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Abstract
In this study, the efficiency improvement of three moving bed biofilm reactors (MBBRs) was investigated by inoculation 
of activated sludge cells (R1), mixed culture of eight strong phenol-degrading bacteria consisted of Pseudomonas spp. and 
Acinetobacter spp. (R2) and the combination of both (R3). Biofilm formation ability of eight bacteria was assessed initially 
using different methods and media. Maximum degradation of phenol, COD, biomass growth and also changes in organic 
loading shock were used as parameters to measure the performance of reactors. According to the results, all eight strains were 
determined as enhanced biofilm forming bacteria (EBFB). Under optimum operating conditions, more than 90% of initial 
COD load of 2795 mg L−1 was reduced at 24 HRT in R3 while this reduction efficiency was observed in concentrations of 
1290 mg L−1 and 1935 mg L−1, in R1 and R2, respectively. When encountering phenol loading shock—twice greater than 
optimum amount-R1, R2 and R3 managed to return to the steady-state condition within 32, 24 and 18 days, respectively. 
SEM microscopy and biomass growth measurements confirmed the contribution of more cells to biofilm formation in R3 
followed by R2. Additionally, established biofilm in R3 was more resistant to phenol loading shock which can be attributed 
to the enhancer role of EBFB strains in this reactor. It has been demonstrated that the bacteria with both biofilm-forming 
and contaminant-degrading abilities are not only able to promote the immobilization of other favorable activated sludge 
cells in biofilm structure, but also cooperate in contaminant degradation which all consequently lead to improvement of 
treatment efficiency.

Keywords Biofilm wastewater treatment · Bioaugmentation · Bioremediation · MBBR · Phenol degradation · Strong 
biofilm-forming bacteria

Introduction

At present, several physiochemical processes are developed 
for remediation of contaminated water or industrial effluents 
such as adsorption (Singh and Balomajumder 2016; Kilic et al. 
2011), oxidation (Aneggi et al. 2017; Loloi et al. 2016; Liu 
et al. 2018) and membrane separation (Hemmati et al. 2015; 
Lin et al. 2007). However, in terms of pollution control, bio-
logical processes have superior advantages due to their ability 
to remove various kinds of contaminants in a cost effective 
and environmentally friendly manner (Moussavi et al. 2014; 
Rafiei et al. 2014; Pookpoosa et al. 2015; Ferro Orozco et al. 
2016; Zielińska et al. 2014). In recent years, the use of spe-
cific contaminant-degrading microorganisms in wastewater 
treatment systems has been increased and provided an effec-
tive method to enhance the degradation of toxic organic con-
taminants (Zhang et al. 2012; Duque et al. 2011). For exam-
ple, some strong phenol-degrading microorganisms, such as 
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Pseudomonas sp. and Rhodococcus sp., have been successfully 
used to treat phenol-containing wastewater (Prieto et al. 2002). 
However, as a consequence of some unpleasant events such 
as protozoan grazing or flow washing of favorable microor-
ganisms, high degradation rate of pollutants does not stand 
out for a long time. Since the performance of bioaugmented 
microorganism is a major prerequisite for elevating the treat-
ment efficiency, their immobilization has been suggested 
as an effective strategy for maintaining them in the system. 
According to the literatures, different ways of immobilization 
have been proposed to increase the persistence of bacteria 
in treatment systems like immobilization in alginate beads 
(Guiot et al. 2000) or polyvinyl alcohol (PVA) (El-Naas et al. 
2009). However, these methods may be cost prohibitive and/
or complex to apply and above all, they have defined capac-
ity, longevity and stability which all limit their application. 
Biofilm as a common form of bacterial life offers a natural, 
efficient and feasible way of immobilization which enables 
immobilized cells to proliferate and tolerate hostile environ-
ments. Biofilm immobilization of degrading-bacteria has been 
suggested as a key strategy for achieving efficient degradation 
in bioaugmentation system (Li et al. 2013). Biofilm treatment 
systems like moving bed biofilm reactors (MBBR) with ele-
vated resistance to adverse effect of toxic pollutions and other 
environmental stresses are demonstrated to be useful to treat 
of wastewater containing xenobiotics or extremely toxic com-
pounds (Simões et al. 2007). Biofilm treatment in this system 
as a well-known feature of biological wastewater treatment 
provides distinct advantages such as higher active biomass in 
a compact unit, smaller footprints, boosted resistance to the 
hostile environments, lower sludge production and elimina-
tion of clogging problem (Leiknes and Odegaard 2007; Bas-
sin et al. 2016; Moussavi et al. 2009). In addition, it is more 
possible to control the biofilm thickness and mass transfer 
characteristics in MBBRs over the operation time (Moussavi 
et al. 2009; Nakhli et al. 2014). Nonetheless, the most critical 
drawback of such biofilm reactors causes by the weakness of 
microorganisms in terms of biofilm formation which leads to 
a major reduction in total biomass amount or lack of favora-
ble microorganisms in the system (Eldyasti et al. 2013). This 
issue becomes even more severe when higher concentrations 
or sudden loading shocks of contaminants are imposed to the 
system which makes the process ineffectual. Immobilization 
of microorganisms in biofilm structure using strong biofilm 
producers has been proposed as an applicable solution to 
tackle this problem (Li et al. 2008, 2013). Recently, a variety 
of biofilm community compositions presented in natural or 
drinking water systems were studied and several strong bio-
film forming strains were introduced. These bacteria gener-
ally have specific surface characteristics which enable them 
to aggregate with other cells in aquatic environments (Simões 
et al. 2008; Ramalingam et al. 2013; Metzger et al. 2009; Adav 
et al. 2008; Kwak et al. 2013; Malik et al. 2003; Cheng et al. 

2014; Rickard et al. 2002, 2004). Among them, some strains 
including Acinetobacter calcoaceticus are known as bridg-
ing bacteria which function as an anchor and develop biofilm 
formation by aiding other microorganisms to incorporate in 
biofilm structure. These bacteria mainly result in formation of 
complex multispecies biofilms by their co-aggregation prop-
erties (Rickard et al. 2003; Simões et al. 2007, 2008). But 
major researchs have been done in this area have concentrated 
on screening of strains with co-aggregation abilities and/or 
explore the co-aggregation mechanism used by them (Min and 
Richard 2009; Stevens et al. 2015; Ren et al. 2015; Cheng et al. 
2014; Simões et al. 2008; Metzger et al. 2009; Kwak et al. 
2013; Malik et al. 2003; Rickard et al. 2002, 2003). Lately, 
few attempts have been made to take advantage of bacterial 
mixed-cultures with either contaminant degrading or biofilm 
producing abilities in biofilm treatment systems or investigate 
the relationships between them (Li et al. 2013, 2008; Adav 
et al. 2008; Di Gioia et al. 2004). For instance, Comamonas 
sp. PG-08 enhanced the ability of Propioniferax-like PG-02 
to degrade phenol, via its aggregation but not the phenol-
degrading capability (Jiang et al. 2006). Similarly, a mixed 
culture of Bacillus strains promoted degradation efficiency of 
another strain via their biofilm forming but not degradation 
abilities (Li et al. 2013). Nonetheless, applying a mixture of 
bacteria with different characteristics and origins can be cost 
and time prohibitive and complex to implement. It is necessary 
to meet the needs of all inoculated cells and provide a desired 
condition in which they can grow and maintain their activity. 
Accordingly, there is still the need to detect bacteria with dual 
strong biofilm forming and contaminant degrading abilities 
especially those with further tolerance to toxic effect of pol-
lutants. Moreover, the activity and function of these bacteria in 
biofilm development and contaminant removal in wastewater 
treatment systems should be uncovered.

Hence, in this paper, we studied phenol degradation 
and biofilm formation ability of eight same-origin bacteria 
including Acinetobacter and Pseudomonas species, which 
were isolated from a contaminated soil. Then, the perfor-
mance of three aerobic MBBRs inoculated with activated 
sludge cells, the mixed-culture of eight bacteria and their 
combination in stepwise increasing amount of phenol was 
investigated. In addition, we were interested in exploring the 
feedback of all reactors encountering sudden enhancement 
of phenol concentration.

Materials and methods

Chemicals, bacterial strains and media

All applied chemicals in this study were of analytical grade 
and supplied from Merck. Eight bacterial strains including 
four Pseudomonas spp. and four Acinetobacter spp., used 
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in this study had been previously isolated from petroleum-
contaminated soil, Tehran Refinery, Iran (Table 1) (Nafian 
et  al. 2016) and demonstrated to degrade phenol up to 
900 mg L−1 efficiently. The activated sludge used in this 
study was collected from a municipal sewage treatment 
plant (Ekbatan, Tehran, Iran; 100,000 population equiva-
lents). Synthetic wastewater (SWW) was used in MBBR 
reactors including steam sterilized (mg  L−1)  Na2HPO4 
(16.7),  CaCl2·2H2O (23.5),  MnSO4·7H2O (9.45),  CoCl2 
(0.8),  ZnCl2 (10.0),  CuSO4·5H2O (392.0),  FeCl3·6H2O 
(3.3),  NaHCO3 (1000.0),  MgSO4·7H2O (3.1) as trace ele-
ments supplemented with following concentrations of urea 
(1 mg L−1 = 4.66 × 10−4 mg L−1 nitrogen (N)),  K2HPO4/
KH2PO4 combination (1 mg L−1 = 2.0 × 10−4 mg L−1 phos-
phorus (P)) and filter-sterilized phenol (the only carbon 
source,1 mg L−1 = COD of 2.15 mg L−1) as main com-
ponents. The COD:N:P ratio in the influent SWW was 
retained at 100:5:1. Mineral salt medium (MSM) was 
prepared for biofilm formation assay containing (mg L−1) 
 KH2PO4 (1436),  K2HPO4 (2627),  NH4HCO3 (325), 
 MgSO4·7H2O (133.7),  MnSO4·H2O (9.45),  CaCl2·2H2O 
(11.91),  ZnSO4·7H2O (1.44),  FeCl3·6H2O (3.33) and phe-
nol at a concentration of 900 mg L−1. Tryptic Soy Broth 
(TSB)—without phenol—and Plate Count Agar (PCA) were 
also applied for biofilm formation assay and microbial cell 
count, respectively.

Biofilm formation assay

Biofilm formation assay in microtiter plate

Biofilm formation was assessed using 96-well polystyrene 
microtiter plates. Colonies of the eight bacterial strains were 
individually precultured in TSB and incubated in a rotary 
shaking incubator at 30 ± 0.1 °C and 130 rpm overnight. 
The pellets of the bacterial cells were then collected by cen-
trifugation of the cultures at 8000 rpm for 10 min, washed 
twice using sterilized phosphate buffer (PB) pH 6.8 to elimi-
nate residues of the growth substrate and metabolites and 

next, the resulting pellets resuspended in PB. Thereupon, 
SWW containing 900 mg L−1 phenol was inoculated with 
the cell suspension of eight bacterial strains individually or 
equal volumes mixture of their overnight culture (diluted 
to absorbance 0.1 at 600 nm). Then the suspensions were 
added to every other row in identically three 96-well poly-
styrene microtiter plates (150 µL/well, three replicates per 
plate). The sterile culture medium was used as a control. 
All plates were incubated for 1, 3, 7, 10 and 20 days respec-
tively at 80 rpm, 30 °C. The culture medium was replaced 
every other day using micropipette. After mentioned incu-
bation times, the wells were drained, washed three times 
with 200 µL sterile PB to remove suspended cells, dried 
at room temperature, and the amounts of forming biofilms 
were quantified according to Djordjevic et al. (2002), using 
crystal violet method with some modification. Briefly, the 
wells were stained with 150 µL/well 1% (w/v) crystal violet 
aqueous solution for 30 min. Microtiter plates were placed 
in shaking incubator to enhance the penetration of dye in 
biofilm structure for 30 min. After removing the stain, the 
wells were washed three times by 200 µL PB and air dried. 
Finally, 200 µL ethanol-acetone (80:20 v/v) was added to 
each well and the absorbance measured at 590 nm wave-
length. Accordingly, the strains were classified into nonbi-
ofilm producers, Abs ≤ Abscontrol, weak biofilm producers, 
 Abscontrol ≤ Abs ≤ 2 × Abscontrol, average biofilm produc-
ers, 2  × Abscontrol ≤ Abs ≤ 4 × Ab control and strong biofilm 
producers, Abs ≥ 4  × Abscontrol (Stepanovic et al. 2000). 
Besides, biofilm formation and planktonic growth of each 
eight bacterial strains and mixtures of them were examined 
and compared in SWW, MSM—both containing 900 mg L−1 
phenol- and TSB for 24 h in the same condition as described 
above. Right before and after the incubation period, the 
planktonic growth of each experiment was measured spec-
trophotometrically at 600 nm.

Biofilm formation assay in flask

Flask biofilm formation assay were carried out according to 
the method described by Bechet and Blondeau (2003). The 
culture system comprised new 150-mL Erlenmeyer flasks 
containing 100 mL of synthetic wastewater and 20 pieces of 
polyvinylchloride (PVC) carriers (Pakan Ghatreh Co. Ltd., 
Iran). In brief, flasks were inoculated in triplicate with pre-
culture of each eight bacterial strains or a mixture of them 
as described above to reach the absorbance of 1.0 OD at 
600 nm. The cultures were then incubated at 30 °C with 
shaking at 80 rpm for 24 h. The biofilm biomass was deter-
mined through a method modified from (Zhu and Mekalanos 
2003). Briefly, the SWW containing suspended cells was 
removed and the flasks were gently rinsed in three changes 
of sterile PB. Then, ten pieces of carriers were transferred to 
another sterile flask containing 10 mL sterile PB for further 

Table 1  The characteristics of strains used in this study

Strains The closest species according to 16S 
rDNA sequence similarity

GSN3 Acinetobacter calcoaceticus DSM30006
GSN8 Acinetobacter calcoaceticus DSM30006
GSN13 Pseudomonas jinjuensis Pss 26
GSN15 Acinetobacter oleivorans DR1
GSN20 Acinetobacter genomosp. 3 LUH6175
GSN22 Pseudomonas plecoglossicida R8-323
GSN23 Pseudomonas monteilii EU45
GSN28 Pseudomonas citronellolis BG6903
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analysis. The remained carriers were stained for 30 min with 
50 mL 1% (w/v) crystal violet aqueous solution to assess 
the number of attached biomasses. The flasks were washed 
thoroughly with sterile PB and dried at room temperature 
overnight. The residual of crystal violet dye on carriers 
was dissolved in 10 mL of ethanol-acetone (80:20 v/v), and 
related absorbance was determined at 590 nm.

Cell counts

Viable counts of the cells attached to the carriers were esti-
mated as follows. As mentioned above, 10 of 20 carriers 
were transferred to a sterile flask containing 10 mL sterile 
PB and biofilms were detached using pulsed low-intensity 
ultrasonication (5 min, 30 s on/off mode, SFX250 Sonifier, 
Branson). The serial dilution suspension was plated onto 
Plate Count Agar to determine the bacterial CFU per 10 
carriers.

Reactor design

The study was performed using four cylindrical MBBR reac-
tors (more details were illustrated in Fig. 1), made from Plex-
iglas with an internal diameter, height and wall thickness of 
10, 70 and 0.4 cm, respectively. Three reactors named as the 
reactor number 1 (R1), number 2 (R2) and number 3 (R3) 
were inoculated with different mixed cultures, whereas the 
fourth was not inoculated and applied as the control reac-
tor  (RC). The total volume of each reactor was 5.5 L, of 
which the effective volume was 5 L and filled up to 50% 
with floating biofilm carrier elements. The carriers (Pakan 
Ghatreh Co., Iran) were composed of high-density polyethyl-
ene (HDPE), shaped as small corrugated cylinders with two 
crosses inside, giving an effective surface area of 389.6 m2/
m3 and a density of 0.96 g/cm3, slightly lower than that of 
water. The aeration system supplied fine mixing bubbles 
to meet the oxygen demand and keep the carriers moving 
throughout the reactor as well. Sterile air was supplied from 
the bottom of the column through a 0.22 µm pore size filter. 
Taking samples and monitor the performance of the system, 
three sampling ports were designed on the reactor.

MBBR experimental setup and operation

For investigating whether the different mixed cultures would 
improve phenol degradation efficiency, three equivalent 
reactors were set up and inoculated with different inocula 
in a manner that each reactor was seeded up to make the 
final suspended solid concentration of 2400 mg L−1 just at 
the start point. The reactors were inoculated with activated 
sludge (R1), mixture an equal ratio of eight bacterial over-
night cultures (R2) and a 3:1 volumetric ratio of activated 
sludge plus eight bacterial strains (R3), respectively. The 

latter was the best ratio of inoculum combination resulted 
from our previous experiment (data not shown here).  RC 
was just filled up with the sterile synthetic wastewater to 
investigate the amount of phenol lost through either leaking 
or absorbing to the rubber stoppers, but according to the 
results, these effects were all negligible. Batch mode was 
run by increasing amount of phenol to study the maximum 
degradation efficiency. All reactors were bubbled with an 
air-stream and operated at the same controlled conditions, 
such as; room temperature (23 ± 3 °C), 4.0 ± 1  mgO2 L−1 dis-
solved oxygen (DO) concentration and neutral pH 7 ± 0.5. At 
the end of the experiment, the effect of unfavourable phenol 
shock load on MBBRs performance evaluated by adminis-
tering twice phenol concentrations greater than the optimum 
amount of each reactor for just one HRT (24 h).

Analytical methods

The presented results were all obtained from the MBBR 
system at the steady state condition. Samples were taken 
and analyzed at the start point and then over 24 HRT inter-
vals to evaluate the performance of the MBBR. The meas-
ured parameters in all taken samples were phenol, COD, 
pH, DO and temperature. The parameters of pH, DO and 
temperature of the mixed liquor were daily measured using 
specific electrodes (HACH-Germany) to control the opti-
mum condition for bacterial growth in all reactors. Samples 
were filtered through a filter with 0.45 mm pore size before 
analysis to measure phenol and COD. Phenol concentrations 
were measured spectrophotometrically, by the colorimetric 

Fig. 1  MBBR Schematic diagram. Five-liter effective volume with 
approximately 50% carrier fill ratio
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4-aminoantipyrine method (APHA 2005), using a 2000 
UV/VIS Spectrophotometer and COD was determined in 
accordance with Standard Methods for Water and Wastewa-
ter Examination (APHA 1998).

Biofilm biomass morphology and growth

The biofilm attached on carriers was visualized using a scan-
ning electron microscope (SEM) (Tescan, BEGA3S). The 
carrier samples for SEM analysis were randomly taken out 
from the reactors and cut into pieces very gently to prepare 
a flat part using a sterile forceps and scalpel and then air 
dried in dark conditions for 12 h. (Moussavi et al. 2009). 
Afterward, they were placed in fixative (2.5% glutaraldehyde 
v/v in phosphate buffer saline) for an overnight. The sam-
ples were rinsed in phosphate buffer saline (2 × 10 min) and 
subsequently dehydrated in a series of ethanol washes (30%, 
50%, 70% and 90% each for 10 min and 100% for 20 min). 
Finally, the samples were air dried and coated with gold/
palladium (2/3 ratio).

The average values of thickness, TSS and VSS were also 
investigated at the end of the batch experiment and after 
imposing the shock. The biofilm thickness was determined 
according to the procedure reported by Horn et al. (2003). 
Total suspended solid (TSS, dried at 103–105 °C), 2540 E 
and volatile suspended solid (VSS, ignited at 550 °C) were 
measured using Standard Methods (APHA 1998). Attached 
growth TSS and VSS were determined by removing periodi-
cally ten carriers from the MBBRs which was followed by 
addition of ten clean marked ones to keep constant the filling 
ratio and avoid resampling (Goode and Allen 2011). Since 
the number of carriers and amount of surfaces provided by 

them were known in all MBBRs, the total attached biomass 
and thickness could be calculated. Over the experiment, less 
than 30% of the total carriers were sampled.

Results

Biofilm‑forming capacity

Microtiter plate assay was applied to investigate the ability 
of all eight bacterial strains to form biofilm within a specific 
period of time (Fig. 2). For the most of cultures, the amount 
of biofilm formation increased by passing the time, with the 
exception of a common drop on day seven which may be 
caused by a common detachment phase of biofilm resulted in 
leaving single cells or macroclusters. The largest amount of 
biofilm was observed in the mixed culture of eight bacteria 
rather than their individual culture, suggesting that syner-
gistic interspecies effects on biofilm formation were likely 
to occur. Generally in single strain cultures, Acinetobacter 
spp. formed stronger biofilms than Pseudomonas spp., for 
instance strains GSN3 and GSN8 with about 99% similar-
ity to Acinetobacter calcoaceticus DSM30006, formed the 
strongest biofilms with a very close measured amount of 
biomass to that of mixed culture.

The ability of producing biofilm in different media was 
investigated for both single and mixed culture of eight strains 
by microtiter plate test. All strains were able to form biofilm 
and classified as enhanced biofilm forming bacteria (EBFB) 
in all SWW, MSM and TSB media (Fig. 3). Biofilm forma-
tion was most consistently obtained in wastewater, where 
eight EBFB strains formed the strongest biofilm, followed 

Fig. 2  Biofilm formation after 1, 3, 7, 10 and 20 days (x-axis) by the pure and mixed strains. Error bars display standard deviation and refer to 
the total biofilm formation based on three parallel experiments with three replicate wells per plate (n = 9)
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by MSM, whereas the poorest biofilm formation achieved in 
TSB medium. By contrast, the strongest planktonic growth 
was observed in TSB medium. It is noteworthy that, the 
amount of biofilm formation in SWW by all single or mixed 
culture of EBFB strains was close to those measured in 
MSM, indicating that all of them not only possess the abil-
ity to degrade high concentration of phenol but also can 
tolerate the toxic effects of it. Similar to what Nafian et al. 
(2016) described for planktonic forms, the biofilm forms of 
eight strains were able to degrade 900 mg L−1 phenol over 
24 h in SWW and TSB without any significant differences 
observed between them (data not shown here again). These 
characteristics make them eligible to be used in the treat-
ment of phenol containing wastewaters.

The biofilm biomass of each EBFB strains, along with 
their mixture, was measured after cultivation in Erlenmeyer 
flasks for 24 h at a shaking speed of 80 rpm (Fig. 4). The 
results indicated that the formed biofilm by the mixed cul-
ture (2.26 ± 0.15 U  A590nm) was higher than those of each 
strain individually while the strongest biofilm was formed 
by GSN3 (1.66 ± 0.25 U  A590nm). A visible biofilm was 
produced at the air–liquid interface of the flasks wall in all 
experiments.

The colony forming unit (CFU) of single and mixed spe-
cies biofilm established on carriers were counted to estimate 
the number of bacteria fixed in the biofilm for 24 h (Fig. 4). 
It was found that the mixed culture CFU was significantly 
higher than those of each single species, followed by the 
CFU of GSN3. After 24 h, cell numbers in the mixed culture 
reached to 19.9 × 1020 per 10 carriers while the lowest was 
31.6 × 103, observed in GSN28 biofilm culture.

Reactor startup and the effect of the inlet phenol 
concentration on removal efficiency

The impact of the inlet phenol concentration in an increas-
ing step-wise fashion was assessed starting from 50 mg L−1 
(equivalent to COD of 107.5 mg L−1) at hydraulic retention 
times of 24 h. As illustrated in Fig. 5, all reactors were con-
ducted in batch mode to the extent that by applying higher 
phenol concentrations the removal efficiency decreased 
below 90% in a steady state operating condition; which 
assumed when just ± 5% removal efficiency fluctuation was 
detected at consecutive HRTs. The removal efficiency of 
both parameters, phenol and COD, was almost greater than 
90% up to the inlet phenol concentrations of 600, 900 and 
1300 mg L−1 corresponding to 1290, 1935 and 2795 mg L−1 
COD in R1, R2, and R3, respectively (Fig. 5a–c). The reac-
tors did not manage to reach the steady-state operation again 
by applying greater amounts of phenol and displayed a fluc-
tuation in removal efficiencies. Moreover, a slight increase 
in the inlet phenol concentration led to a significant reduc-
tion in phenol and COD removal efficiencies which might 
cause inhibition on microorganism activities. For instance, 
adding 700 mg L−1 phenol in R1 dropped the phenol and 
COD removal efficiencies from 90% to about 70% and 60%, 
respectively. In addition, the efficiency of COD removal was 
always lower than that of observed in phenol removal in 
all reactors suggesting the accumulation of intermediates 
(metabolites) over the experiment and the inhibitory effect 
of high phenol concentrations on metabolic activities which 
prevented microorganisms from transforming the phenol to 
the end products (Moussavi et al. 2010; Ho et al. 2009).

Fig. 3  The amount of biofilm formation and planktonic growth of a 
single and mixed culture of the eight EBFB assessed in four differ-
ent media. Error bars exhibit standard deviation and refer to the total 

biofilm formation based on three parallel experiments with three rep-
licate wells per plate (n = 9)
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The relatively low degradation at the startup points can be 
contributed to the failure of lower phenol concentrations to 
stimulate the metabolism activity of microorganisms which 
declined the biological activities such as catabolism rate, 
respiration rate, etc. (Hosseini and Borghei 2005; Ho et al. 
2009). This outcome can be expanded to other reactors since 
the similar behaviour was observed in all. The inlet phenol 
concentration in all reactors was decreased step-wise again 
to confirm the ability of them to retrieve from the inhibi-
tory effect of overloading while allowing them to attain 
steady-state phenol removal for each concentration. Based 
on the results, R3 exhibited uppermost phenol degradation 
capability followed by R2 and the lowermost was for R1 in 
compared to control. Furthermore, COD decreasing rate was 
relatively close to that of phenol in R3 while the substantial 
differences were observed between them in R1 and R2 espe-
cially in higher inlet phenol concentrations.

The optimum phenol concentration was applied as an 
inlet phenol concentration for the succedent phases of the 
experiment.

Response to organic shock loading

After applying the phenol shock load, all reactors were fed 
again with SWW containing optimum phenol concentra-
tions and the concentration of outlet phenol and COD were 
measured until achieving the degradation above 99%. As 
illustrated in Fig. 6a–c an increasing tolerance to phenol 
loading shock was detected in R3 > R2 > R1. After applying 
the shock, outlet phenol degradation gradually increased, 
and the removal efficiency reached to around 90% after 14, 
20 and 32 days in R3, R2, and R1, subsequently. Accord-
ing to the results, the highest tolerance was observed in R3 

while it was relatively low in R2. When subjected to loading 
shock, R1 showed the lowest resistance.

Table 2 shows the measurements of biofilm thickness, 
suspended and attached growth biomass. The amount of bio-
film thickness in all reactors reached to the range of active 
biofilm layer at the end of the batch experiment (day 0) 
(Tyagi and Vembu 1990); however, the thicker biofilm was 
detected in R3 followed by R2. The assessment of attached 
and suspended growth biomass was carried out considering 
the TSS and VSS. Attached growth was dominant over non-
attached growth in all reactors; however, enhanced efficiency 
of MBBRs can be attributed to the cooperative effects of 
both which made it more steady and effective than the sus-
pended growth. It was in well agreement with achievement 
of other studies which showed the greater involvement of 
immobilized cells in biofilm to removal efficiency than free 
cells (Yu et al. 2007; Li et al. 2011).

After imposing the shock, the amount of thickness, 
attached TSS and VSS were reduced in all reactors while 
it was followed by an increase in suspended growth sug-
gesting the occurrence of biofilm detachment. In addition, 
results indicated that a sudden enhancement in phenol con-
centration led to the detachment of biofilm from carriers 
in R1 more than R2 and R3. The values of thickness and 
attached biomass growth improved gradually while the sus-
pended growth biomass concentration declined in a stepwise 
manner.

Microscopic examination of biofilm

For SEM microscopy of biofilm formation, ten new 
labelled carriers were added to each reactor at the steady 
state condition of each reactor and taken out after 24 and 
48 h. SEM images revealed the presence of typical bio-
films with spatial heterogeneity structure formed in all 

Fig. 4  The amount of Biofilm formation and colony forming units of pure and mixed culture assessed by biofilm formation test in the flask
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MBBRs (Fig. 7). Based on all captured images and com-
parative analysis of attached and suspended biomass in 
last section, it can be proposed that the biofilm formed on 
carriers in R3 were more populous. Figure 8 illustrates the 
formation of biofilm layer on carriers.

Discussion

In the present work, the biofilm forming ability of eight 
same-origin bacteria was assessed in different culture media. 
Then, the amount of biofilm formation and phenol removal 
was investigated by introducing their mixed culture in an 
MBBR. All eight strains studied in this survey were catego-
rized as enhanced biofilm forming bacteria (EBFB) with a 
greater tendency to form biofilm in wastewater. Addition-
ally, Acinetobacter spp. especially strains GSN3 and GSN8, 
assigned as Acinetobacter calcoaceticus, exhibited stronger 
biofilm production ability in all media rather than Pseu-
domonas spp. In a similar study the adherence and biofilm 
formation of single and mixed culture of several bacteria 
commonly found in wastewater treatment systems were 
studied and showed that Acinetobacter calcoaceticus can 
aggregate with other cells to form biofilm in aquatic environ-
ments. This strain, known as bridging bacterium, can assist 
other microorganisms to incorporate into the biofilm struc-
ture mainly due to its surface-based properties (Simões et al. 
2008; Andersson et al. 2008). Similar observations were 
reported while biofilm formation of dual or multiple-strain 
cultures was compared to single-strain cultures especially in 
the presence of Acinetobacter calcoaceticus (Simões et al. 
2008; Andersson et al. 2008). Andersson et al. (2008) stud-
ied the biofilm production of several wastewater bacterial 
strains alone and in combination with each other. Her find-
ings showed that a more diverse mixture of microorganisms 
did not necessarily lead to the formation of strong biofilm 
especially in such a complex environment of wastewater 
unless strong biofilm producers which act as a bridge, aid 
other cells with poor biofilm forming abilities to attach on 
provided surfaces. In this case, the strongest biofilm forma-
tion may be observed when a mixture of microorganisms 
is grown together (Li et al. 2013; Andersson et al. 2008). 
Accordingly, the relatively high quantity of attached biomass 
in the mixed culture of eight EBFB strains can be attributed 
to the presence of a remarkable synergy between them to 
form biofilm and also the bridging role of Acinetobacter 
spp. in their mixture.

When EBFB and the sludge cells were introduced in one 
reactor (R3) the noticeably greater removal of phenol and 
COD was observed than those of two others inoculated with 
either activated sludge (R1) or EBFB strains (R2). Similar 
deductions were previously drawn by other researchers who 
investigated the performance of a mixture of contaminant 
degrading or biofilm forming microorganisms. Kwak et al. 
(2013) reported that co-inoculation of Sphingomonas sp. 224 
with two other biofilm-forming strains led to the more effi-
ciently degradation of Tolclofos-methyl than Sphingomonas 
sp. 224 alone. In another study it was demonstrated that 
when two strains of Acinetobacter sp. and Sphingomonas sp. 

Fig. 5  Batch MBBRs; Phenol (filled square) and COD (filled dia-
mond) removal efficiencies in different inlet phenol concentrations 
(filled circle) at HRTs of 24 h in a R1, b R2 and c R3
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Fig. 6  Organic loading shock 
resistance; Phenol (open trian-
gle) and COD (open square) 
removal efficiencies after apply-
ing twice inlet phenol concen-
trations (open square) greater 
than each reactor’s optimum 
amount at 24 h HRTs in a R1, b 
R2 and c R3
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mixed at the ratio of 1:1 were able to remove 1000 mg L−1 
of phenol within 60 h more efficiently (97.2%) rather than 
their single inoculation (78.3% and 68.1%, respectively) (Liu 
et al. 2009). However it is noteworthy that, such investiga-
tions mainly attempted to explore the enhancement of degra-
dation efficiency by presenting a mixture of microorganisms 
with either biofilm formation or contaminant degradation 
properties in treatment systems.

The close amount of produced biofilm thickness and 
biomass growth in R2 and R3 suggests that, the activ-
ity of strong biofilm producing bacteria in these reactors 
had more significant role in thicker biofilm formation than 
sludge cells. Additionally it is more likely that the beneficial 
activated sludge microorganisms mostly were immobilized 
by EBFB strains in R3 since high phenol degradation and 
attached biomass growth were not observed in R1 although 
both reactors were inoculated with the same activated sludge 
inoculum. Taking all into account, it can be concluded that 
the presence and performance of EBFB with strong biofilm-
forming ability enhanced the immobilization of other acti-
vated sludge cells in the biofilm structure which was further 
confirmed by SEM microscopy and growth measurements. 
This phenomenon led to the development of a more diverse 
population of microorganisms containing EBFB strains 
with further degrading ability and also beneficial sludge 
cells in R3 which ultimately boosted the efficiency of phe-
nol removal even more than that of observed in R2. The 
more population immobilized in biofilm, the more coopera-
tion occurred in degradation of phenol and its intermediates 
which all directed to complete degradation of phenol and 
transformed it up to the end products efficiently. Li et al. 
(2013) reported the greater efficiency improvement of a 
biofilm treatment system by co-inoculation of three biofilm 
forming Bacillus strains and a specific Acetonitrile degrad-
ing bacterium in the presence of activated sludge.

After imposing the shock, both biofilm density and thick-
ness in all reactors were reduced, but it was accompanied by 
a greater decrease in removal efficiency in R1 rather than 
two other reactors. Observation of similar resistance in R2 
and R3 and as well as higher tolerance of R2 in comparison 
to R1 can be elucidated by hypothesizing that the activity of 
EBFB strains resulted in such an enhanced stability in R3. 
Bridging bacteria as an enhanced biofilm forming microor-
ganisms are able to retain the integrity of biofilm structure 
by attaching other microorganisms firmly to the surface of 
carriers even in high loading shocks due to their specific 
surface interactions with other cells (Li et al. 2013, 2008).

Hence, the Immobilizing of wastewater microorganisms 
using EBFB with dual contaminant-degrading and biofilm-
forming capabilities is more efficient, easier to operate and 
maintain approach in comparison to artificial immobilization 
techniques that rely on embedding agents or applying differ-
ent bacteria with diverse capabilities and requirements. It is Ta
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Fig. 7  SEM microscopy of 
biofilms attached on carriers in 
R1 after a 24 and b 48 h, R2 
after c 24 and d 48 h, R3 after e 
24 and f 48 h
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apparent that simplicity and cost-effectiveness of a method 
make it technically and economically feasible for indus-
trial application. According to the literature, this is the first 
study where EBFB strains assisted activated sludge cells to 
immobilize in biofilm structure which subsequently led to 
the improvement of wastewater treatment. The achievement 
of this study has more apparent privileges and is applicable 
to other biofilm treatment systems particularly those strug-
gling with the biofilm formation challenge.
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