS

The ability of bacteria to remove PCP was tested in a
series of conditions of varying initial PCP concentrations,
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each of which contained RB13 at a concentration of 100 mg/L.
The PCP was degraded while RB13 was decolorized
(Fig. 8a). The release of chloride ions (CI") over the course
of these experiments provided evidence of PCP degrada-
tion. When the concentration of PCP was decreased from
20.92 to 6.73 mg/L, the amount of CI in solution increased
from 0 to 3.68 mg/L. Although RB13 releases Cl- when dis-
solved in water, the CI- released by PCP was calculated by the
total released CI- minus the CI- released by the RB13, which
was constant across conditions. The molar ratio of PCP and
released Cl- was nearly 1:2, suggesting that the degradation
byproduct of PCP is typically trichlorophenol (TCP).

HPLC was used for further analysis of the PCP degrada-
tion intermediates. The HPLC chromatograms showed two
peaks during PCP degradation with retention times of 2.701
and 3.971 min, whereas the initial solutions had only 1 peak at
3.97 min (Table 2). The presence of the second peak suggests
the formation of an intermediate structure during the degra-
dation process. The identity of that intermediate was deter-
mined through a comparison of the chromatographic peaks
and retention times of a library of standard compounds. The
retention times for 2,3,6-trichlorophenol, 2,4,6-trichlorophe-
nol, and 2,4,5-trichlorophenol are 2.531, 2.702, and 2.594 min,
respectively. Thus, the peak of the new compound (2.701)
was nearly the same as 2,4,6-trichlorophenol (2.702), and,
when a known amount of 2,4,6-trichlorophenol was added
into the degradation solution, the signal from the unknown
peak was increased. These findings are consistent with prior
work by Hendriksen et al. [36] and Tsuno et al. [37], but

0.5
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Fig. 6. Effect of PCP concentration on bacterial growth in the
presence of 100 mg/L RB13 and 0.3 mM AQS.

Table 2

different from several reports that the intermediate of PCP
degradation was dichlorophenol rather than TCP [38,39].

When AQS was added to the system, it accelerated the
decolorization of RB13 and promoted the degradation of PCP
(Fig. 8b). Indeed, the addition of AQS increased the removal
rate of PCP by nearly 2-fold. Measurements of the concen-
tration of Cl- suggested that the extent of dechlorination was
similar regardless of the presence of AQS. For example, in
the condition with an initial PCP concentration of 20 mg/L,
the PCP concentration decreased to 11.51 mg/L after 108 h,
and the CI~ concentration in the solution increased from 0 to
2.23 mg/L. Based on the molar ratio of PCP lost and CI- pro-
duced, this product was also determined to likely be trichlo-
rophenol. HPLC was again used to characterize the PCP deg-
radation byproducts, and the main product was verified to be
2,4,6-trichlorophenol. This indicated that the addition of AQS
only accelerated the degradation of PCP, but did not change
its degradation pathway or intermediate products.

The concentration of DO and the ORP in the solution were
measured in order to determine the reduction conditions in
the presence and absence of AQS. The experimental results
are shown in Table 3. The DO values did not change on the
basis of AQS content, remaining around 0 mg/L. However,
the ORP was increased from about -550 mV in the absence
of AQS to -390 mV in the presence of AQS. When the ORP
of the RMs is between —440 and -50 mV, the catalytic effect
is strongest [40]. The addition of AQS to the system led to a
final ORP around -390 mV, within the range for strong cat-
alytic effects. This ORP range was previously shown to be

100
S
P —=— 0 mg/L PCP
gﬂ —e— 1 mg/L PCP
g o0k —A— 2 mg/L PCP
£ —%— 5 mg/L PCP
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Fig. 7. Effect of PCP concentration on glucose-utilization in the
presence of 100 mg/L RB13 and 0.3 mM AQS.

HPLC measurements from our study and standard chemical reference compounds

Sample Untreated Treated water Different kinds of trichlorophenol (TCP)
water 2,3,6-TCP 2,4,6-TCP 2,3,5-TCP
Peak time 3.97 2.701 3.971 2.531 2.702 2.594
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Fig. 8. Effect of AQS on the degradation of different concentrations of PCP (containing 100 mg/L RB13) (a) no AQS and (b) 0.3 mM
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Table 3

Oxidation-reduction potential and dissolved oxygen in solutions with varying concentrations of PCP

0 1 2 4 8 10 15 20 AQS-
E_. (mv) -390 -39 —404 -390 -401 -380 -394 -388 -391 541
DO (mg/L) 0 0 0 0 0 0 0 0 0.07

beneficial to the dechlorination of PCP and decolorization of
RB13 [41].

In order to confirm the role of biosorption in the removal
of pollutants, the retained bacteria were collected after the
degradation process, and the concentration of PCP in the EPS
and bacterial cell wall were tested [42]. The concentrations
of both PCP and RB13 were below the limit of detection in
both the EPS and bacterial cell wall samples. This result indi-
cated that, regardless of the presence of AQS, both PCP and
RB13 were primarily removed by biodegradation rather than
biosorption.

4. Conclusions

This study evaluated the impact of AQS on the ability of
Pseudomonas sp. to degrade RB13 and PCP in anaerobic con-
ditions. The addition of AQS to led to an increase in the rate of
Pseudomonas-induced RB13 decolorization and PCP dechlori-
nation. In test conditions with 10 mg/L PCP and 100 mg/L
RB13 with an AQS concentration of 0.3 mmol/L, the rates of
PCP dechlorination and RB13 decolorization were increased
2- and 4-fold, respectively. The kinetic constants V__and K
were obtained by dynamic experiments, and the values were
calculated to be 5.16 mg/L h, 33.75 mg/L in the presence of
AQS and 4.2 mg/L h, 90.82 mg/L without AQS. At a concen-
tration of 20 mg/L PCP, the kinetics of degradation was much
slower, at 0.75 mg/L h, 5.80 mg/L with AQS and 0.58 mg/L h,
20.61 mg/L without AQS, respectively. Importantly, the addi-
tion of low concentrations of AQS (<0.5 mmol/L) had no
noticeable effects on microbial growth in culture with vari-
ous pollutants. However, the timing of the addition of AQS

had a large influence on the degradation rates; adding AQS
after the addition of bacteria was significantly better than
adding both simultaneously. Of note, the pollutants in these
experiments were essentially fully degraded, and nearly no
pollutants were remained in bacterial EPS or bacterial cell
walls.
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