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fungal membrane bioreactor (MBR) achieved 93% removal during long-term non-sterile operation at a 
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bacteria-contaminated disintegrated MBR-sludge demonstrated low decoloration and undetectable 
enzymatic activity, indicating detrimental effect of bacterial contamination. Additional observations 
suggested close relationship between fungal morphology and enzymatic/decoloration activity under non-
sterile environment. This study also demonstrated the occurrence of enzyme washout from MBR and its 
HRT-specific detrimental influence on removal performance. Based on the observations, certain ways to 
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 9 
Abstract White-rot fungi, unlike bacteria in conventional activated sludge system, can 10 
degrade wide varieties of textile dyes. Their large scale implementation, however, has been 11 
impeded due to lack of appropriate reactor system that can sustain stable performance under 12 
non-sterile environment. In this study, contrary to virtually complete decoloration of an azo 13 
dye (Acid Orange II, 100 mg L-1) in pure culture batch test, a fungal membrane bioreactor 14 
(MBR) achieved 93% removal during long-term non-sterile operation at a hydraulic retention 15 
time (HRT) of 1 d. Through a set of novel observations made in MBR and parallel batch tests, 16 
the interrelated factors responsible for incomplete dye removal, namely, bacterial disruption, 17 
fungal morphology and enzyme washout were identified. As compared to the activity of pure 18 
fungus culture, the bacteria-contaminated disintegrated MBR-sludge demonstrated low 19 
decoloration and undetectable enzymatic activity, indicating detrimental effect of bacterial 20 
contamination. Additional observations suggested close relationship between fungal 21 
morphology and enzymatic/decoloration activity under non-sterile environment. This study 22 
also demonstrated the occurrence of enzyme washout from MBR and its HRT-specific 23 
detrimental influence on removal performance. Based on the observations, certain ways to 24 
enhance decoloration were proposed. 25 
 26 
Keywords: Decoloration; Membrane Bioreactor (MBR); Non-sterile operation; Dye; White-27 
rot fungi 28 
 29 
1. Introduction 30 

Virtually all the known physico-chemical and biological techniques have been 31 
explored for treatment of extremely recalcitrant textile dye wastewater; none, however, has 32 
emerged as a panacea (Hai et al., 2007). Residual dyes along with other auxiliary chemical 33 
reagents used for textile processing impose massive load on wastewater treatment systems, 34 
eventually leading to poor color and COD removal performances. The presence of even trace 35 
concentration of dyes in effluent is highly visible and the release of such colored wastewater 36 
in the ecosystem is a remarkable source of esthetic pollution, eutrophication and 37 
perturbations (due to toxicity and persistence) in aquatic life (Robinson et al., 2001).  38 
 39 

Biodegradation is an environmentally friendly and cost competitive alternative. 40 
However, the conventional aerobic decoloration processes have been proved rather 41 
ineffective, while highly toxic aromatic amines are formed during anaerobic azo dye 42 
decoloration (Van der Zee and Villaverde, 2005). In this context it is interesting to note that 43 
unlike bacterial activated sludge process, aerobic white-rot fungi can degrade wide varieties 44 
of recalcitrant compounds including textile dyes (Wesenberg et al., 2003).  45 
 46 

The literature is replete with reports demonstrating the excellent capacity of white-rot 47 
fungi to degrade recalcitrant dyes in small-scale, sterile batch tests. However, fewer studies 48 
have been conducted in continuous reactors, while only a handful of studies involved 49 
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investigations under non-sterile conditions (Yang and Yu, 1996; Leidig et al., 1999; Libra et 50 
al., 2003; Hai et al., 2006; Blanquez et al., 2008). Deteriorated decoloration is usually 51 
reported in the continuous reactors. The typical slow rate of degradation necessitates long 52 
hydraulic retention time (HRT) to maintain good level of decoloration during continuous 53 
operation (Moreira et al., 1998). In addition, significantly deteriorated performance is 54 
observed owing to bacterial contamination (Libra et al., 2003). Regrettably, the available 55 
reports only demonstrate the deteriorated fungal decoloration in the continuous reactors 56 
without clarifying the factors responsible for such deterioration. A few studies alluded to the 57 
factors like bacterial destabilization of fungal activity (Libra et al., 2003) or washout of 58 
fungal enzyme from continuous reactors (Zhang and Yu, 2000), but failed to offer any 59 
comprehensive picture.  60 
 61 

On the other hand, to date, only two studies have reported long-term stable 62 
decoloration under non-sterile environment. Hai et al. (2006) developed a membrane-coupled 63 
fungi reactor and demonstrated excellent (99%) long-term (50 d) combined (fungi + 64 
membrane) decoloration of a selected dye. However, they did not test the efficiency of the 65 
system with other structurally different dyes and, also, did not directly address the factors 66 
governing fungal decoloration. In another study, Blanquez et al. (2008), by combining the 67 
strategies of nutrient-limited condition and partial biomass renovation, demonstrated long-68 
term (110 d) stable decoloration (78%) of a different dye by an air-pulsed bed bioreactor. 69 
Then again, their strategy failed to yield good decoloration when exposed to a different 70 
textile wastewater under higher level of bacterial contamination. It is obvious that systematic 71 
investigation about the factors governing fungal decoloration in continuous reactors under 72 
non-sterile environment is the key to formulation of an efficient reactor system. 73 
 74 

The objective of this study was, therefore, to conduct in-depth investigations to point 75 
out some of the key factors governing fungal decoloration in continuous reactors under non-76 
sterile environment and, based on that, provide insight into enhancement of decoloration 77 
activity. Long-term performance of membrane-coupled fungi reactors under different HRT 78 
and feeding mode (continuous or fed-batch) was observed. Batch tests with pure fungus 79 
culture and reactor-sludge were conducted to accumulate additional supporting evidence. The 80 
investigations as a whole enabled identification of the governing factors, their mode of 81 
influence and probable interrelations. In the light of that, certain means to enhance 82 
decoloration were also proposed. 83 

 84 
2. Materials and methods 85 
2.1 Microorganism, dye and synthetic wastewater 86 

The white-rot fungus Coriolus versicolor, NBRC 9791 obtained from the NITE 87 
Biological Resource Center, Japan was used for this study. A nutrient-sufficient synthetic 88 
wastewater was prepared by adding dye (Acid Orange II, 100 mg L-1) and starch (2 g L-1)—89 
two common components in real textile wastewater—along with urea (0.1 g L-1) and other 90 
nutrients (Hai et al., 2008) into tap water. A significant portion of the poorly soluble starch in 91 
the wastewater remained in suspended form. During batch tests, Milli Q water instead of tap 92 
water and higher concentrations of starch (4.5 g L-1) and urea (0.4g L-1) were used. Also, 93 
during batch tests starch was in soluble form as the final solution was autoclaved. Acid 94 
Orange II is a water-soluble, low molecular weight (350), mono-azo dye (Fig. 1a) which 95 
provides orange color (peak absorbance: 481 nm). 96 
  97 
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2.2 Description and feeding mode of the bioreactors 98 
Based on good performance with a wastewater containing a different dye (Hai et al., 99 

2006), a membrane bioreactor (MBR) was chosen in this study. The working volume of the 100 
cylindrical, PVC bioreactor (Fig. 1b) that was used for the first part of this study was 11.8 L. 101 
A previously developed (Hai et al., 2008), spacer-filled compact hollow-fiber membrane 102 
module (height = 22 cm, diameter = 4.5 cm) was submerged into the reactor. The module 103 
contained micro-porous (0.4 m), hydrophilically treated, polyethylene hollow-fibers with a 104 
total surface area of 1.07 m2. Effluent was filtered out through the membrane by a suction 105 
pump with a 5 min on/off cycle (average flux of 0.011 m3 m-2 d-1) resulting in an HRT of 1 d. 106 
The membrane was periodically backwashed with NaOCl solution (250 mg Cl2 L-1). The 107 
cleaning protocol has been detailed elsewhere (Hai et al., 2008). A diffuser supplied 108 
continuous air from the bottom of the reactor with an intensity of 5 L min-1 for complete 109 
mixing and supply of dissolved oxygen to the microbes. Concentrated synthetic wastewater 110 
was diluted with tap water and then supplied into the reactor by pumps controlled by a water 111 
level controller. The temperature of the reactor was controlled at 29±1C. The system was 112 
first inoculated with 2.5 g C. versicolor (dry wt.) aseptically grown for two weeks in 1 L 113 
Erlenmeyer flasks each containing 500 mL of the synthetic media (Sec. 2.1). The reactor was 114 
then kept under aeration for 2 wk after which the continuous operation under an HRT of 1 d 115 
was initiated.  116 

 117 
Two more PVC reactors (working volume = 2 L) were introduced at the latter part of 118 

the study. The same types of membrane modules, as described above, were used in 119 
conjunction to these reactors. One of the reactors was operated under continuous feeding 120 
mode, and the other in sequencing batch mode. Performance of these reactors was compared 121 
under two different HRTs (1 and 7 d). Under the HRTs of 1 and 7 d, both of these small 122 
reactors were operated for 2 and 6 wk, respectively. Due to the small volume of these reactors 123 
and the available large surface area of the membrane, the calculated average permeate flux 124 
was rather low. However, due to the typical operation mode (draw/fill/react) of the 125 
sequencing batch reactor, the actual (instantaneous) applied flux in case of this reactor under 126 
the HRT of 1 d was the highest of those used in this study. Further details on this aspect have 127 
been provided at the relevant sections.  128 
 129 
2.3 Batch test description 130 

The fungal biomass utilized for pure culture decoloration test was first grown by 131 
aseptically inoculating four pieces (1 cm2) cut from the actively growing culture on a Potato-132 
Sucrose-Agar plate in 200 mL colorless, autoclaved growth media (Sec. 2.1) within a 300 mL 133 
flask. The flasks were then incubated at the optimum growth temperature of 28 °C on a 134 
shaker (BR-300LF, Taitec reciprocal bio-shaker, Japan) at 80 rpm. The inoculated agar 135 
pieces grew into oval-shaped agglomerate and started to exhibit extracellular enzymatic 136 
activity (Laccase) within a few days. The thus obtained fungal biomass was harvested after 2 137 
wk for in vivo test, while the filtered (0.45 m cellulose acetate filter, Advantec, Japan) 138 
extracellular suspension was utilized as crude enzyme solution for in vitro decoloration test. 139 
0.05 g (dry wt.) active fungal biomass was aseptically inoculated in autoclaved culture media 140 
including 100 mg L-1 of Orange II dye. In order to ascertain the contribution of biosorption to 141 
total decoloration, flasks containing same amount of fungal biomass, inactivated by 142 
autoclaving (121° C, 0.2 MPa, 15 min), were also prepared. The flasks were then incubated 143 
as descried above. Same amount of sludge from the MBR was incubated under identical 144 
conditions to assess the activity of the reactor sludge. For in vitro enzymatic degradation test, 145 
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5 mL dye solution was aseptically incubated with previously harvested 5 mL crude enzyme 146 
solution (final mixture activity = 5.2 M min-1) in a 50 mL tube and then subjected to 147 
reciprocal shaking (80 rpm). Samples (0.5 mL) were taken at the specific intervals of time, 148 
diluted four times with Milli-Q water and the absorbance at the peak wavelength of the dye 149 
was measured to ascertain the extent of media decoloration.  150 
 151 
2.4 Analytical methods 152 

TOC was measured with a TOC analyzer (TOC-V, Shimadzu, Japan). Color 153 
measurements were carried out using a spectrophotometer (U-2010, Hitachi, Japan). Fungal 154 
enzymatic (Laccase) activity was measured by monitoring the OD468-change due to the 155 
oxidation of 2,6-dimethoxyphenol at room temperature over 2 min. Enzymatic activity was 156 
calculated from the molar extinction coefficient ε = 49.6 mM−1 cm−1 (Nyanhongo et al., 2002) 157 
and expressed in M substrate min-1 (Detection limit = 0.00450.0007). The mixed liquor 158 
suspended solids (MLSS) concentration was estimated following the standard method 159 
(APHA, 1998). Microscopic observations (BH2 Microscope system; Olympus, Japan) were 160 
conducted to detect bacterial contamination in the fungi reactor. 1000 times magnified 161 
microscopic photograph under bright field mode was taken periodically. Transmembrane 162 
pressure (TMP), as an indicator of membrane fouling, was continuously monitored using a 163 
vacuum pressure gauge (GC 61, Nagano Keiki Co. Ltd., Japan).  164 
 165 
3. Results and discussion 166 
3.1 Fungal decoloration under sterile environment 167 
3.1.1 In-vivo degradation 168 

Excellent decoloration of Orange II dye was exhibited by the pure fungus culture (Fig. 169 
2a). Virtually complete decoloration of the dye solution was achieved in 4 d. Extracellular 170 
enzymatic activity was detected in this culture right from the next day of inoculation. 171 
Comparison of decoloration of media containing active and inactivated fungi provided idea 172 
about the extent of biosorption of the dye. Only 1% decoloration of the media containing 173 
Orange II was observed in the flasks containing inactivated fungi, indicating a low level of 174 
biosorption of this dye. The biomass in the flask containing active fungi grew to 0.08 g from 175 
the initial 0.05 g within 7 d, but biosorption on the slight additional biomass can not account 176 
for the remarkable decoloration in this case. It is, therefore, evident that the main mechanism 177 
of decoloration was biodegradation. This observation is in line with majority of other studies 178 
employing C. versicolor (Wesenberg et al., 2003). 179 
 180 
3.1.2 In-vitro degradation 181 

Depending on the type of dye, culture media and the fungus strain under consideration, 182 
contradictory reports on the capacity of crude extracellular suspension to decolorize dye 183 
solution exist in literature (Blanquez et al., 2008; Michniewicz et al., 2008; Svobodova et al., 184 
2008). In our study, about 55% of Orange II was degraded from a 100 mg L-1 solution within 185 
1 d, beyond which the dye degradation virtually ceased (Fig. 2b). The enzymatic activity of 186 
the in-vitro test solution decreased by 60% in 1 d. Different factors may be responsible for 187 
enzyme deactivation (Wesenberg et al., 2003; Svobodova et al., 2008). The probable impact 188 
of enzyme deactivation on dye degradation rate, although intriguing, is beyond the scope of 189 
this study.  190 

 191 
The levels of enzymatic activity were significantly different in the in-vivo and in-vitro 192 

test solutions. Besides, not only extracellular but also mycelium-associated enzymes are 193 
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involved in case of in-vivo degradation. Therefore, direct comparison of the rate of 194 
degradation in pure culture and in-vitro tests would not be meaningful. Nevertheless, more 195 
relevant to our study, the involvement of extracellular enzyme in degradation of the selected 196 
dye was confirmed in the in-vitro decoloration test.  197 
 198 
3.2 Performance of continuous MBR under non-sterile environment 199 

Preliminary batch tests confirmed the significant dye degradation capacity of the pure 200 
fungus culture. However, as mentioned before, the decoloration performance of fungi in the 201 
reactors under non-sterile environment is usually significantly worse than that observed in 202 
flask cultures, particularly in the continuous flow reactors (Moreira et al., 1998; Zhang et al., 203 
1999; Zhang and Yu, 2000; Libra et al., 2003). We, hence, observed the performance of the 204 
fungal MBR fed with a synthetic wastewater containing Orange II dye.  205 
 206 
3.2.1 Bacterial contamination in MBR 207 

The MBR was initially inoculated with pure fungi culture; however, it was operated 208 
without any special control of bacterial intrusion such as sterilization of feed wastewater or 209 
air. Accordingly, bacterial contamination occurred during the start-up period (Fig. 3a). 210 
However, size-based approximate fractionation of the MLSS (Jasti et al., 2006) indicated a 211 
relative abundance of fungi during continuous operation (data not shown). With the 212 
composition mentioned in Sec. 2.1, the pH of the wastewater stood at 4.5. Without any 213 
control, the pH in the MBR varied in the range of 5.5 to 6. This slightly acidic pH may have 214 
contributed to some extent to the observed relative abundance of fungi (Libra et al., 2003; 215 
Gao et al., 2006). 216 
 217 
3.2.2 Decoloration 218 

The absorbance of membrane-permeate and reactor-supernatant over the operation 219 
period has been plotted in Fig. 3b. Contrary to the excellent decoloration of orange II in batch 220 
test, an average overall removal (bioreactor + membrane) of 93% was observed in the MBR. 221 
The average supernatant quality indicated 82% removal by biological activity itself. In our 222 
previous study (Hai et al., 2006), over 99% removal of a polymeric azo dye (Poly S119) was 223 
consistently achieved in the continuous MBR (Table 1). However, unlike the present dye, 224 
Poly S119 showed strong adsorption on biomass, which led to its subsequent excellent 225 
retention by the cake layer on the membrane. This interpretation is supported by the fact that, 226 
for Poly S119, the permeate quality (> 99% removal) was much improved over the reactor-227 
supernatant (68% removal) quality. On the other hand, in this study, as the Orange II dye 228 
showed lower sorption on biomass (Sec. 3.1.1), the cake layer on the membrane could not 229 
retain this dye as effectively as the Poly S119 dye. Accordingly lower overall removal of 230 
Orange II dye was achieved under the applied HRT.  231 
 232 

Interestingly, observations following an incidence of failure of the pump supplying 233 
concentrated media to the reactor (see Sec. 2.2), which caused dilution of the reactor-media 234 
with tap water for a day or so, provided important clues to enhancement of fungal 235 
degradation. The reactor was unattended from the night of day 62, and by the time when the 236 
accident was noticed on the morning of day 64, the reactor media had already turned virtually 237 
colorless, and a large clump of fungal mass was floating on the reactor-surface. Presumably, 238 
in response to the acute starvation, the fungi agglomerated together and due to the presence of 239 
the membrane this agglomerated mass was not washed out of the reactor. As the pump was 240 
fixed and regular operation was resumed leaving the agglomerated mass as it was, 241 
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membrane-permeate gradually turned colored in the following days (day 65-68, Fig. 3b). 242 
However, it did not deteriorate to the level that was maintained up to day 62. This level of 243 
decoloration (91 and 97% in supernatant and permeate, respectively) persisted up to day 75. 244 
Following that, the decoloration rate plummeted gradually as the agglomerated biomass 245 
progressively disintegrated. This unique observation suggested that maintenance of 246 
agglomerated morphology in contrast to the disintegrated morphology (usually observed in 247 
vigorously mixed reactors) may be one way to sustain stable fungal activity despite of the 248 
inevitable bacterial contamination. 249 
 250 
3.2.3 Extracellular enzymatic activity  251 

Unlike in pure culture batch test, fungal extracellular enzyme was initially of 252 
undetectable level in the MBR (Fig. 3b). Janshekar and Fiechter (1988) reported good 253 
decoloration in a stirred batch reactor under undetectable enzymatic activity. Apparently, the 254 
activity of the fungi in MBR was just enough to decolorize, but not strong enough to show 255 
extracellular enzymatic activity.  256 

 257 
It is important to point out here that, slight extracellular enzymatic activity (as 258 

opposed to none before) was detected during the aforementioned (Sec. 3.2.2) incidence of 259 
temporary improvement in decoloration. Trace amount of activity was also detected in the 260 
MBR-permeate during this time, suggesting enzyme washout from reactor. Nevertheless, as 261 
the agglomerated biomass progressively disintegrated, the decoloration rate plummeted 262 
gradually and the enzymatic activity also diminished. Carbon or nitrogen limitation has been 263 
found essential for extracellular enzyme secretion by certain fungal species (Wesenberg et al., 264 
2003). However, it was confirmed that our collected strain secretes enzyme in nutrient-265 
sufficient media. Therefore, nutrient-limitation may have triggered agglomeration, but the 266 
improved enzymatic activity and consequently the improved decoloration during that 267 
incidence were not directly due to the prevailing nutrient-limitation.  268 

 269 
  Blanquez et al. (2008) reported that high enzymatic activity is not required for high 270 
level of decoloration. In that sense, transition of extracellular enzymatic activity from a 271 
moderate to substantial level may not bring about any significant change in total decoloration. 272 
However, in our study, self-agglomeration led to improvement of the enzymatic activity from 273 
undetectable to moderate level and this was accompanied by improved decoloration. This 274 
observation indicated close relationships among the factors like fungal morphology, 275 
enzymatic activity and decoloration activity under non-sterile environment. 276 
 277 
3.2.4 TOC removal 278 

Although white-rot fungus can initiate degradation of wide varieties of recalcitrant 279 
compounds, it has limited carbon and nutrient removal capacity as compared to bacteria 280 
(Coulibaly et al., 2003). However, consistently over 98% TOC removal (Table 1) was 281 
achieved in this study. This may be attributed to the bacterial contamination in the fungal 282 
reactor. In this study, in accordance with real textile effluent, the contribution of the dye to 283 
total TOC was rather low (5%). Accordingly, the dye removal, which varied from 93 to 97%, 284 
did not affect the TOC removal.  285 
 286 
3.2.5 Hydraulic performance of the membrane 287 

Since a membrane bioreactor was used in this study, routine monitoring of the TMP 288 
was conducted to confirm that membrane fouling did not influence any of the observations. 289 
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The TMP slightly varied around 3 kPa during long-term operation, in the course of which the 290 
MLSS concentration (without any withdrawal of sludge) increased from around 5 to 17.5 g L-291 
1 (data not shown). It is evident that under the cleaning strategies, the utilized module, which 292 
we developed previously (Hai et al., 2008), effectively resisted fatal fouling despite the high 293 
MLSS concentration. 294 
 295 
3.3 Effect of bacterial contamination and fungal morphology 296 

Incomplete removal of the dye and undetectable enzymatic activity in MBR alluded to 297 
the effect of bacterial contamination. However, to clearly manifest the effect of bacterial 298 
contamination on fungal activity, the activity of the MBR-sludge was compared to that of the 299 
pure fungus culture in batch test. Experiments were also carried out to ascertain the influence 300 
of fungal morphology on the extent of bacterial disruption of fungal activity. Such 301 
information is absent in the available literature. 302 
 303 
3.3.1 Activity of MBR sludge 304 

Comparison of activity of pure fungus culture and the mixed-microbial MBR-sludge 305 
in batch tests revealed moderate decoloration, no (undetectable) enzymatic activity and much 306 
faster rate of TOC consumption (Table 2) by the MBR-sludge, clearly indicating bacterial 307 
influence on fungal activity. It is worth mentioning here that the morphologies of the 308 
aforementioned two types of cultures were completely different (Fig. 4a)—while the pure 309 
culture grew in large, agglomerated oval masses, the size of the MBR-sludge was much 310 
smaller, presumably due to prolonged exposure to intense aeration within the reactor 311 
(Moreira et al., 2003) and bacterial disintegration of fungal mass (Libra et al., 2003).  312 
 313 
3.3.2 Effect of fungal morphology 314 

In MBR, temporary agglomeration of fungi was triggered by accidental insufficient 315 
feeding (Sec. 3.2.2). Similar to that observation, under prolonged incubation in flask, the 316 
MBR-sludge started to agglomerate, eventually forming approximately 0.5 cm granules (Fig. 317 
4a). Furthermore, this sludge demonstrated much-improved decoloration in serial 318 
subcultivation with fresh media, substantiating the role of fungi morphology in decoloration 319 
activity in presence of bacterial contamination (Fig. 4b). No other study has reported such a 320 
phenomenon. However, still enzyme could not be detected in the media. It is likely that due 321 
to granulation the fungal activity improved to a level as to yield significant decoloration; 322 
however, in presence of bacterial disruption, it was still not strong enough to exhibit 323 
extracellular enzymatic activity. 324 

 325 
3.4 Effect of fungal enzyme washout from continuous reactor 326 

As has been already shown, bacterial presence significantly affects fungal activity. 327 
Wash-out of fungal enzyme (which is necessary for dye degradation) from continuous 328 
reactors is likely to exacerbate the situation. However, scarce information is available in 329 
literature regarding this aspect. In order to elucidate the probable effect of enzyme washout 330 
on decoloration activity, detailed experiments were carried out. 331 
 332 
3.4.1 Occurrence of enzyme washout 333 

Enzyme washout from continuous reactors is inevitable, unless some special measures 334 
are adopted to prevent that. The molecular weight of Laccase has been reported to be in the 335 
range of 59-110 kDa (Wesenberg et al., 2003), which is much smaller than the pore size of 336 
the microfiltration membrane utilized in this study. Accordingly, enzyme washout was 337 
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expected. However, for most part of the MBR operation, enzymatic activity was undetectable 338 
in reactor-supernatant as well as in the membrane-permeate (Fig. 3b). Accordingly, 339 
occurrence of enzyme washout could not be directly proved at that part of the study. However, 340 
slight extracellular enzymatic activity was detected within MBR during the incidence of 341 
temporary self-agglomeration of fungi (day 64-75). Trace amount of activity was also 342 
detected in membrane-permeate during this time, which substantiated the occurrence of 343 
enzyme washout from the MBR beyond doubt.  344 
 345 
3.4.2 HRT and enzyme washout 346 

The extent of detrimental effect of enzyme-washout may depend on applied HRT. In 347 
order to investigate about this factor, one small reactor (2 L) was inoculated with the 348 
granulated sludge from the aforementioned batch test (Sec. 3.3.2). It was operated as an MBR 349 
first under an HRT of 7 d. In this case, as compared to the larger reactor operated under an 350 
HRT of 1 d, significant improvement, from 93 to 98% (Table 3), of Acid Orange II 351 
decoloration was observed. In addition, low enzymatic activity (as opposed to none before) 352 
was detected in the reactor with HRT of 7 d. Enzyme washout, as evident by its occasional 353 
detection in trace amounts in permeate, continued to occur; however, owing to the longer 354 
HRT the reactor sustained excellent decoloration, and enzymatic activity was of detectable 355 
level within the bioreactor. 356 
 357 
3.4.3 Detrimental effect of enzyme washout  358 

Having confirmed the occurrence of enzyme washout and its HRT-specific influence 359 
on removal performance, investigations were carried out to provide further evidence of the 360 
detrimental effect of enzyme washout on fungal activity.  361 
 362 

Compared to the continuous process, the unique feature of sequencing batch reactor 363 
(SBR) is its cyclic operation, which necessitates withdrawal of a large amount of media at a 364 
time, and in that case application of a higher withdrawal rate is inevitable (Wang et al., 2006). 365 
If enzyme washout significantly hampers decoloration activity, then the performance would 366 
be worse in SBR, as the risk of enzyme washout through the membrane is higher from this 367 
reactor due to higher instantaneous withdrawal rate. To test this hypothesis, the performance 368 
of a continuous and sequencing batch MBR (Reactor # 2, 3 in Table 3, respectively) was 369 
compared under same HRTs. 370 
 371 

Under an HRT of 7 d, the sequencing batch MBR, in fact, exhibited slightly better or 372 
comparable decoloration, enzymatic activity (Table 3) and better granulation (not shown). 373 
Aerobic granulation technology has been extensively reported in SBRs (Wang et al., 2006). 374 
The characteristic cyclic abundance and scarcity of substrate during SBR operation may have 375 
triggered better granulation and higher enzymatic activity. It is also important to mention that 376 
although the instantaneous flux for the SBR reactor (0.02 m3 m-2 d-1) was higher than the 377 
continuous reactor (0.0053 m3 m-2 d-1), owing to the small volume of the reactor and the 378 
available large surface area of the membrane, it was still comparable to that applied for the 379 
larger reactor (#1 in Table 3) operated under continuous mode. Apparently, under the applied 380 
flux, the extent of enzyme washout from the sequencing batch MBR was not critical enough 381 
to offset the advantage induced by better granulation.  382 
 383 

Nevertheless, the detrimental effect of enzyme washout was proved beyond doubt 384 
when both these reactors were operated under an HRT of 1 d. The decoloration efficiency of 385 
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both the reactors (especially that of the sequencing batch MBR) plummeted significantly 386 
(Table 3). The reactor-sludge under the shorter HRT appeared more disintegrated (not shown) 387 
and enzymatic activity was no more detectable in any of the reactors. The drastically 388 
deteriorated performance of the sequencing batch MBR under the shortened HRT may be 389 
attributed to higher enzyme-leakage through the microfiltration membrane from this reactor 390 
under the corresponding higher instantaneous withdrawal rate (in comparison to continuous 391 
MBR).  392 
 393 
3.5 Interrelations of the factors 394 

In this study, unlike in pure culture batch test, the removal of the dye within MBR 395 
was incomplete and the enzymatic activity was undetectable (Fig. 3b, Sec. 3.2). Separate 396 
batch tests confirmed the low decoloration and undetectable enzymatic activity of the 397 
bacteria-contaminated sludge in MBR, substantiating detrimental effect of bacterial 398 
contamination on fungal activity (Table 2, Sec. 3.3.1). It is likely that fungal enzymatic 399 
activity or the secreted enzyme itself was significantly destabilized by bacteria (Libra et al., 400 
2003). However, independent observations in the MBR (Day 64-75, Fig. 3b) and parallel 401 
batch studies (Fig. 4b, Sec. 3.3.2) revealed improved enzymatic and decoloration activity of 402 
agglomerated sludge. These observations indicated close relationships among fungal 403 
morphology, enzymatic activity and decoloration activity under non-sterile environment. In 404 
addition, this study demonstrated the occurrence of enzyme washout and its HRT-specific 405 
influence on removal performance (Table 3, Sec. 3.4). During that investigation, better 406 
decoloration and enzymatic activity as well as better granulation was noticed under longer 407 
HRT (lower level of enzyme washout). Taking all these novel observations into account, it 408 
can be stated that these factors (e.g., bacterial disruption, fungal morphology, enzyme 409 
washout) are interrelated. A schematic in the supplementary data section depicts the studied 410 
interrelated key factors governing fungal activity in a continuous reactor under non-sterile 411 
environment. 412 
 413 
3.6 Insight into ways to enhance performance 414 

We previously demonstrated (Hai et al., 2006) in case of a dye with high biosorption 415 
that de-coupling of the dye retention time and HRT is possible in a membrane-coupled fungi 416 
reactor, where, owing to biosorption, the dye was retained by the cake-layer on the membrane, 417 
and was subsequently degraded by fungi. Accordingly, satisfactory removal even under low 418 
titer of fungal activity in the presence of bacterial contamination was achieved. In this study, 419 
however, the removal of the dye with very low biosorption was incomplete in the MBR. Such 420 
dye-specific removal performance of the MBR (Table 1) obviously necessitates modification 421 
of the proposed process. Observations made in this study concerning the factors governing 422 
the decoloration activity provide useful clues in this regard. 423 
 424 

Our results (Fig. 3b, day 64-75; 4b) suggest that maintenance of agglomerated 425 
morphology may be one way to sustain stable fungal activity despite of the inevitable 426 
bacterial contamination. We observed spontaneous agglomeration in case of nutrient 427 
limitation. The combined strategies of nutrient-limited condition and partial biomass 428 
renovation seem useful in this respect (Blanquez et al., 2008). However, a simpler and, 429 
perhaps, more sustainable option would be to maintain agglomerated growth on immobilizing 430 
supports (e.g., metal or plastic mesh) placed in a compartment within the MBR. It is worth-431 
mentioning that sterile investigations usually report better activity of immobilized cultures 432 
(Ramsay et al., 2005). 433 
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 434 
Another important issue is the washout of fungal enzyme. Minimization of enzyme 435 

washout from continuous reactors may do away with the requirement of long HRT. Activated 436 
carbon which can adsorb varieties of organics including dye (Hai et al., 2007) can be useful 437 
in this sense. Zhang and Yu (2000) previously reported improved decolorization in batch tests 438 
due to adsorption and close contact of dye as well as extracellular enzyme on activated 439 
carbon. Both elongation of the retention time of dye and minimization of enzyme washout 440 
may be achieved by application of simultaneous adsorption within MBR. Preliminary results 441 
from our ongoing investigation support the suitability of the proposed modifications. 442 
 443 
4. Conclusions 444 

In this study, through a set of novel observations, the role of factors like bacterial 445 
disruption, fungal morphology and enzyme washout in a continuous fungi reactor was clearly 446 
demonstrated. In the light of that, certain means to enhance decoloration were proposed. 447 
 448 

In contrast to virtually complete decoloration of an azo dye (Acid Orange II) in pure 449 
culture batch tests, the MBR achieved 93% removal during non-sterile operation at an HRT 450 
of 1 d. Long-term observation of the performance of MBRs under different HRT and feeding 451 
mode (continuous or fed-batch) as well as batch tests with pure fungus culture and reactor-452 
sludge enabled identification of the reasons for the incomplete removal. Results from this 453 
study demonstrated detrimental effect of bacterial contamination on fungal activity and 454 
suggested close relationships among fungal morphology, enzymatic activity and decoloration 455 
activity under non-sterile environment. This study also demonstrated the occurrence of 456 
enzyme washout and its HRT-specific detrimental influence on removal performance. 457 
Maintenance of agglomerated morphology and simultaneous activated carbon adsorption 458 
within MBR were proposed to improve the MBR performance. 459 
 460 
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FIGURES 

 

Fig. 1 (a) Structure of Acid Orange II dye
(b) schematic of MBR setup 
(A: Air pump, B: Backwash, G: Vacuum 
gauge, P: Pump) 
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Fig. 2. Dye degradation in sterile batch tests
(a) Degradation by pure fungus culture 
(b) In-vitro enzymatic degradation 
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Fig. 3  (a) Microscopic observation revealing bacterial
contamination in the fungal MBR (smaller dots represent
bacteria, the black bar indicates 20m; inset diagram
shows pure fungus culture used for inoculation); (b)
Corresponding long-term decoloration and enzymatic
activity within MBR (atrace amount of enzymatic activity
was detected occasionally  in membrane permeate as well
during temporary agglomeration period)  
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Fig. 4 (a) Different biomass morphologies
encountered during this study; i. Pure fungus
culture, ii. MBR-sludge, iii. Granulation of
MBR-sludge under prolonged incubation in
flask, iv. Temporary agglomeration of fungi in
MBR (refer to Fig. 3b). (b) Improved
decoloration along with progressive granulation
of MBR-sludge in flask (decoloration by pure
culture was plotted as a reference) 
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Reactor 
no. 

Operation 
mode 

Volume 
(L) 

HRT 
(d) 

Membrane operation Color  
removal, 

% 

Enzymatic 
activity, 

µM(min)-1 
On/Off a

(min) 
Flux (m3m-2d-1) 

average Instantaneous
1 Continuous 11.8 1 5/5 0.011 0.022    93.2 0 d 
2 Continuous 2 1 6/24 0.0019 0.009 88 0 d 
   7 3/57 0.0003 0.0053 98 0.35e 
3 Sequencing 

batch 
2 1 Draw/fill/reactb 0.0019 0.07 65 0 d 

  7 Draw/fill/reactc 0.0003 0.02 99 0.55e 
a Withdrawal and idling period, bFour cycles of [Draw (10)/fill (5)/react (345)]min each day, cOne cycle 
of [Draw (20)/fill (5)/react (1415)]min each day,  d undetected, e trace activity was occasionally noticed 
in the membrane-permeate as well. 
 
 
 
 
 
 
 
 
 
 
 

Average removal, % 

Dye Dye Reference  
 Supernatant Permeate 

 
TOC 

 

Poly S119a 
68.3 99.1 >97 

Hai et al., 
2006 

Orange IIb 82 93.2 >98 This study 
a Polymeric azo dye (high biosorption)                                                          
b Low-molecular weight, mono-azo dye(low biosorption) 

 

Table 1. Dye-specific removal performance of fungal MBR 

Removal, %  
Biomass Color TOC 

Enzymatic activity, 
µM(min)-1 

Pure fungi 99.7 18 8 
Reactor sludge 48 94 0a 
a undetected 
 

Table 2. Comparison of activity of pure fungus culture and 
MBR-sludge in batch test (7 days) 

Table 3. Performance of MBRs under different HRT and operation mode 

> 99

min-1

 min-1
(m3 m-2 d-1)   
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Figure.  The studied interrelated factors governing
performance of a fungal reactor during continuous
operation under non-sterile environment 
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