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Water is a prime candidate for the development of intensive water recycling
strategies and the recovery of valuable chemical products in large industry. The present
study performs the bench-scale submerged microfiltration bioreactor using the white-rot
fungus Coriolus versicolor for treatment of textile dye wastewater and was confirmed
the decoloration capacity of the fungus strain in agar-plate and aqueous batch studies.
The temperature and pH of the reactor was controlled at 29+1° C and 4.5+2 respectively.
The bioreactor was operated with an average flux of 0.05 m/d (HRT=15hrs) for a month.
Extensive growth of fungi and their attachment to the membrane led to its fouling and
associated increase of transmembrane pressure requiring periodic withdrawal of sludge
and membrane cleaning. However, stable decoloration activity (approx. 98%) and TOC
removal (>95%) was achieved using the entire system (fungi+membrane), while the
contribution of the fungi culture alone to color and TOC removal, as indicated by the
quality of the reactor supernatant, was 35-50% and 70%, respectively. The present study
was assessed the decolorization efficiency of the collected white rot fungi strains through
agar plate and liquid batch studies and, subsequently assessed the feasibility of a
submerged microfiltration membrane bioreactor implementing the fungi culture for
treatment of textile dye wastewater.
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The textile industry is one of the largest
water consumersand israted asthe most polluting
among all industrial sectors considering both
volume and composition of effluent globally* 2. It
isacomplex and highly variable mixture of many
polluting substances ranging from inorganic
compounds and elementsto polymersand organic
products® 4. It induces persistent color coupled
with organic load |eading to disruption of thetotal
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ecol ogical/symbiotic balance of the receiving water
stream. Dyes with striking visibility in recipients
may significantly affect photosynthetic activity in
aquatic environment due to reduced light
penetration and may also be toxic to some aquatic
livesdueto metals, chlorides, etc., associated with
dyesor thedyeing process. It isdifficult to remove
dyes from effluents since dyes are stable to light,
heat and oxidizing agents and are non-
biodegradable® ©.

A number of secondary/ biological
treatment have been reported like conventional
treatment as filtration, adsorption on activated
carbon (and other adsorbents), ion exchange,
complex formation and chemical precipitation,
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flocculation and coagulation, chemical oxidation
and reduction” 8, activated sludge, anaerobic/
aerobic, fixed biomass® 1, and advanced treatment
—membranefiltration and photo decol ourisation'™
2 However few have been accepted by thetextile
industries because of their lack of implementation
dueto high cost, low efficiency and inapplicability
to a wide variety of dyes. Biodegradation is an
environmental friendly and cost competitive
alternative but the conventional aerobic treatments
areineffectivefor textile wastewater™> 14 @915 Few
anaerobic microorganisms can biodegrade
dyestuffs by azoreductase activity, but highly
biotoxic aromatic amines can beformed by reductive
fission under anaerobic conditions 16 17 ad 18,
Though, wood rotting ‘ white-rot’ fungi areableto
degrade aerobically awide variety of recalcitrant
organic pollutants, including varioustypes of dyes
through extracellular secretion of non-specific
oxidative enzymes as a secondary metabolic
activity in C or N-limited medium? 1921920,

The application of white-rot fungi inlarge-
scale for wastewater treatment has been impeded
by the lack of bioreactor systems that can sustain
steady production of high levels of ligninolytic
enzymesfor along period together with acontrolled
growth of fungi 223423 The extensively used
systemswere moved towards tank reactor and air-
lift and bubble column, fixed bed bioreactor,
rotating disk reactor and silicone-membrane
reactor. Specifically few reports are there on dye
decolorization in continuous bioreactors like
Asgher et d., (2006)* reported 80% decol orization
of adisperse dye (Red-553) in acontinuous (10-20
days) fixed-film bioreactor. Zhang et al. (2006)? also
investigated continuous decolorization of an azo
dye, Orangell, in apacked-bed reactor, achieving
high decol orization efficiency (97%). However, a
number of operational problems such asformation
of mycelia aggregates, electrode fouling and
clogging emerged after a short time and made
necessary the periodical removal of fungal biomass
fromthereactors. Mielgo et al. (2001)%* proposed a
pulsed flow bioreactor packed with immobilized
fungi, which treated dyeloads of 0.2 g dye/m?3.day
at over 90% efficiency for several months. Invitro
dye decol orization by manganese peroxidasein an
enzymatic membrane reactor in continuous
operation hasbeen studied by Lopez et a. (2002)%.
The system allowed a very fast decoloration with
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over 90% efficiency under high dyeloading rate of
2.4 gdye/mi.d. Fujitaet al. (2000)? achieved 70%
decolorization of heat-treatment liquor of waste
sludge by a bioreactor using polyurethane foam-
immobilized white-rot fungus equipped with aside
stream ultrafiltration membrane. The overall
feasibility of such a system, however, would
depend upon the alleviation of the membrane-
fouling problem. Selection and proper arrangement
of an appropriatetypeof membrane, lessvulnerable
to fungi attachment and also easier to clean (for
example, flat sheet type membrane), in aproperly
designed reactor ensuring efficient mass transfer
with adequate aeration system is required.

This study was assessed the
decolorization efficiency of the collected whiterot
fungi strains through agar plate and liquid batch
studies and, subsequently assessed the feasibility
of asubmerged microfiltration membranebioreactor
implementing the fungi culture for treatment of
textile dyewastewater.

MATERIALSAND METHODS

The white rot fungi, Coriolus versicolor
strains used in this study had not been evaluated
previously for decolorization and henceit wasdone
using two polymeric dyes Poly R-478 and Poly S-
119 (representatives of major commercial dyes).
Feasibility of the proposed MBR system was
studied in a specially designed reactor using a
synthetic wastewater.

The study were used the white-rot fungi
strains, Coriolusversicolor, NBRC 9791 and NBRC
30388 which obtained from the NITE Biological
Resource Center (NBRC), Japan. The stock culture
was grown on Potato Sucrose Agar (PSA) medium
at 26.5°C (growth temperaturerange= 24-28 °C) as
prescribed by NBRC. The culture was maintained
at 4 °C and refreshed every 30—40 days. NBRC
9791 was used in the bioreactor experiment because
of its superior performance in the batch test.

Poly R-478 (polyvinylamine sulfonated
backbone with anthrapyridone chromophore,
violet color) and Poly S-119 (polyvininylamine
backbonewith azo chromophore, orange color) were
chosen for the present study. Then the peak
absorbancein the visible range correspond to the
wavelengths 520 nm and 472 nm for Poly R-478
and Poly S-119, respectively. Sincetextile effluent
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contains arange of dyes, successful decoloration
of a single dye does not adequately indicate the
suitability of an organism for a decoloration
process. However, these two polymeric dyes
represent the majority of the synthetic dyes”.
Degradation and decolor ation studies

Solid mediumin Petri plateswere prepared
using PSA medium to which an aliquot of an
individual dye was added to afinal concentration
of 100 mg/I. Each plate containing one of the dyes
and a control plate with no dye added were
inoculated with NBRC 9791 and NBRC 30388 and
kept for incubation at 26.5°C (IL 600 incubator,
Yamato). Inthisstudy un- inoculated plates served
ascontrolsfor abiotic decol oration. The experiment
was performed intriplicate for each culture.
Preparation of liquid culturemedia

The synthetic media used which was
almost the same asthelow nitrogen mediaoptimized
by Kapdan & Kargi, (2002)%2for C. versicolor. The
only modification was replacement of glucose by
starch, whichisused in real textilewet processing.
Then the mediawas made of 4.5 gl-'starch, 0.4 gl
urea, 2 gl KH,PO,, 0.099 g I"* CaCl,, 1.025 gl
MgSO,.7H,0, 0.001 gl** thiamine, 1 ml I** trace
elementsand desired concentration of the dyestuff.
The TOC of the medium was around 2000 mg/I
(dye TOC» 50mg/l). Stock trace elements solution
was prepared by dissolving 0.125 g CuSO,.5H,0,
0.05 g H,M0QO,, 0.061 g MnSO,.5H,0, 0.043 g
ZnS0,.7H,0,0.082gFe,(SO,),.14H,01in 11 of milli-
Q water. pH of the media was adjusted to 4.5 by
HCl and NaOH
Batch studiesand degradation pathway in agqueous
Solution

300 ml flasks containing 200 ml of culture
media (with 50 mg/l of dye) were aseptically
inoculated with four pieces (approximately 1cm?)
cut from the actively growing culture on an agar
plate and incubated at the optimum growth
temperature of 28 °C in aerobic condition (air
diffusion through silicon stopper) on ashaker (BR-
300L F, Taitec Bio-shaker) at aspeed of 90 rpm for
specified period. After inoculation and at the
indicated intervals of incubation, 2 ml of the
extracellular culture was removed and diluted
properly (5 times for absorbance and 50 times for
TOC measurement) with milli-Q water before
measurement of absorbance and Total Organic
Carbon.

1981

Equipment and operating conditions of the
bior eactor

A laboratory scale bioreactor, made of
PV C pipeswith aworking volume of 12.5 liter was
used. A schematic of the experimental set-up is
depictedinFig. 1.R,. Tofacilitate complete mixing,
the reactor was divided by abaffle (Fig.1.R,) into
two interconnected compartments-the larger one
containing two hollow fiber polyethylene
membranes (UMF 0234L 1, Mitsubishi Reiyon),
each having asurface areaand pore size of 0.2 m?
and 0.4mm, respectively. Air was provided from
the bottom of the reactor by using three diffusers
connected to air pumps. AsshowninFig. 1.R, the
central diffuser (air flow 5I/min) and the other two
diffusers (air flow from each 2.51/min.) were
operated alternately with a5 min. cycle so that at
any timethe aeration rate in the reactor was51/min.
This type of arrangement of the diffusers was
expected to be effective for complete mixing along
with membrane cleaning. The system was operated
continuously under controlled temperature of
29+1°C. pH of the system was controlled at 4.5+2
by adding 0.3 N HCI and 0.3 N NaOH by pumps
controlled by a pH controller. The media used in
the unremitting experiment was the same as that
used in the liquid batch test. pH- adjusted
concentrated synthetic wastewater was diluted
with pH-adjusted tap water and then supplied into
the reactor by pumps controlled by a level
controller ( 61F, Omron). The concentrated media
was constantly stirred and also the temperature of
the mixing tank was kept at 50°C to avoid settling
of starch, which is poorly soluble in water under
room temperature. The reactor was operated with
anaverageflux of 0.05m/d (HRT= 15 hrs.) and this
produced 20 liters of effluent everyday. Effluent
wasfiltered out through the membranes by suction
pumpswith a5 min. on/off cycle (an instantaneous
flux of 0.1 m/d across each membrane) for thefirst
9 days after when the cycle was changed to 9 min.
on and 1 min. off to reduce the instantaneous flux
(0.055 m/d) while maintaining the same average
flux. Thetransmembrane pressure was monitored
using vacuum pressure gauges (GC 61, JUST).

The system was first inoculated with
fungi grown for two weeks in 1 liter Erlenmeyer
flasks each containing 500 ml of the culture media
and the reactor was operated in batch mode for a
week after which the continuous operation was
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started with aML SS concentration |ess than 2000
mg/l. Specific amount of sludge was wasted from
the reactor and membranes were cleaned (off site
manual cleaning with water) when membrane
fouling was so severe that the transmembrane
pressure exceeded 60 kpa or so.
Analytical methods

Total organic carbon analyzer (TOC-V,
Shimadzu C391-E058K) was used to analyze Total
Organic Carbon as per standard methods (APHA
21" edition, 2005)%. The samplesfor TOC analysis
in batch tests were homogenized (Branson sonifier
450) for 5 minutes (30% duty cycle, output control
of 3) prior to the measurement. The sampleswere
not filtered because starch are poorly soluble in
water, would be retained by a filtering unit of
0.45mm. Samples from the membrane bioreactor
were free from suspended solid and hence did not
reguire any treatment before TOC measurement.
The color (Dye) of the samples was measured by
using aspectrophotometer (U-2010, Hitachi). The
concentration of dyestuff was calculated from a
calibration curve of ‘absorbance versus
concentration’ and concentration valueswere used
for calculations of decolorization efficiency. The
samplefrom batch test for absorbance measurement
was filtered through a Dismic-25 hydrophilic
filtering unit (0.45mm, mixed cellulose ester). The
absorbance measurement on the reactor
supernatant and final effluent was made after
centrifuging the sample (H-3R centrifuger,

Level controller

>
Concentr ated
wastewater

Tap water
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Kokusan) for 10 mins. at 3000 rpm. MLSS
concentration was measured according to the
APHA Standard methods®.

RESULTS AND DISCUSSION

Preliminary assessment of dye
decol oration was completed using solid medium.
After five days, the study shown that the extent of
mycelial growth on the agar plates was analogous
for al cultureswhether or not any dye was present
and fungi grew extensively with white myceliaall
over the agar plates. Both the top and bottom of
the agar plate appeared almost colorlesswhen the
over-grown fungi mycelia on it were carefully
removed after 20 days. It was the clear signal of
decoloration capacity of the two strains studied
here. No abiotic decoloration was perceived in
uninoculated plates.

In this study, both the fungi strains
showed good growth inliquid medium, the growth
of NBRC 9791 being ahit faster. The fungi grew
like white cotton ballsin colorless culture media,
and in media with dye the fungi mycelia turned
colored due to absorption of dye. Fig.2 showsthe
decoloration of Poly S-119 by both the fungi
strains. A stable decrease of absorbance valuewas
observed and almost complete disappearing of
absorbance happened within two weeks. The study
shown the decoloration rate of NBRC 9791 was
faster than that of NBRC 30388 and the absorbance

Diffusers‘a (5 I/min.)’
and ‘b (each 2.5 /min.)’
are operated alternately

Fig.1. R, Schematic of the laboratory set up ; R, Side view of the reactor
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value did not increase further even in 1 month
which indicated stable decolorization without any
release of dye from the fungi mycelia. Similarly
efficient decol oration was exhibited in case of the
dye Poly R-478 (results not shown).

The fungi have also shown stable TOC
removal. Theinitial TOC of approximately 2000 mg
Cl/l was reduced to almost its one-fourth within 2
weeks (Fig.3). The TOC removal by fungi inmedia
with or without dye was analogous, which
indicated the suitability of the fungi for colored
wastewater treatment. Over a month the final pH
of the media inoculated with NBRC 30388 and
NBRC 9791 were5.61 and 5.3, respectively.
Performance of themembrane separ ated fungi
reactor

Moghaddam et a. (2002)* haverevealed
that at low to moderate range (»5000 mg/l) of MLSS
concentration, more presence of filamentous
bacteria can reduce the severity of filter clogging
inthe coarse pore (50-200mm) filtration activated
sludge process. They discoursed that this might
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Fig. 2. Decolorization of Poly S119 by the two fungi
strains (Batch test)
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be due to an additional external layer on thefilter
surface by the filamentous bacteria. This
advantage, however, did not stand for “excessive
abundance” of filamentous bacteria. In our study,
although the initial MLSS concentration of the
reactor was less than 2 g/l, it increased gradually
and, despite of total sludge wastage of 7 litersin
two steps (on 10" and 20™ day), the MLSS
concentration rose up to 299/l (Fig. 4) within 25
days. Transmembrane pressure increased sharply
(Fig. 4) due to severe membrane fouling by the
fungi. The filamentous fungi were entwined with
the membranefibersin such away that thefineair
bubbles from the diffusers could not scrub the
fungi off the membrane; rather the bubbles
sometimes pushed the fungi more into the
membrane. In this deference, a flat sheet type
membrane module, with itscharacteristic flat shape
and fiber less structure, might be suitable to
prevent excess membrane attachment of fungi.
Thereisalso an opportunity to improvethedesign
of the reactor and the aeration system to ensure

2000 - o 9791(media without dye)
1600 | B O 30388
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Fig. 3. TOC removal by the two fungi strains (Batch
test)
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a. Membrane cleaning, b. Sludge withdrawal and suction
cycle change, c. Membrane cleaning and sludge withdrawal .

Fig. 5. Variation of flux per unit pressure through the
membranes
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enhanced mass transfer and scouring of sludge
from the membrane surface®® 82 33ads4,

The membraneswere cleaned twice, first
on day 7 (inside the reactor simply by brushing)
and then on day 20 (outside of the reactor simply
by water) during the 25-day operation period.
Effluent was filtered out through the membranes
by suction pumps with a 5 min. on/off cycle (an
instantaneous flux of 0.1 m/d across each
membrane) for thefirst 9 daysafter whenthecycle
was changed to 9 min. on and 1 min. off to reduce
the instantaneous flux (0.055 m/d) while
maintai ning the sameaverageflux (0.05 m/d). Higher
‘flux per unit pressure’ (Fig. 5) observed at the
initial stage decreased later on. The ‘flux per unit
pressure’ was recovered to some extent by
membrane cleaning (day 7), suction cycle change
and sludge withdrawal (day 10), and simultaneous
cleaning and sludge withdrawal (day 20). After
around three weeks, the fungi culture was observed
to be composed predominately of fine particulate
pelletsrather than filamentous ones. However, this
change did not influence the transmembrane
pressure or color and TOC removal.

Removal of total organiccarbon

The removal efficiency of total organic
carbon (TOC) by the reactor ranged from 92% (at
the beginning) to 97% (after a week and further
on). Fig.6 showsthe TOC variation in the effluent
during the operation period. The total organic
carbon of influent water was around 2000 mg/I,
then after the operation period, effluent TOC never
exceeded 160mg/I, and shown the average effluent
TOC was around 70 mg/l. The supernatant TOC
was around 500 mg/I. Mg or portion of theinfluent
TOC was contributed by the high dose of starch,
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Fig. 6. TOC and color removal by the reactor (Influent
TOC » 2000 mg C/L, absorbance=3)
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and the membrane used in this study (pore size
0.4mm) was ableto retain aconsiderabl e portion of
thispoorly soluble starch by sieving. Infact, starch
was observed to be adsorbed on the fungi attached
on the membrane and created a sticky layer onthe
membrane. Also some amount of starch was
observed to settle at the bottom of the reactor.
However, there was no gradual accumulation of
the settled starch, which indicates its subsequent
degradation and assimilation by the fungi.
Degradation and decolorization of dye
Thereactor showed stable decol orization
throughout its operation period (Fig. 6). The
concentration of dyestuff as calculated from a
calibration curve of ‘absorbance versus
concentration’ revealed nearly complete
decolorization (98%). The dye concentrationinthe
supernatant of the reactor indicated 35-50%
decolorization by the fungi culture alone under
the applied HRT. Degradation and decolorization
and of Poly S-119 were also followed by analysis
of UV-VIS absorbance scanning before and after
thetreatment. The UV—-VIS spectrum of the effluent
of the bioreactor showed aremarkable change after
the treatment (Fig. 7). The disappearance of the
absorbance peak at 472 nm indicated an
unequivocal signal of the nearly complete
decolorization and the breakdown in the
chromophoric group. Besides, the notable
diminution of the absorbance peak at 210 nm is
related to the cleavage of the aromatic group
present in the original structure of the dye.
Inthisstudy thedye Poly S-119itself was
soluble enough to passthrough the microfiltration
membrane (pore size 0.4mm) are used. This,
however, was observed to be retained by a
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82t
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0 e
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Fig.7. Comparison of UV-visible spectra showing
simultaneous decol orization and biodegradation of dye
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laboratory Dismic-25 filtering unit (0.45mm) when
mixed with starch to makethe synthetic wastewater.
From this, it might be stated that the membrane
first retained the major portion of the dye adsorbed
on starch and on the fungi, and then the fungi
subsequently degraded the dye. A synergistic
effect of the membrane-fungi-starch combination
for decolorization is thus projected here.

CONCLUSIONS

In this study, the preliminary agar plate
and agueous batch decoloration investigations
revealed the decoloration efficiency of the
collected fungi strains (C. versicolor, NBRC 9791
and NBRC 30388). The stable TOC and color
removal (>95% and 98%, respectively) from the
synthetic wastewater by the submerged
microfiltration membrane reactor using the white
rot fungi (C. versicolor, NBRC 9791) presented the
system as a promising one. The synergistic effect
of starch-fungi-membrane combination on
decol orization was of special interest.

Membrane bioreactors are a good
solution for textile wastewater treatment because
of their many advantages during stable nitrification
and denitrification processes. Thequality of treated
effluent output from the membrane bioreactor is
more stable than that achieved by employing other
techniques, enabling optimal functioning of the
secondary treatment system. According to the
authors' knowledge, no attempt has been made
until now to use asubmerged membrane bioreactor
with white-rot fungi culture for decolorization of
dye wastewater. Water re-use in textile industry
requires appropriate effective treatment process
which enables acceptable water quality. Further,
capital and maintenance cost have to be
considered carefully by implementing atreatment
process. Our results show that MBR with spiral
wound model isatechnique of choicefor water re-
use.
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