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a b s t r a c t

Textile dyeing wastewater contains harmful compounds, which are toxic to both marine organisms and
human beings if it discharged into an aquatic environmental without suitable treatment. In this study, the
wastewater containing the azo dye, Reactive Black 5 (RB5), was partially treated in an anaerobic sequenc-
ing batch reactor which was further treated either in an aerobic membrane bioreactors (AOMBR) or in
combined aerobic membrane bioreactor/reverse osmosis (AOMBR/RO) process. The results showed that
in the anaerobic sequencing batch reactor the RB5 dye was degraded to form aromatic amine interme-
diate metabolites, which were further mineralized in the AOMBR. It was also observed that although all
embrane bioreactor
eactive Black 5
actococcus lactis

astewater reuse

effluents from the AOMBR and AOMBR/RO processes met the Taiwan EPA’s effluent criteria, irrespective
of which membranes were used in the aerobic tank, the effluent from the AOMBR/RO process met the
criteria for reuse for toilet flushing, landscaping, irrigation, and cooling water purposes, where as the
AOMBR effluent only met the criteria for cooling water due to incomplete color removal. Five anaerobic
high dye-degrading bacteria were isolated, which were identified to be the same species of Lactococcus
lactis by 16S rRNA sequencing. The L. lactis showed complete degradation of RB5 and further studies
showed that it can also able to degrade Reactive Red 120 and Reactive Yellow 84 efficiently within 6 h.

© 2009 Elsevier B.V. All rights reserved.

. Introduction

Among dyestuffs, reactive, acid, and direct azo dyes, are more
ommonly used in the textile industry [1]. Reactive azo dyes, con-
aining one to four azo bonds (N N), are usually used to dye
ellulose fibers, wool and nylon, which generally get adsorbed
y forming covalent bonds with the fibers [2]. Reactive dyes are
ery soluble in water, therefore, are poorly adsorbed. It has been
eported that approximately 10–50% of reactive dye lost during the
yeing and polishing processes [1,3]. The release of colored wastew-
ters represents not only a serious environmental problem, but
lso causes a public health concern [4]. Several wastewater treat-
ent processes, such as chemical oxidation/coagulation, advanced

xidation, photocatalysis, adsorption and biodegradation, can be
sed to treat the dye containing effluent [5–7]. Among these pro-
esses, the conventional aerobic activated sludge biodegradation
rocess (ASP), is used worldwide and considered to be the cheapest
reatment process. However, it has been observed that the aero-
ic biodegradation is not really economical, due to low removal
fficiency for reactive and other anionic soluble dyes. Also, due

∗ Corresponding author. Tel.: +886 3 2654911; fax: +886 3 2654911.
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to low biodegradability under aerobic condition requires a large
reactor volume [2,8]. On the contrary, anaerobic activated sludge
can degrade dye more rapidly but produce toxic aromatic amines
intermediate. These amines are generally not further degraded and
will accumulate under anaerobic conditions. Mineralization of aro-
matic amines is more common by aerobic bacteria and therefore,
a two-stage biological process, anaerobic followed by aerobic reac-
tors, is suggested to be used for treatment of wastewater containing
reactive dye [6,9].

In the two-stage biological process, first the reactive dye is par-
tially degraded by the anaerobic activated sludge process which
result in reduction of the color due to a reductive cleavage of azo
bond and production of colorless aromatic amines. However, since
these aromatic amines are more toxic than the dye itself, they
are further degraded aerobically in the second stage [10]. The lit-
erature survey on biodegradation of the dye wastewater showed
that many different type of anaerobic reactor configurations like
sequential batch reactor (SBR) [11], fluidized beds [12], upflow
anaerobic sludge blanket reactor (UASB) [13], rotating biological
contactor (RBC) [14], and fixed/packed bed reactor [15] have been
used for treatment of synthetic dyestuffs and high decolorization
and degradation efficiencies were obtained. It was also concluded
that the use of two-stage anaerobic–aerobic conditions could allow
complete mineralisation of these xenobiotic azo-compounds.

The SBRs are sequenced into fill–react–settle–decant phases,
and offer promising possibilities for estimation of parameters, as
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Fig. 1. Schematic diagram of th

they are by nature, dynamic in behavior, and allow repeatable
behavior to establish initial conditions, and evaluate parameters
[16]. The SBR technology has been used for nitrogen and phos-
phorus removal and other wastewater treatment due to its good
operational flexibility, simple running and compact layout [17].

After this two-stage biological treatment, the wastewater usu-
ally meets the effluent criteria, but not the reuse criteria. Thus,
extra-treatment processes, such as coagulation, advanced oxi-
dization and membrane processes, are always added to meet
wastewater reused criteria [18–20]. The additional membrane pro-
cess, either microfiltration (MF), ultrafiltration (UF), nanofiltration
(NF) or reverse osmosis (RO), is needed to reclaim dye contain-
ing wastewater. Recently, many full-scale commercial membrane
bioreactors (MBRs) plants have begun to operate for domestic
wastewater treatment and are replacing the conventional (acti-
vated sludge + settling) treatment process. MBRs incorporate MF
or UF-membranes which are immersed into the conventional acti-
vated sludge process. Such MBR combined with RO processes
are now started operating worldwide for domestic and industrial
wastewater treatment and reclamation. In the combined MBR/RO
process, the MBR unit removes biodegradable organic matter, while
the RO unit removes non-biodegradable organic or inorganic mat-
ter. The MBR/RO process showing a growing interest and rapid
development because of their great potentiality in terms of water
disinfection, possibility to reuse water and also offers other benefits
of short hydraulic retention time (HRT). In addition, since the MBR
process the membrane replaces the sedimentation tank of the tradi-
tional ASP. Thus, no sludge is wasted and all the suspended solids,
including microorganisms, are retained in the reactor. Therefore
the sludge retention time (SRT) can be increased further in order to
increase the biomass concentration and the high loading rate capa-
bility [21]. It is also possible that some specific bacteria, including
those which can degrade difficult degrading textile dyeing wastew-
ater, are enriched in the MBR process to enhance the biodegradation
efficiency [22–24].

Textiles contributed 16.4 billion US dollars to Taiwan’s economic
output in 2004, but large quantities of toxic, low biodegradable,
heavily colored wastewater were produced, which have caused
an adverse effect on the natural water environment in Taiwan.
In the present study the pilot scale sequenced anaerobic (ANSBR)
and aerobic MBR (AOMBR) systems were used for biodegradation
wastewater containing Reactive black 5 dye.

In the present study, we have developed a two-stage biological
process i.e., an anaerobic sequencing batch reactor (ANSBR) fol-
lowed by an aerobic membrane bioreactor (AOMBR) to meet the
standard Taiwan EPA effluent discharge criteria. The biodegrada-
tion and color removal performance of this combined system was
studied using simulated textile effluents containing a reactive black
e AOMBR/RO processes.

5 (RB5) azo dye. The effluents of the AOMBR were further treated
by RO unit to achieve Taiwan standard wastewater reused criteria.
In addition, the high anaerobic color degrading bacteria were also
isolated and screened in this study.

2. Materials and methods

2.1. Process configuration

Schematic diagrams of the AOMBR and AOMBR/RO processes
are illustrated in Fig. 1. The AOMBR process combines a 36 l anaer-
obic SBR and a 18 l aerobic MBR. The ANSBR is sequenced into
fill 0.5 h–react 21.5 h–settle 0.5 h–decant 1.5 h phases, which are
decided based on pretest study. No activated sludge was discarded
as waste during the operation period. The HRT, MLSS, ORP, and pH
of the anaerobic SBR were 48 h, 2700 mg/l, −300 mv, and 6.8–7.2,
respectively. The effluent of ANSBR were stored in an aerobic
storage tank and further flowed into aerobic MBR. Four different
commercial membranes, namely “M”, “N”, “K” and “C” (produced b
y the R&D Center for Membrane Technology of Chung Yuan Chris-
tian University, Taiwan) were installed in the aerobic MBR unit
simultaneously, which were showed in Table 1.

The effluent from the AOMBR process was drained out by using
a peristaltic pump, which is operated in cyclic mode of 10 min fil-
tration followed 5 min relaxation. The HRT, MLSS, ORP, DO and pH
in the aerobic MBR unit were 24 h, 2100 mg/l, higher than 250 mv,
higher than 3.0 mg/l and 6.8–7.2, respectively. The specific aeration
intensity was maintained at 20 m3 m−2 h−1. Finally, in order to meet
the different targets for wastewater reuse criteria of Taiwan EPA,
we added a commercial RO unit (TFC material, Dow Co. Ltd.) to the
back of the AOMBR process, thus forming the AOMBR/RO process, as
shown in Fig. 1. The RO unit consists of a semi-permeable dissym-
metrical membrane composed of selective skin layers which are
supported by porous sub-layers. The RO was operated at 15 kg/cm

pressure, 50–150 l/h flow and water recovery ratio of 50%.

The experiments were performed from June 5, 2005 to June 15,
2007, in which the first 80 days was utilized for culturing period.
The data in Section 3 are averaged from 25 August, 2005 to June 15,
2007. Both the AOMBR and AOMBR/RO processes operated at 20 ◦C

Table 1
The membranes used in this study.

Membrane Typea Material Pore size (�m) Area (m2/set)

M H Polyethylene 0.4 0.200
N F Non-woven 30 0.020
K F Chlorinated polyethylene 0.4 0.125
C F Polytetrafluoroethylene 0.22 0.020

a H: hollow fiber, F: flat sheet.
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Fig. 2. (a) COD and (b) true color removal performance for each unit in the AOMBR/RO process.

laboratory. The seed sludge was taken from the Kuagnin industrial
park wastewater treatment plant, which treats industrial wastew-
ater effluent consisting of 38.2% of highly colored textile dyeing
wastewater.

2.2. Wastewater and analytical methods

The substrate used for the reactor cultivation contained (per
liter): milk powder, 177.1 mg; sucrose, 17.7 mg; acetate, 32.6 mg;
(NH4)2SO4, 12.5 mg; urea, 39.1 mg; FeCl3, 0.13 mg, KH2PO4, 17.7 mg,
and Reactive Black 5, 6.25 mg. Given these constituents, the
concentrations of COD, BOD, SS, and ADMI (American Dye Man-
ufacturers Institute, the unit of true color) were 300 mg COD l−1,
200 mg BOD l−1, 200 mg SS l−1, and 1000 ADMI, respectively, sim-
ulating concentrations in influent wastewater from the Kuagnin
industrial park wastewater treatment plant. The 6.25 mg l−1 Reac-
tive Black 5 was corresponding to 4.5 mg l−1 COD, revealed that the
contribution of dye to COD was very low. All the processes were
monitored 2–3 times per week. All the samples taken from the reac-
tors were first analyzed for suspended solid (SS), turbidity (NTU)
and total coliform (CFU). Then the samples were filtered rapidly
using Whatman GF/A filter paper and the filtrate were analyzed to
find their true color, COD, BOD, total hardness, total alkalinity, chlo-
ride, total dissolved solids, according to the Standard Methods [25].
The UV–vis spectra of the effluents of each unit were also performed
by spectrophotometer.

2.3. Anaerobic color degradation and bacteria isolation

Sludge taken from the ANSBR unit was cultured and isolated
in a TGC agar medium (thioglycollate medium, Difco) at 37 ◦C for
48 h in an anaerobic oven. Sixty separate colonies on the medium
were transferred to an individual TGC broth medium for culturing
at 37 ◦C for 48 h in an anaerobic oven. The isolates were further
tested after 36 h to determine the degradation rate of the anaerobic
color in the TGC broth containing 50 mg/l of RB5. The DNA of the

five high anaerobic color degrading bacteria was further extracted,
sequenced and compared with the NCBI database. One isolate was
tested further to determine the anaerobic color degradation rate for
TGC broth that contained 50 mg/l of either Reactive Red 120 (RR120)
or Reactive Yellow 84 (RY84).

3. Results and discussion

3.1. Overall process performance

Fig. 2(a) and Table 2 show the average COD, BOD, true color
(ADMI), SS concentration and corresponding removal efficiency of
influent and the effluent from the ANSBR, aerobic MBR and RO
process observed during 1 year of operation. It can be observed
that the average COD of the ANSBR, aerobic MBR, and RO efflu-
ents were 67.7 ± 13.9, 7.9 ± 2.3, and 3.1 ± 1.9 mg l−1, respectively,
which corresponding to the total COD removal efficiencies of 78.2,
97.5, and 99.0%, respectively. Table 2 also shows that the average
BOD of the ANSBR, aerobic MBR, and RO effluents were 46.0 ± 8.4,
2.9 ± 1.0 and 1.1 ± 0.7 mg BOD l−1, respectively, which correspond-
ing to the removal efficiencies of 78.5, 98.6, and 99.5%, respectively.
It was observed that nearly 74–78% of total COD, BOD, true color
and SS removal efficiency were observed in an ANSBR alone, where
as remaining 17–20% and 2–3% of total were removed in subse-
quent aerobic MBR and RO process, respectively. The high COD
and true color removal efficiency in ANSBR as compared to aer-
obic MBR proves its excellent ability for treatment of reactive
dyes. The measured soluble COD and SS of the anaerobic efflu-
ent were 23.8 mg COD l−1, and 42.3 mg SS l−1, respectively, implying
that nearly 69.6% of the anaerobic effluent COD was contributed
by particulate matter, mostly due to unsettled biomass. Thus, the
actual COD removal efficiency of the ANSBR was 92.3%. Where as
the total and soluble COD removal efficiency of the aerobic MBR
unit increased only 19.3 and 5.2%, respectively.

In addition, Fig. 2(b) and Table 2 show the average true color of
the effluent after the AOMBR/RO process. The average ADMI of the

Table 2
Effluents and removal efficiencies from each unit in the AOMBR/RO process.

CODa BOD5,20◦C True color SS

Effluent (mg/l or ADMI)
Taiwan effluent criteria <100 <30 <550 <30
Influent 310.6 ± 31.7 213.6 ± 22.8 1039.1 ± 153.4 149.4 ± 34.8
Anaerobic SBR effluent 67.7 ± 13.9 46 ± 8.4 264.2 ± 49.9 42.3 ± 12.6
Aerobic MF effluentc 7.9 ± 2.3 2.9 ± 1.0 169.0 ± 22.4 NDb

RO effluentc 3.1 ± 1.9 1.1 ± 0.7 8.0 ± 3.9 ND

Removal efficiency (%)
Anaerobic SBR effluent 78.2 78.5 74.6 71.7
Aerobic MF effluentc 97.5 98.6 83.7 >99.99
RO effluentc 99.0 99.5 99.2 >99.99

a The COD value here was total COD but not soluble COD.
b Not detected.
c Averaged from the effluents of four different MF membranes.
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ig. 3. Total removal performance of each membrane in the AOMBR/RO process.

naerobic SBR, aerobic MBR, and RO effluents were 264.2 ± 49.9,
69.0 ± 22.4 and 8.0 ± 3.9 ADMI, respectively, which corresponding
o the removal efficiencies of 74.6, 83.7, and 99.2%, respectively.
inally, Table 2 also shows that the average SS of the effluent from
he anaerobic SBR was 42.3 ± 12.6, while no SS was detected in the
ffluent from the aerobic MBR or RO units. This revealed that the
S removal efficiencies of the anaerobic SBR, aerobic MBR and RO
nits were 71.7, >99.99, and >99.99%, respectively.

Although removal efficiency of aerobic MBR was not high, the
erobic MBR must be used because two major mechanisms were
akes place in the aerobic MBR unit: the mineralization of aromatic
mines into non-toxic metabolites [11] and the retaining of particu-
ate matter in the reactor. The degradation of aromatic amines into
ther non-toxic metabolites has already been discussed in several
eferences [10,26]. Delėe et al. [27] stated that 62–95% and 60% of
he color and COD removal can be achieved by anaerobic treatment,
hile an additional 30% of the COD, which are mostly contributed

y aromatic amines, can be removed by the subsequent aerobic
reatment. In this study, the color removal efficiency for ANSBR
as 74.6%, which was closed to that observed in Delėe’s study [27].
owever, 92.3% of the COD degradation occurred during the ANSBR,
hile only 5.2% of the COD degradation occurred during the subse-

uent aerobic MBR. This value was much higher than that observed
n Delėe et al.’s study [27]. This might be due to the presence of
ntreated dye and other organic compounds in the effluent.

Fig. 3 shows the UV–vis absorbance spectrum of the influent,
NSBR effluent, aerobic MBR effluent and RO effluent. The influent
hows the maximum absorbance at 595 nm (A595) which corre-
ponds to chromophoric azo group of RB5 dye which is responsible
or color. It was also observed that the absorbance at 595 nm of
he influent, ANSBR effluent, aerobic MBR effluent and RO effluent
ere 0.673, 0.158, 0.084, and 0.007, respectively. Thus individ-
al color removal efficiencies of the ANSBR, aerobic MBR and RO
nits were 76.5, 11.0, and 11.5%, respectively. This indicates that
he ANSBR removed most of the RB5. In addition, the maximum
bsorbance was shifted from 595 nm to 265 nm (A265) after anaer-
bic treatment, which indicates the formation of a predominant

ntermediate metabolite under anaerobic degradation. Mohanty et
l. [26] also observed such similar phenomenon. In their study,
he maximum absorbance was shifted from 597 nm to 267 nm
fter anaerobic treatment of Reactive Black 5 containing wastewa-
er. They also analyzed the anaerobic sample by HPLC and found
hat the peak at 267 nm in UV–vis spectra was corresponds to
mine compound. The A265 of the ANSBR effluent was 0.850 and
t was further reduced to 0.321 in the aerobic MBR effluent and to
.129 in the RO effluent. This shows that only 62.2% of interme-
iate metabolite degradation occurred in the aerobic reactor and

here were still some of toxic intermediate metabolite remains in
he effluent of aerobic MBR. The HRT of aerobic MBR unit was set
or 24 h. Thus the aerobic COD degradation rate was estimated to
.66 mg COD/l h, which was much lower than the anaerobic COD
egrading rate of 5.96 mg COD/l h. Isik and Sponza [28] have studied
Fig. 4. Overall removal performance of membrane in the AOMBR process.

the aromatic amine degradation in a UASB/CSTR sequential system
treating Congo Red dye. In their continuous operations in the anaer-
obic/aerobic stage, they observed nearly 88% of COD, 99% of color
and 91% of total aromatic amine (TAA) removal at a HRT of 3.60
days and at a CR dye concentration of 4000 mg/l. Isik and Sponza
[29] have studied anaerobic UASB/aerobic treatment of a simulated
textile wastewater. In this study they have reported the effect of HRT
(0.96–15 days) of aerobic CSTR reactor on COD and amine removal.
For maximum COD removal, the optimum HRT was found to be 2.2
days. At optimum HRT the better utilization of COD at high level and
aromatic amines are readily degraded/mineralized by the aerobic
microorganisms. Therefore although in present study the aerobic
degrading rate was quite low, it will be possible to achieve com-
plete degradation of these intermediate metabolite by increasing
the aerobic HRT to optimum level.

3.2. Performance and reuse potential of the different membranes

3.2.1. Performance of different membranes in the AOMBR and
AOMBR/RO processes

The performances of the four different membranes installed in
the aerobic MBR were compared in Fig. 4. It was observed that
the overall removal efficiencies of COD, BOD, true color (ADMI)
and SS were 96.8–98.1%, 97.8–99.1%, 81.3–85.8%, and almost 100%,
respectively. This indicates that although the pore size, material
and frame type of the membranes were quite different, the removal
efficiencies were similar. The formation of cake layer on the mem-
brane surface begins immediately after the start of filtration. Thus
pore size of this cake layer becomes much smaller than the pore
size of the membrane [21,30]. Thus, although the pore size of the
membranes was varied from 0.22 �m to 30 �m, the removal per-
formances were quite similar, possibly due to the smaller pore
size of the formed cake layer. Many researchers have studied
the performance of coarse size membrane sometimes referred as
dynamic membrane where the deposition of porous sludge layer
over the membrane acts as filter which performs similar to the
fine size membrane depending on the porosity of sludge layer
formed and also on size and concentration of sludge [31]. Liu
et al. [32] have studied the performance of dynamic membrane
bioreactor for municipal sewage treatment using silk membrane
(0.1 mm) showed that nearly 78% COD removal and 91.3% turbid-
ity removal could be achieved and the perfect separation ability
of membrane can be obtained within 30 min at low MLSS (3 g/l)
and within 5 h at high MLSS (7.5 g/l). Meng et al. [31], have com-
pared the performance nonwoven (3 and 5 �m) with hollow fiber
(0.4 �m) membrane for treatment of synthetic domestic wastewa-
ter showed that there was very little difference in the effluent water
quality between the nonwoven bioreactor and the membrane biore-

actor. Nearly 97–98% of COD and TOC removal also about 95–96%
BOD removal were achieved in both the reactors therefore the pore
size of nonwovens had little effect on the organic carbon reduction,
probably due to the formation of a dynamic layer on the nonwoven
membrane surface.
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compounds. Therefore, the effluent samples were further treated
with 3 mg/l of NaOCl, as showed in Table 4. It was observed that
the addition of chlorine not only increased the combined chlorine
concentration >0.4 mg/l (data not shown here), but also lowered
the number of E. coli to the non-detectable (ND) level. However,
even after the suitable addition of chlorine, the effluent from the
AOMBR still did not meet the color standards necessary for toilet
flushing, landscaping and irrigation purposes. In addition, it was
observed that the effluent from the AOMBR/RO processes satisfies
all the Taiwan EPA wastewater reuse criteria. According to the above
results, we can suggest appropriate treated wastewater reuse tar-
gets for both the AOMBR and AOMBR/RO processes. Wastewater
treated by the former process can only be reused as cooling water,
while wastewater treated by the AOMBR/RO process can be reused
for toilet flushing, landscaping, irrigation and cooling water.

3.3. Isolation of the bacteria responsible for high degradation of
Reactive Black 5 (RB5)

In this study we also isolated higher decolorization performance
bacteria by using a TGC medium. After screening, the dyeing-
degradation batch experiments results showed that only five high
color degrading isolates, AN-13, AN-20, AN-23, AN-27 and AN-51,
were responsible for more than 99% of the RB5 degradation within
6 h of experimental time. In addition, 20 medium color degrading
and 25 low color degrading isolates identified which can degrade
more than 99% and 70% of RB5 within 36 h, respectively, while 10
isolates showed no RB5 degradation performance. Fig. 6 shows the
dye degradation profile and cell growth curves of the five high RB5
degrading bacteria. It was observed that the average dye-degrading
rate during the first 2.5 h was higher (14.55 mg dye/l h) than the rate
in the following 3 h (3.21 mg dye/l h). On average, more than 70%
of the dye was degraded during the first 2.5 h and over 95% dur-
ing the first 4.5 h. On the other hand, no cell growth was observed
in the first 2 h. The average cell growth rate was 0.508 OD600/h
from 2 to 3.5 h and 0.042 OD600/h in the following 2 h. The aver-
age specific dye degradation rate for the first 2 h was estimated to
be 553.35 mg dye/OD600 l h, while the rate for the following 3.5 h
was 6.68 mg dye/OD600 l h. This significant difference may be due
to no cell growth was observed in the first 2 h. This suggests that
the efficient RB5 degrading bacteria could cleave the azo bond with
a very short lag phase. In this present study it was observed for
high RB5 dye-degrading bacteria isolate had very short lag phase
of about 2 h. In literature most of the studies have not reported the
cell growth profile for such a short initial period and few studies
[33–34] have reported that decolorization occurs during logarith-
ig. 5. Overall removal performance of membranes in the AOMBR/RO process.

The removal performance of RO effluent corresponding to
ach AOMBR membrane effluent are shown in Fig. 5. The over-
ll removal efficiencies for COD, BOD, true color (ADMI), and SS
ere 98.5–99.5%, 99.3–99.9%, 99.0–99.4%, and higher than 99.99%,

espectively.

.2.2. Comparison against Taiwan EPA effluent criteria
The comparison of the effluents produced by the AOMBR and

OMBR/RO processes with the Taiwan effluent criteria is shown in
able 3. It was observed that both processes satisfy the Taiwan EPA
riteria for effluent. It was also observed that there was no signif-
cant difference for different membranes, although the pore size
f membrane-N was much larger (30 �m) than that of the other
hree membranes (0.22–0.4 �m). Furthermore, the removal effi-
iency of the RO unit for COD, BOD, and SS did not show a significant
ncrease; because of this the concentrations of these constituents
n the AOMBR effluents were quite low. The RO units could sig-
ificantly enhance the removal efficiency of true color. The average
DMI of the AOMBR effluent was between 147.3 and 197.4 ADMI and

t was decreased to 0.2–1.5 ADMI after treatment by the RO unit, giv-
ng an average ADMI removal efficiency of RO unit as 99.75%. Thus,
n order to meet just Taiwan EPA effluent criteria it does not require
he addition of the RO.

.2.3. Comparison with the Taiwan EPA wastewater reuse criteria
Table 4 shows a comparison of the AOMBR and AOMBR/RO

ffluents with the Taiwan EPA’s wastewater reuse criteria for toi-
et flushing, landscaping and irrigation, and cooling water. It was
bserved that the effluent produced by the AOMBR processes does
ot meet the color and E. coli standard reuse criteria for toilet flush-

ng, landscaping or irrigation purposes but it mates reuse criteria for
ooling water. In addition, no E. coli was detected in membrane MF-
in the aerobic MBR units, while 2–21 CFU/100 ml were detected in

he other three membranes. For the treated wastewater to be reused

or toilet flushing, landscaping and irrigation, the combined avail-
ble chlorine should be higher than 0.4 mg/l according to Taiwan
PA criteria. The goal of 0.4 mg/l for combined available chlorine can
e achieved by adding suitable quantity of chlorine and ammonia

able 3
omparison of AOMBR and AOMBR/RO effluents to the Taiwan EPA effluent criteria.

COD (mg/l) BOD5, 20 ◦C (mg/l) True color (ADMI) SS (mg/l)

aiwan EPA criteria 100 30 550 30

OMBR
MF-M 6.6 ± 2.6 2.7 ± 0.7 194.7 ± 15.9 ND
MF-N 9.2 ± 4.9 4.8 ± 0.4 181.0 ± 4.8 ND
MF-K 5.9 ± 1.2 2.0 ± 0.7 147.3 ± 4.8 ND
MF-C 9.8 ± 1.2 2.1 ± 0.1 153.1 ± 6.3 ND

OMBR/RO
RO-M 4.8 ± 4.4 6.4 ± 3.2 0.2 ± 0.1 ND
RO-N 3.7 ± 2.4 9.4 ± 4.7 1.5 ± 0.4 ND
RO-K 1.7 ± 1.0 10.4 ± 4.8 1.5 ± 0.7 ND
RO-C 2.0 ± 1.9 8.9 ± 3.8 1.3 ± 0.2 ND

mic growth phase and COD/BOD reduction during the maximum
stationary growth phase. It was also observed that the average pH of
the medium was decreased from 7.0 to 4.25 during 5.5 h experimen-
tal period; this indicates that these five isolates may produces some
acidic intermediate compounds during dye/medium degradation.

The five high dye-degrading bacteria were further sequenced
using the 16S rRNA gene and the results were further com-
pared with the NCBI database. All the high dye-degrading bacteria
belonged to Lactococcus lactis, as shown in Table 5. Four sub-species
of L. lactis, i.e., L. lactis subsp. Cremoris, L. lactis subsp. lactis, L. lac-
tis subsp. Hordniae, and L. lactis subsp. diacetylactis, were reported
[35]. In this study, AN-13, AN-20, AN-23 and AN-51 were identi-
fied to be sub-species of L. lactis subsp. lactis. The L. lactis subsp.
lactis produces lactic acid by fermentation of lactose which leads
to the decrease in pH. It was also reported that the cell growth
of L. lactis will not occur at pH below 4.4 [36]. This similar phe-
nomenon was also observed in the dye-degrading bacteria isolation
study, where none of these five high dye-degrading bacteria grew
after 3.5 h when the pH decreased to 4.25 in average (as showed in
Fig. 6). A comparison of the 16S rRNA sequences of these five isolates
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Table 4
Comparison of AOMBR and AOMBR/RO effluents to the Taiwan EPA wastewater reuse criteria.

1a 2 3 4 5 6 7 8 9 10
E. coli
(CFU/100 ml)

BOD5, 20 ◦C
(mg/l)

Color Odor Turbidity
(NTU)

Total
hardness
(mg/l as
CaCO3)

Total
alkalinity
(mg/l as
CaCO3)

Chloride
(mg/l)

TDSb

(mg/l)
SSb

(mg/l)

Criteria ND <10 NUc NUc <5 <450 <350 <500 <1000 <10
AOMBR

MF-M 21/NDd 2.7 Colored NU 0.39 101.6 25.7 6.1 415.5 ND
MF-N 2/NDd 4.8 Colored NU 0.47 79.1 23.3 6.1 415.5 ND
MF-K 5/NDd 2.0 Colored NU 0.16 55.6 39.6 5.8 342.6 ND
MF-C ND/NDd 2.1 Colored NU 0.18 58.0 37.6 9.2 318.3 ND

AOMBR/RO
RO-M ND 0.2 NU NU 0.24 6.4 5.3 1.1 43.0 ND
RO-N ND 1.5 NU NU 0.13 6.5 5.7 ND 25.0 ND
RO-K ND 1.5 NU NU 0.10 3.2 7.3 ND 24.0 ND
RO-C ND 1.3 NU NU 0.08 4.8 6.5 2.2 24.7 ND

a Treated water reused for toilet flushing: criteria 1, 2, 3 and 4.
Treated water reused for landscaping and irrigation: criteria 1, 2, 3, 4 and 5.
Treated water used for cooling water: criteria 2, 6, 7, 8, 9 and 10.

b TDS: total dissolved solids; SS: suspended solids.
c NU: not uncomfortable when it was used.
d E. coli number after the addition of 3 mg/l of NaOCl.

showed 96–98% of similarities of between them, therefore they can
be considered to be the same species. To the best of our knowl-
edge there has been only one study focused on dye degradation by
L. lactis [37] where it was found that the dye reduction of L. lactis
was stimulated by sugar rather than by organic acids. In addition,
Seesuriyachan et al. [38] found that other lacto bacteria, i.e. Lac-
tobacillus casei, had azo dye-degrading ability. However, in other
studies, Bacillus subtilis, Pseudomonas spp., Geobacillus strarother-
mophilus, Rhodobacter sphearoides and Enterococcus faecalis showed
high azo dye reduction ability, which was not the case in our
study [39].

In this study the five high RB5 dye-degrading bacteria were
isolated. In order to see their ability to degrade other reactive
azo dyes, further studies were carried out to test the degrada-
tion ability of the AN-13 isolates for other azo dyes, i.e., Reactive
Red 120 (RR120) and Reactive Yellow 84 (RY84). Fig. 7 shows
the degradation profile of RB5, RR120 and RY84 dye. It was
observed that not only RB5, but also RR120 and RY84 could be
degraded completely within 6 h, which was similar to the dye-
degradation experiments in Fig. 6. This indicats that L. lactis had
the ability to degrade different azo dyes with a high degradation
rate.

Fig. 6. Illustration of color removal performance by the five high degradation performance isolates.
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Table 5
Phylogenetic relationship between the five high dye-degrading isolates.

Isolates no. Phylogenetic relationship

Species Source in NCBI % of similarity Match bps.

AN-13 Lactococcus lactis
subsp. lactis

DQ171718.1 97% 1149/1181

AN-20 Lactococcus lactis
subsp. lactis

AB285124.1 81% 334/409

AN-23 Lactococcus lactis
subsp. lactis

AB285124.1 97% 1154/1184

AN-27 Lactococcus lactis AY675242.1 98% 1179/1201
AN-51 Lactococcus lactis

subsp. lactis
DQ171718.1 97% 1156/1190
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