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Abstract

This study is to inspect how the variation of molecular structures and functional groups present in our model azo dyes (i.e., Congo red, Eriochrome
black T (EBT), methyl orange, and methyl red) affects biodecolorization capability of Pseudomonas luteola. The most viable decolorization was
found at pH 7-9 and the optimal cellular age for the most effective decolorization was 7 days after static incubation in dye-free cultures. In
decolorization, the maximal absorption wavelength in UV—vis spectra for the different dye-containing cultures shifted from visible light range
towards the ultraviolet visible range. Methyl red was not decolorized in contrast to methyl orange, Congo red, and Eriochrome black T. The sulfonic
group para to azo bond (—N=N—) in methyl orange was a strong electron-withdrawing group through resonance to cause an enhancement of color
removal to be easily biodecolorized. As a charged carboxyl group on methyl red is at ortho position (i.e., in the proximity) to azo bond, this led to
a complete inhibition to decolorization. However, decolorization of Congo red and EBT in the absence of charged group (e.g., hydroxy or amino
group) near azo bond was not completely repressed like methyl red. Thus, the presence of electron-withdrawing groups as the substituents on azo
dyes enhanced decolorization capability for biodegradability. In addition, Monod kinetic model provided better predictions to all dye decolorization
at initial short periods of time due to negligible intermediate formed at initial short time duration, but significant intermediate accumulation took
place at longer period of time. In contrast, the decolorization performances of methyl orange at 400 ppm and EBT at 230 ppm were significantly less
than those predicted from the Monod kinetic model likely due to accumulated intermediates exceeding the threshold levels for feedback inhibition.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction Pseudomonas luteola was predominantly isolated from acti-
vated sludge of dyeing wastewater treatment in central Taiwan

Azo dyes are the largest chemical class of dyes frequently [11,12]. It was found that the intracellular azoreductase in P. [ute-
used for textile dyeing, paper printing, food, and cosmetic. 54 is usually an inducible enzyme to specifically deal with azo
These synthetic dyes that have considerable structural variety decolorization. Chang et al. [13] also mentioned certain crucial
are extremely stable under exposure to light and washing, and parameters (e.g., pH, temperature, dissolved oxygen) to affect
also resistant to aerobic biodegradation by bacteria [1-3]. The azo color removal of P. luteola. They also suggested that mass
electron-withdrawing characteristics of the azo group and spe-  ransfer resistance of azo dyes across the cell membrane might
cific substitution patterns generate an electron deficiency, and  pe the rate-limiting step. In addition, both partial reduction and
thus make the compounds recalcitrant to oxidative catabolism complete cleavage of the azo bond could contribute to decol-
[4]. Bacterial degradation of azo dye is often initiated under  rization of monoazo dye reactive red 22 by P. luteola. Chen
anaerobic conditions by an enzymatic biotransformation step [14] also first provided a toxicological perspective to elucidate

that involves cleavage of azo linkages [5,6]. The resulting aro-  decolorization performance of reactive azo dyes. Relatively high

matic amines are further degraded by multiple-step bioconver- toxicity of two azo-bonds present on reactive black B (BB) sig-

sion occurring aerobically or anaerobically [3,7-10]. nificantly reduced the decolorization capability of P. luteola. In

particular, a longer time for persistence of monoazo intermedi-

* Corresponding author. Fax: +886 3 9357025, ary metabolites might enhance synergistic toxicity of BB to the
E-mail address: bychen@niu.edu.tw (B.-Y. Chen). bacterial population.
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Considering chemical structure effects, Zimmermann et al.
[6] used purified Orange II azoreductase from a Pseudomonas
strain KF46 to evaluate the decolorization efficiency of vari-
ous Orange dyes. The specificity of Orange II azoreductase to
the surrounding functional groups present in azo dye strongly
determined whether the dye is susceptible to biodecolorization.
For example, the hydroxy group on the 2-position of the naph-
thol ring of the azo dye (e.g., 1-(4'-sulfophenylazo)-2-naphthol)
is a prerequisite to assist dye decolorization. On the other
hand, charged groups near azo bond (e.g., 1-(2’-sulfophenylazo)-
2-naphthol) significantly hinder the decolorization efficiency.
Moreover, the electron-withdrawing groups present on the
phenyl ring accelerate this color removal. Boethling [15], Loo-
nen et al. [16], Suzuki et al. [17] and Jaworska et al. [18] also
provided different alternatives to predict biodegradability of
organic chemicals from a molecular structure perspective. They
all concluded that chemical structures of organic pollutants (e.g.,
dyes) are of great importance to their biodegradability and also
the risk to humans as receptors. As a matter of fact, Boethling
[15] tried to evaluate structure/biodegradability relations (so-
called SBR); however, it was hampered by a lack of sufficient and

A. monoazo dyes

consistent data sets. These all are the reasons why we experimen-
tally conducted this study in order to reveal whether chemical
structure(s) (e.g., sulfonic acid group) in the proximity of azo
bond affect dye decolorization capability of P. luteola from var-
ious perspectives (e.g., reaction selectivity). The purpose of this
study was to compare anaerobic decolorization performance of
four water-soluble model dyes (diazo dye—Congo red; naphthol
azo dye—Eriochrome black T; monoazo dyes—methyl orange
and methyl red) using P. luteola and also consider how the dif-
ference in dyes affect biodegradability via model predictions of
Monod kinetics. In addition, to obtain basic data in common
use for comparison, commercial azo dyes (e.g., methyl red and
methyl orange) with different functional groups, but not in a
related series were used for decolorization testing.

2. Materials and methods
2.1. Microorganism and culture conditions

P. luteola [11] predominantly isolated from activated sludge
of a dye-bearing wastewater treatment plant in Taichung, Tai-

Eriochrome Black T OH COH
OO N=N— SO;Na
NO,

Methyl Orange

NaOﬁ@ N:NON(CHa)z

Methyl Red
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N=N@ N(CH,),
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Fig. 1. Chemical structures of azo dyes used in this study, and starting materials of methyl orange—sodium sulfanilate and N,N-dimehtyl aniline.
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wan, was used as a model strain to indicate decolorization
performance [11-13]. To obtain synchrony in the growth phase
(i.e., late exponential or early stationary growth phase) of cul-
tures, a loopful of P. luteola seed taken from a single colony
on a LB-streak plate was precultured in 50-mL Bacto LB broth,
Miller (Luria-Bertani (per liter); 10 g Bacto tryptone, 5 g Bacto
yeast extract, 10 g sodium chloride) for 24 h at 30 °C, pH 7.0,
125 rpm using a water-bath shaker (SHINKWANG, SKW-12).
The 10% (v/v) precultured broth was then inoculated into fresh
sterile LB broth for culture. In flask cultures, the pH was not
controlled. The initial pH effect was initially adjusted by adding
0.IN HCl(aq) or NaOH,q). Once cells had been grown to late
exponential or early stationary phase (ca. 24 h), shaking was
switched off and the culture was kept in static incubation for
different periods of time (i.e., 1-13 days) prior to decolorization
in order to study the effect of cellular age (i.e., Fig. 2). Decol-
orization experiments (e.g., Figs. 3 and 4) at various initial dye
concentrations were then carried out by using 7-day-old bacte-
ria. Experiments were carried out in duplicate. For comparative
decolorization on the same basis, cell concentrations of P, lute-
ola were 0.23 £0.03 g dry cell weight1~!.

2.2. Chemical and analytical methods

The azo dyes (Fig. 1) used for decolorization were Congo
red (Amax =500nm), Eriochrome black T (Apax =620nm) and
methyl red (Apmax =540 nm) (all in JIS special grade) purchased
from Wako Pure Chemical Industries Ltd. (Osaka, Japan), and
methyl orange (Amax =465 nm) obtained from Santoku Chem-
ical Company Ltd. (Osaka, Japan). Dye solutions were steril-
ized by filtration (Millipore Millex®-GS 0.22 wm filter unit),
since these dyes may be unstable in moist-heat sterilization.
With appropriate calibrations at specific wavelengths (i.e., Amax)s
concentrations of biomass and dyes were determined using
an UV-vis spectrophotometer (HITACHI Spectrophotometer,
model UV-2001). The dye concentration was determined by
measuring the absorbance (Abs) of the cell-free supernatant of
the sample at the maximal absorption wavelength (i.e., Amax)
after centrifugation for 2min at 700 x g (HSTANGTAI Cen-
trifuge MCD-2000). A sterile cell-free medium was chosen as
the control. As all samples contained both P. luteola and dye to
be studied, concentrations of bacterial cells (i.e., (a) and (b)) and
dye (i.e., (c)) could be evaluated according to Chen [19,20] as
follows:

(a) Absgoonm of the sample mixtures prior to centrifugation
contained measures of cell and dye concentration,

(b) Absgoonm of the sample supernatant after centrifugation
only contained measure of dye concentration at 600 nm and

(c) Abs,,,, of the sample supernatant after centrifugation was
the measure of dye concentration at the maximal absorption
wavelength specific to the dye to be tested.

Since the cell concentrations were time-invariant (ca. <10% vari-
ation) in different experiments, Absgponm values were not shown
and considered as constant. Samples were diluted to an opti-
cal density of less than 0.6 when absorbance was not within

the linear range (0.1-0.7). The relationship between the cell
concentration and Absgoonm 1S 1.0 Absgoonm = 0.32 gdry cell
weight 17!,

2.3. Parameter estimation

To evidently reveal the difference of decolorization capabil-
ity of P. luteola to four azo dyes, time courses of extracellular
dye concentration in batch cultures with various initial dye con-
centrations were used for determination of kinetic parameters.
Considering the whole cells of P. luteola as enzymes (or bio-
catalysts), we might apply the Monod kinetic model to depict
this decolorization. It is assumed that the cell solution has a
fixed number of bioavailable catalysts to which dye substrates
can bind. At high substrate concentrations, all these cell cata-
lysts may be occupied by dyes or the biocatalyst is saturated.
The scheme of Monod kinetics involves a reversible step for
“cell-substrate complex” formation and a dissociation step of
the complex. The decolorization rate V can be expressed as fol-
lows:

_—dS _ VaS

V==—--=——, 1
dt Ks+ S M

where S, t are dye concentration and elapsed time. Parameters
Vm and Kg are the maximal decolorization rate and system coef-
ficient, respectively. Then Eq. (1) can be integrated to obtain:

Vit = (So — §) + Ksln (i?) 2)

where Sy is initial concentration of the dye solution.

Kinetic parameters Ks and Vy can then be evaluated
from the intercept and slope of the least-squared linear plot
In(So/S)/(Sg — S) versus t/(Sg — S) (or similar to Hanes—Woolf
plot; Shuler and Kargi [21]). Using these kinetic parameters,
time courses of residual dye concentrations were then predicted
from Eq. (2) (i.e., predicted curves in Fig. 4b—d).

3. Results and discussion
3.1. Effects of initial pH and cellular age
To determine the most biologically feasible pH for decol-

orization, color removal of azo dyes (Congo red, Eriochrome
black T, methyl orange, and methyl red; Fig. 1) were conducted

Table 1
Decolorization performance at various initial pHs for different model azo dyes
Initial pH
5 6 7 8 9 10
Methyl red — - - - - -
Methyl orange - + + + + +
Eriochrome black T - + + + + —
Congo red - + + + + -
. ot : _ [dye](r=24h) .
+: Decolorization efficiency = 1 — fdyeli=0) > 70%:;
—: decolorization efficiency = 1 — [d[{fyz]’(ﬁé?) < 10%.
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Fig. 2. Time courses of residual concentration of methyl orange using cultures
of P. luteola in different cellular ages.

at various initial pH levels (i.e., 5-10; Table 1). As clearly indi-
cated in Table 1 all of tested dyes were not appropriate for
decolorization at acidic condition (e.g., pH < 5). Methyl red was
found to be recalcitrant at any tested pH. In contrast, methyl
orange was almost completely decolorized at all pHs other than
5. Congo red and Eriochrome black T could be decolorized at pH
6-9 except at extreme pHs (e.g., 5, 10; Table 1). At pH 10, two
hydroxyl groups on EBT near azo bond would be deprotonated
to be negatively charged, resulting in impediment of azo dye
decolorozation [6]. For methyl orange, this deprotonation near
azo bond at pH 10 could not be taken place, thus color removal
still occurred at this pH. In low pH azo bonds might include pro-
ton to form protonated azo dye (i.e., -N=N—— [-NH-N=]*)
and thus P. luteola cannot decolorize the azo dye due to this
alteration in chemical structures. The most viable decoloriza-
tion was concluded at ca. pH 7-9. To have a fair comparison for
decolorization, dye decolorization was thus carried out at nearly
neutral pH.

As the age in various growth phases would also affect the
decolorization activity towards azo dyes [11-13,22], different
aged-cultures (i.e., 3—13 days old) of P. luteola were provided to
conduct decolorization of methyl orange (Fig. 2a and b). As indi-
cated in time courses of residual dye concentrations, “younger”

aged P. luteola (ca. 3—7 days old, Fig. 2a) were more metabol-
ically functioning than older P. luteola (ca. 9th to 13th day,
Fig. 2b). The optimal age for decolorization was found at 7 days
after static incubation in dye-free cultures. It implied that opti-
mal decolorization could be obtained by using medium-older
culture. That is, the most feasible cell culture for color removal
was at the phase of stationary growth. This suggested that azo
dye decolorization is completely non-growth associated [14].
Very likely due to substrate depletion and/or product repression
of intermediates, cultures at older ages (ca. 9-13 days; i.e., at
relatively late stationary phase) might significantly lose bacte-
rial activity and thus utilize energy for maintenance in cellular
survival compared to the optimal age of 7 days. These points all
related to decreases in decolorization performance. In addition,
longer times for decolorization of older aged-cultures (i.e., >7
days) also suggest that older cells require longer period of time
for adaptation in an environment for survival. Moreover, similar
cellular age-dependent phenomena were shown in Haug et al.
[3]. Even though they used different biodecolorizers (i.e., mixed
consortia), their findings are still consistent with our observa-
tions for P. luteola.

3.2. Decolorization characteristics of azo dyes

As shown in UV-vis spectra (Fig. 3a—c), as time went by the
maximal wavelength for the different dye-containing cultures
shifted from visible light range (i.e., Amax for azo dye) towards
the ultraviolet visible range (i.e., Amax for the aromatic amine
intermediate). When the m bonds of characteristic conjugated
chromophores in an azo dye molecule were broken, the absorp-
tion maximal wavelength was shifted towards a shorter wave-
length [23]. As the absorption of the shorter-wavelength was
represented the higher energy of electronic transition, the azo
dye with the characteristic conjugated system of the  bonds has
the lower energy of electronic transition than aromatic amines
(i.e., their intermediates). Similar shifting phenomena could also
be observed for decolorization of different dyes (Fig. 3a—c).
Fig. 3a clearly pointed out Apn,x of methyl orange is shifted
from 465 nm towards 247 nm. As known in organic chemistry,
methyl orange can be biodecolorized via the following reaction:

Methyl orange = N, N— dimethyl aniline + Sodium sulfanilate or

Naoas—@ N=N—©—N(CH3)2

l biodecolorized by P. luteola

NHZ—QN«:HQZ + NaO3SONH2

N,N-dimethyl aniline Sodium sulfanilate

Methyl Orange

As shown in Fig. 3a, the typical spectrum of sodium sul-
fanilate was found during decolorization of methyl orange at
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Fig. 3. The UV-vis spectra during decolorization of (a) methyl orange, (b)
Congo red and (c) Eriochrome black T at 100 ppm. a-1: intact mehtyl orange;
a-2: residual mehtyl orange for 10 h; a-3: sodium sulfanilate. b-1: intact Congo
red; b-2: residual Congo red at 3 h; b-3: residual Congo red at 14 h. c-1: intact
Eriochrome black T; c-2: residual Eriochrome black T at 2 h; c-3: residual Eri-
ochrome black T at 10 h.

time after 10h and this point was confirmed afterwards with
standard fingerprint of sodium sulfanilate (via the analytical
method as described in Hu [11,12]). It directly supported our
proposed reaction (shown above) to have sodium sulfanilate as
the intermediary product and clearly revealed that no further
mineralization was taking place. However, due to low water sol-
ubility of N,N-dimethyl aniline (NNDA for short) the spectrum
of NNDA could not successfully be obtained as anticipated.
Fig. 3b and c also indicated that as time went by for decol-
orization, more significant accumulation of intermediates was
resulted due to increased amplitude at the shifted Apax (e.g.,
approx. 500 nm shifted toward 200 nm for Congo red (Fig. 3b)
and ca. 620 nm shifted to 220 nm for EBT (Fig. 3¢)). Chang et al.
[13] suggested that both partial reduction and complete cleavage

of the azo bond could contribute to decolorization of reactive red
22 by P. luteola via HPLC and GC/MS analyses.

Although methyl orange, EBT and Congo red (Fig. 4b—d)
were feasible to be biodecolorized, methyl red was recalcitrant to
P. luteola at various concentrations (i.e., 100—450 ppm; Fig. 4a).
In comparison on these model biodegradable dyes, color removal
of methyl orange was the most speedy and efficient (Fig. 4b).
For example, its decolorization efficiency of 95% was observed
at 6 and 9 h for 100 and 350 ppm, respectively. This result might
be explained by the proposed justification in Zimmermann et al.
[6] as follows: since the carboxyl group on ortho-aminobenzoic
acid in methyl red is near azo bond and methyl red (an acid—base
indicator (pK, =5.00) would be in the conjugate base form (i.e.,
negative-charged form) at neutral pH 7.0, the decolorization is
completely inhibited. Zimmermann et al. [6] mentioned that
“charged groups in the proximity to the azo group hinder the
reaction (i.e., decolorization).” These might clearly explain why
methyl red was not biodegradable to P. luteola. Compared to
other azo dyes, methyl red might be easier to be transported
(and/or absorbed) into cellular compartment (e.g., cell plasma)
to entice toxicity. Moreover, as the sulfonic group in methyl
orange is a stronger electron-withdrawing group than carboxyl
group in methyl red and it is para to azo bond [24], methyl
orange was easily biodecolorized. Although Hu [12] had men-
tioned “sulfonated substrates for azoreductase exhibited a low
Kn; however, the reaction velocity decreased. The result was
contradictory to Zimmermann et al. [6].” This also indicated that
“sulfonated azo dyes were not easily biodegraded” (as Haug et
al. [3] stated) should be modified. Here, we verified that sul-
fonic acid group at appropriate position (e.g., para to azo bond)
still could enhance azo dye to be biodecolorized by P. luteola
in this study. In addition, according to Hu [12], sulfonic acid
group of three sulfonated azo dyes were all ortho to azo bond
and thus obstructed decolorization. Our explanations can also be
supported by postulates from Knackmuss [4]: xenobiotic com-
pounds (e.g., azo dyes herein) which were reductively degraded
under anaerobic condition as the electrophiles (e.g., azo dyes)
were the lesser electronic densities, and thus more easily reduc-
tively degraded. Zimmermann et al. [6] also revealed that the
presence of electron-withdrawing group (e.g., sulfonic group)
accelerates anaerobic biodegradation of azo dye. In contrast,
for aerobic biodegradation the more electron donating groups
present on azo dye are required for a much easier biodegrada-
tion as Suzuki et al. [17] stated.

Moreover, although Sugiura et al. [25] mentioned that diazo
dye—Congo red was not easily to be biodecolorized, 95% decol-
orization efficiency of Congo red by P. luteola was still observed
at 10, 12 hfor 110 and 210 ppm, respectively (Fig. 4c). As Congo
red is a diazo dye, the maximal decolorization rate of Congo red
(Table 2) was less than that of monoazo dye—methyl orange
perhaps due to the persistent toxicity of azo bond(s) in Congo
red and/or generated intermediates [14,19,20]. In addition, the
two-step decolorization was not apparently observed in Fig. 4c
perhaps due to lower toxicity and high water solubility to cells.
Chen [14] also showed similar toxicity-related decolorization
phenomena for different azo dyes (i.e., reactive black B and
reactive red 22).
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Fig. 4. Time courses of residual concentration of azo dyes (a) methyl red, (b) methyl orange, (c) Congo red, and (d) Eriochrome black T during decolorization of P.
luteola. The dash curves indicated the results of Monod kinetic model prediction except (a).

In addition, Chung and Stevens [26] indicated that naphthol
azo dye—Eriochrome black T is also not easily to be biodecol-
orized, but as shown in Fig. 4d, decolorization of Eriochrome
black T was almost reached an efficiency of 86% for 110 ppm
after 10 h; however, color removal for 230 ppm was completely
repressed after ca. 2-3 h (Fig. 4d). The presence of a dinaph-
thalene group in azo dye may introduce the recalcitrance to
dye decolorization. This point is consistent with similar results
shown in biodecolorization of amaranth (also a dinaphthalene
group containing azo dye; Chung et al. [5] and Haug et al. [3]).
Whether dinaphthalene azo dyes were not easily biodegraded or
not still remained open to be studied in our further follow-up
investigation.

For P. luteola, according to previous biodecolorization stud-
ies [12-14] and this study, P. luteola was highly efficient to
decolorization of azo dye, provided that the substituents of azo

Table 2
Kinetic parameters for decolorization at various azo dyes

Methyl orange Congo red EBT
Slope 0.8263 0.5423 0.4083
Intercept —0.0188 —0.0188 —0.0096
P 0.996 0.969 0.832
Vin (mg g~! cell min~1) 4.64 1.88 3.53
Vi (@M g~ cellmin—) 14.2 2.70 7.66
Ks (ppm) 53.2 53.2 104
Ks (uM) 163 76.4 226

dyes were not ortho to azo bond (i.e., —CH3 in Y3GP [12] and
reactive acid yellow 72 [14], and —COOH in methyl red). That
is, sulfonic acid group located at appropriate position (e.g., para
to azo bond) could still enhance azo dye decolorization by P.
luteola (e.g., >95% color removal efficiency of methyl orange
for 400 mg/1 at 20 h). With our novel results, it clearly showed
that the biodegradability or recalcitrance is due to combined
effects of chemical nature of dyes and biochemical characteris-
tics toward to dyes.

3.3. Kinetic analysis

To provide more clues to explain our results, we also car-
ried out kinetic modeling for assessment. Gumport et al. [27]
mentioned that “the simple Monod kinetic model applied only
to the initial velocity of an enzyme-catalyzed reaction, that
is, to the velocity when no appreciable amount of product
(e.g., decolorization intermediates) has accumulated.” Appar-
ently, this point clearly suggested why Monod kinetic model
had better predictions to decolorization of all dyes at some
initial period of time due to negligible intermediate (i.e., prod-
uct P) formed (Fig. 4b—d). On the other hand, as mentioned
previously in Section 3.2 (Fig. 4b and d) the decolorization per-
formances of methyl orange at 400 ppm and EBT at 230 ppm
were significantly less than those predicted from the Monod
kinetic model. The reasons to cause such significant difference
are straightforward. Here, we consider a general mechanism
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(i.e., X+S <> XS < X +P) that contained four reaction steps
(1)—(v) for cell-catalyzed kinetics as follows:

thekystep: X 4+ S—>XS, (i)
theksstep : XS—2X 48, (ii)
theksstep :  XS—2>X + P, and (iif)
theksstep : XS<X 4P (iv)

where X, S, XS and P denoted P. luteola cells, dye substrate,
“cell-substrate complex”, and decolorization intermediate,
respectively. Note that the product P may denote two or three
intermediates instead of one, and be dependent on monoazo or
diazo form in the parent dye. As known, the Monod kinetic
model can be based upon the assumption of an irreversible k3
step (i.e., k4 =0) and also the XS complex is established rather
rapidly. As a matter of fact, the reverse constant, ks, might
actually be quite large (e.g., significant intermediate repression)
in decolorization compared to k3, but the reverse reaction (iv)
still would not occur when little product P (i.e., intermediate)
was present since the rate of the ks step not only depends
upon the concentration of X and P but also on the magnitude
of k4 [27]. The large differences from Monod kinetic model
prediction for methyl orange (400 ppm) and EBT (230 ppm)
were likely due to accumulated intermediates (i.e., P) exceeding
the threshold levels for inhibition. In addition, the magnitudes
of k4 for decolorization of these two dyes might be relatively
large and perhaps should not be neglected at higher initial dye
concentrations. Considering kinetics parameters, since maximal
decolorization rate Vp, is k3Xo and nearly constant cell concen-
tration (0.23 £ 0.03 g dry cell weight 1~!) were provided a fixed
number of active sites of Xy for decolorization, the series of
reaction rate constant k3 to break down XS to yield X + P could
be obtained as methyl orange (14.2 uM g~ ! cellmin~!)>EBT
(7.66 uM g~ ! cell min~!) > Congo red
(270 uM g~ ! cellmin~!) (Table 2). As system coefficient
Ks is (ko +k3)/k; (i.e., the ratio of overall dissociation rate
constants to association rate constant of XS), a dye with smaller
Kg generally tends to have a stronger affinity between enzyme
and substrate. The ranking of Kg for azo dyes (or the series
of affinity of XS) is EBT >methyl orange >Congo red, very
likely indicating a parallel series of binding preference with
intracellular azoreductase in P. luteola (Table 2).

4. Conclusion

The optimal cellular age for the most effective decolorization
of the methyl orange was ca. 7 days at pH 7 by P. luteola. As a
charged carboxyl group on methyl red is at ortho position (i.e.,
in the proximity) to azo bond (—N=N-), this led to a complete
inhibition to decolorization in our model azo dyes (i.e., Congo
red, Eriochrome black T (EBT), methyl orange, and methyl red)
biodecolorized by P. luteola. In contrast, as there is no charged
group in the proximity to azo bond in Congo red and EBT, decol-
orization was thus not completely repressed as methyl red. The

sulfonic group para to azo bond (—N=N-) in methyl orange
was a strong electron-withdrawing group by resonance to cause
an easy decolorization. Thus, the substituents on azo dyes are
the electron-withdrawing groups by resonance to accelerate the
decolorizations of azo dyes. Monod kinetic model provided bet-
ter predictions to all dye decolorization at initial short period
of time due to significant intermediate accumulation at longer
period of time, but negligible intermediate formed at initial short
time duration. In contrast, the decolorization performances of
methyl orange at 400 ppm and EBT at 230 ppm were signifi-
cantly less than those predicted from the Monod model likely
due to accumulated intermediates over the threshold levels for
inhibition. To obtain conclusive remarks for color removal of P,
luteola, the follow-up study will investigate serial azo dyes with
different functional groups (e.g., electron-releasing groups (e.g.,
alkyl, amino and hydroxyl groups) and electron-withdrawing
groups (e.g., nitro and cyano groups)). As amine intermediates
may strongly repress dye decolorization of P. luteola, the purifi-
cation and isolation of these amines via analytical methods (e.g.,
GC/MS) will be carried out in the follow-up study to identifi-
cation their possible role in repression. As Connell et al. [28]
mentioned that “when exposure (or decolorization) occurs often
only a proportion of the chemicals in the bioavailable phase can
be taken up by organisms),” the follow-up studies will consider
the bioavailability to biodegraders.
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