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Abstract: The study investigated the performance of the pre-denitrification membrane bioreactor
(MBR) process to treat high-strength wastewater generated from food waste disposals. Extracellular
polymeric substances (EPS) as membrane foulant and microbial community profiles were analyzed
under different hydraulic retention time (HRT) operation conditions. The pre-denitrification MBR
was effective for treating food wastewater with high chemical oxygen demand (COD)/N resulting
in high total nitrogen (TN) removal efficiency. The operational data showed that effluent qualities
in terms of COD, TN, and TP improved with longer HRT. However, membrane fouling potential as
shown by specific membrane fouling rate and specific resistance to filtration (SRF) increased as HRT
increased. The longer HRT conditions or lower influent loading led to higher levels of bound EPS
while HRT did not show large effects on the level of soluble microbial products (SMP). The restriction
fragment length polymorphism (RFLP) analysis showed similar microbial banding patterns from the
sludges generated under different HRT conditions, indicating that HRT had minimal effects on the
composition of microbial communities in the system. All these results suggest that the MBR with
pre-denitrification is a feasible option for treating high-strength food wastewater and that different
HRT conditions could affect the operational performance and the fouling rate, which is governed via
changes in microbial responses through EPS in the system.
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1. Introduction

In South Korea, use of food waste disposers has been restricted due to the national policy on
disposal and recycling of food waste and concerns about increase in wastewater loading to the
wastewater treatment facilities (WWTFs). The separate disposal and treatment of food waste, however,
usually requires large sites and substantial capital and operational costs. Some studies reported that
food waste could be actually effectively treated in WWTFs because it contains high water content [1].
Use of food waste disposers and on-site treatment, especially for small-decentralized apartments and
communities, can be an interesting option to manage the high-strength organic waste stream [2].

A lot of on-site wastewater treatment processes have been developed and become popular in Japan:
most of these systems are household-sized units with a capacity of 1–2 m3/day [3]. The disposer system
combined with on-site wastewater treatment has also been studied in Japan [4] and this process is
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different from the disposer system widely applied in USA where disposer wastewater gets transported
to the municipal WWTFs. In order to remove nitrogenous and carbonaceous pollutants simultaneously,
biological nutrient removal (BNR) processes are generally used in wastewater treatment. In particular,
the pre-denitrification process like the modified Ludzack-Ettinger (MLE) process could be most
pertinent to kitchen wastewater with a high COD to nitrogen ratio. Application of BNR-based activated
sludge process to the disposer system has also shown successful performances [3,4]. However, in the
conventional process, sludge settling often becomes problematic due to the bulking nature of sludge
treating high-strength wastewater.

The membrane bioreactor (MBR) process is a biological wastewater treatment process with
enhanced solid-liquid separation by the use of a membrane in the conventional activated sludge
system [5]. In the MBR, adoption of long solids retention time (SRT) is possible, which usually allows
high biomass concentration and good operation flexibility [6]. These advantages are also needed
for treatment of high-strength wastewater like wastewater from food waste disposer system [7–9].
In recent years, the MBR coupled with the pre-denitrification has been used for treating many types
of wastewater [10,11]. In MBR operation, HRT is an important operation parameter [12] since HRT
values are directly related with the volume of reactors and removal performance [13]. In a submerged
MBR for the treatment of food wastewater, HRTs in the range of 15–30 h produced effluents with
acceptable water qualities. Although the treatment capacity increases with lower HRTs, lower HRT
has been reported to cause increase in the rate of membrane fouling in MBRs [12]. Membrane fouling
and the need of cleaning could result in higher operational and maintenance costs compared to the
conventional activated sludge system.

Extracellular polymeric substances (EPS) are considered an important factor for causing
membrane fouling in MBR, though the concentrations of these microbial metabolites are often
small [14,15]. Bound EPS implicates properties of hydrophilic and hydrophobic organic colloids,
which can cause bio-cake on the membrane surface [12,16]. Soluble microbial products (SMP), which is
believed identical to soluble EPS, are high molecular weight compounds released during cell lysis and
cell growth, creating high resistance of the membrane and leading to a decline of permeate flux. Thus,
investigation of EPS and SMP is an important issue in reducing membrane fouling in MBR [17,18].
However, there are only a few studies reporting process performance and investigation of EPS and
SMP in the pre-denitrification MBR, especially for such system treating high-strength food wastewater.
Moreover, previous studies have often failed to show the dynamic nature of activated sludge microflora
and the community interactions within the MBR reactor, which are crucial factors in determining the
characteristics of activated sludge and hence various microbial metabolites (i.e., EPS and SMP).

The purpose of the present study was, thus, to investigate the performance of a pre-denitrification
MBR process for treating disposer wastewater under various HRT conditions and to analyze EPS, SMP,
and microbial community to better understand their effects on treatment performance and membrane
fouling under different HRT conditions.

2. Materials and Methods

2.1. Reactor Set-Up and Operation

Three laboratory scale MLE-type MBR systems were constructed and consisted of 4 L of anoxic
tank and 8 L of aerobic tank. The membrane module was submerged in the aerobic tank as shown in
Figure 1.

The hollow fiber membrane (KMS Co. Ltd., Yongin, Korea) was used and it was characterized
by nominal pore size of 0.4 µm and total membrane area of 0.2 m2. The reactors were fed synthetic
kitchen disposer wastewater and the effluents were directly withdrawn out of the membrane module
by using a suction pump. Sewage sludge was obtained from a waste water treatment plant (WWTP)
in Seoul, Republic of Korea and used as the inoculum in this study. Obtained sludge was pretreated
to remove impurities using a sieve with a pore size of 500 µm. The MBR process was operated at a
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Figure 1. Schematic diagram of the MLE-type MBR.

Three MBR systems were operated in parallel at three different HRTs (Table 1). As an effort to
diminish the membrane fouling, effluents (membrane permeate) were withdrawn intermittently with
the sequential intervals of 10 min suction and 2 min idle period. On 28th day of MBR operating, the
membrane was taken out from reactor and physical cleaning was performed by flushing. In addition,
backwashing of the membrane (chemical cleaning) was also conducted with NaClO.

The aeration was continuously provided at the bottom of the tank using a diffuser. The flux
for permeate was set at 7.5–15 L/m2-h for the three MBR systems. The corresponding hydraulic
retention time (HRT) of the process was 18–36 h (Table 1), which is longer than typical HRT used in
the MLE process for sewage treatment [19]. The flow rates of influent wastewater, internal recycle,
and excess sludge wasting were maintained by peristaltic pumps. The MBR operated in this study
did not include return activated sludge (RAS) while the internal recycle ratio (IR) was maintained
high for enhancement of nitrogen removal. Operational conditions in this study are summarized and
compared with those of the MLE-type MBR process in Table 1.

Table 1. Operation parameters.

Reactor SRT (day)
HRT (h)

RAS (%) IR (%)
Total Anoxic Aerobic

MBR1 * 45 *** 18 6 12 300
MBR2 * 45 *** 24 9 15 300
MBR3 * 45 *** 36 12 24 300

Conventional
MLE ** 7–20 5–15 1–3 4–12 50–100 100–200

Notes: * MLE -type MLE operated in this study; ** Typical MLE design parameters [19]; *** Waste sludge flow
rate = 0.09 L/day.

2.2. Disposer Wastewater Characterization

Synthetic disposer wastewater was prepared for laboratory experiment based on the typical
composition of the actual disposer wastewater monitored in a pilot facility in Korea [20]. Making up
of disposer wastewater also followed the previously suggested standard food waste [1,4] in order
to reduce the fluctuation of influent. Food waste used in the present study showed the following
composition (wet weight gram in 35 L of tap water): Carrot: 45; Cabbage: 45; Banana skin: 25; Apple:
25; Grape skin: 25; Cooked chicken: 20; Fish: 25; Egg shells: 5; Rice: 25; Tea leaves: 10; Bean flour:
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24; Corn steep liquor: 30 mL. Food waste was ground and stored at 4 ◦C refrigerator before use.
This resulted in the composition of disposer wastewater as shown in Table 2.

Table 2. Composition of synthetic disposer wastewater used in this study.

BOD
(mg/L)

SS
(mg/L)

COD
(mg/L)

T-N
(mg/L)

T-P
(mg/L) pH

Concentration * 750 (60) 510 (41) 1276
(103) 46.7 (3.7) 6.1 (0.4) 6.0–6.5

Note: * ( ): Standard deviation.

2.3. Extraction and Analysis of EPS and SMP

The study of Park and Novak [21] was referred to establish the protocol for studying EPS and
SMP in the current MBR study. Extraction and separation of EPS and SMP were first performed.
Briefly, 40 mL of sludge was initially centrifuged (12,000 g × 15 min) to separate soluble fraction of
sludge and the pellet. The soluble fraction was collected and used for analyzing SMP. The remaining
pellet was resuspended in a low strength phosphate buffer saline (PBS) (2 mM KH2PO4, 6 mM
Na2HPO4, and 10 mM NaCl) and underwent sonication to extract bound EPS. Sonication was
performed following the procedure of Teague et al. [22] and using a Fisher Scientific Model 500
Sonic Dismembrator (Fisher Scientific, Hampton, NH, USA) on 40 mL of sludge in a 100 mL glass
beaker. The sonication probe was placed centrally and 1 cm above the bottom of the sample. The glass
beaker was surrounded with crushed ice in order to minimize temperature increase as a result of
sonication. Sonication was applied at 20% intensity (80 W) for 1 min. The sonicated sludge was
then centrifuged (12,000 g × 15 min) again to separate the extracted materials from the residuals.
The supernatant from the centrifuge step was used to measure bound EPS.

2.4. DNA Extraction and RFLP Analysis

Duplicate biomass samples of 1 mL were taken from each unit of the three different systems at
the end of this study. The biomass was preserved in 50% ethanol immediately upon sampling, and
stored at −20 ◦C prior to analysis. The sample was then centrifuged at 13,000× g for 10 min after
which the supernatant was decanted. The pellet was washed with 1 mL of deionized and distilled
water (DDW) and centrifuged once again in the same manner to ensure a maximal removal of residual
medium. The supernatant was carefully removed and the pellet was resuspended in 100 µL of DDW.
Total DNA in the suspension was immediately extracted using a power soil DNA isolation kit (Mobio,
INC., Carlsbad, CA, USA). Purified DNA was eluted with 100 µL of Tris–HCl buffer (pH 8.0) and
stored at −20 ◦C for further analyses.

The bacterial 16S rRNA gene was amplified using two universal bacterial primers, 11f
(5’-GTTTGATCCTGGCTCAG-3′) and 1492r (5’-TACCTTGTTACGACTT-3’) [23,24]. The thermal profile
used for the universal amplification was: initial denaturation at 95 ◦C for 5 min; 35 cycles of 95 ◦C for
30 s; 55 ◦C for 30 s; 72 ◦C for 45 s; and final extension at 72 ◦C for 10 min. For restriction fragment
length polymorphism (RFLP) analysis, we digested 16S rRNA gene amplicons using MspI restriction
enzymes at 37 ◦C for 3 h, respectively. The restriction digestion mixture contained 9 mL of PCR
product, 1mL of enzyme buffer and 1 mL of 10U of restriction enzymes. The digested 16S rRNA gene
was electrophoresed at 60 V for 2 h in horizontal 2.0% (wt/vol) agarose gel in a TAE buffer system.
After electrophoresis, the gel was stained with ethidium bromide, examined by UV transillumination
and photographed.

2.5. Chemical Analysis

Biochemical oxygen demand (BOD), suspended solids (SS), chemical oxygen demand (COD),
total nitrogen (TN) and total phosphorous (TP) contents in the samples were measured according to
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the procedures shown in Standard Methods [25]. Dead end filtration was conducted using Amicon
Cell (Amicon Corp., Bedford, MA, USA) in order to examine the flux behaviors of the sample at a
constant filtration pressure. Protein concentrations in both SMP and EPS were quantified by the Lowry
method using bovine serum albumin as a standard [26]. Polysaccharides in the same fractions were
analyzed using the Dubois method using glucose as a standard [27].

3. Results and Discussion

3.1. Performance of the Pre-Denitrification MBR on Food Wastewater

Designated volume of mixed liquor suspended solids (MLSS) was wasted from the system to
maintain SRT at about 45 days. Table 3 summarizes the performance results of the three MBR systems
treating high-strength food wastewater.

Table 3. Performance MLE type MBR.

MBR1 MBR2 MBR3

Total HRT (h) 18 24 36
Organic Loading Rate (g COD/L-day) 0.21 0.16 0.11

MLSS (mg/L) 6700 6300 5635
MLVSS (mg/L) 5430 5040 4310

SS removal (%) * >99 >99 >99
COD removal (%) * 79.0 (5.8) 81.8 (11.6) 83.2 (5.1)
T-N removal (%) * 82.0 (3.6) 84.2 (3.4) 88.2 (3.5)
T-P removal (%) * 54.4 (14.4) 64.2 (13.9) 71.6 (14.8)

Note: * ( ): Standard deviation.

The average MLSS concentrations increased as HRT decreased due to higher influent organic
loading. The effluents were mostly stable and changed according to loading variation (Figure 2).

Although suspended solids (SS) in the effluent was extremely low, the effluent COD was relatively
high at 220–280 mg/L corresponding to 79–83% overall COD removal efficiency and this removal
efficiency was comparable with previous research [28]. The high COD concentration in the effluent was
likely associated with two sources: the residual non-biodegradable organic substances present in the
high-strength wastewater and soluble microbial products (SMPs) associated with the growth and decay
of biomass. Fuchs et al. reported that the artificial wastewater, which was easily biodegradable, showed
more than 90% of COD removal efficiency while wastewater containing hard to biodegraded biomass
had lower COD removal efficiency [29]. Good removal of total nitrogen was achieved with efficiency
greater than 82% since high COD/N ratio of the wastewater (approximately 27) was beneficial for
denitrification and the biodegradable organics could be effectively used for denitrification in the anoxic
reactor. On the other hands, in spite of the low concentration of phosphorus in the influent, phosphorus
removal efficiency was shown in the range of 54 to 72%. This low removal efficiency was most likely
due to process characteristic (not specifically designed for biological removal of phosphorus) and long
SRT in three systems.
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Figure 2. Water quality change over the experimental period �, influent �, MBR1 #, MBR2: (a) COD;
(b) T-N; (c) nitrate nitrogen; (d) T-P.

3.2. Effects of HRT on Nutrient Removal in the Pre-Denitrification MBR on Food Wastewater

Biological denitrification is strongly subject to the COD/N ratio of wastewater and the COD/N
ratio of 8 to 9 is generally suggested for the effective denitrification [30,31]. The high COD to N ratio,
approximately 27, of the disposer wastewater used in this study was much higher than that from the
typical sewage, so it was presumed to be suitable for the process like MLE with pre-denitrification
unit as shown in Table 1. In general, effluent nitrogen concentration could be controlled by internal
recycle ratio (IR) due to nitrate loading to anoxic tank but it was determined by HRT under the fixed IR
condition used in this study. The concentration of nitrate leaving out of the aerobic reactor is calculated
by mass balance on nitrogen in the aerobic reactor including nitrogen synthesized into biomass [32].
As the MLE-type MBR does not involve RAS, the equation can be simplified as follows:

NO3 =
1

1 + IR

(
TN0 −HRT

MLVSS
SRT

14
113

)
(1)
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where: NO3 is effluent concentration of nitrate, TN0 is influent total nitrogen, IR is internal recycle
ratio, HRT is hydraulic retention time of the system, and SRT is solids retention time of the system.

For the given amount of nitrogen concentrations and IR, the effect of the HRT on the effluent
nitrate concentration is illustrated in Figure 3.
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As shown in Figure 3, the nitrogen concentrations in effluent were decreased according to HRT
increased. It is widely known that the increasing of HRT value lead to decreasing of substance
concentration in effluent for a certain influent substance concentration. The experimental data was
well fitted with the values calculated by Equation (1) demonstrating that increased HRT could enhance
the removal efficiency of nitrogen under fixed IR condition in MLE-MBR.

The removal of phosphorous from wastewater can be achieved by wasting the biomass that
accumulates phosphorus by cell assimilation. Theoretically, phosphorus removal of the treatment
system is governed by wasting of excess sludge biomass and it is also dependent on the biomass
growth rate. Therefore, phosphorus concentration of effluent could be expressed as a function of HRT
under the fixed SRT condition as follows [32]:

P = P0 − fp
HRT
SRT

MLVSS (2)

where: P is effluent phosphorus concentration, P0 is influent phosphorus concentration, fp is phosphorus
content in biomass.

The parameters used for the calculation were as follows: phosphorus content (fp) was based on
typical fraction (2.67%) of P from C5H7O2NP0.1 and average influent phosphorus (P0) was measured
to be 6.1 mg/L. Figure 4 shows the observed and calculated effluent phosphorus concentrations for a
wide range of HRTs.

Effluent phosphorus was not very low since the SRT was maintained at a high value of 45 days.
Both calculated and experimental P data showed that P removal through cell synthesis and biomass
wasting increased with increase in HRT. Overall experimental data on effluent N and P obtained
from the three pre-denitrification MBR systems could be comparable with those predicted from the
well-known engineering equations. It was certain that higher HRT led to better N and P removal in
the studied process.
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Figure 4. Effect of HRTs on effluent phosphate concentration.

3.3. Membrane Fouling

The most relative part of system to treat food wastewater in this study was MBR. Hence,
the membrane fouling and maintenance need to be investigated along the wastewater treatment
performance. Furthermore, COD and BOD concentrations of the influent were 1276 and 750 mg/L,
respectively, which were about 4 to 6 times higher than those of the typical domestic wastewater [33–35].
This led to adoption of long HRT in this study. Long HRT and high MLSS concentration associated
with MBR could also lead to generation of a substantial amount of EPS and were thought to affect
membrane biofouling [36].

In the experiments, the permeation of membrane was conducted at three constant fluxes of 15,
11.25 and 7.5 L/m2-h, corresponding to HRT (h) of 18 (MBR 1), 24 (MBR 2), and 36 (MBR 3), respectively.
Transmembrane pressure (TMP) was monitored to examine the trend of the membrane fouling under
three different flux conditions, and the result are shown in Figure 5.
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Figure 5. Transmembrane pressure profiles and cleaning.

With the high flux of 15 L/m2-h (MBR 1), the increase of pressure drop occurred rapidly. On 28th
day, the membrane was first taken out of the reactor and then physical cleaning was performed
by flushing and backwashing of the membrane followed by the chemical cleaning with NaClO.
Permeability of membrane got improved after cleaning with the decrease of pressure from 0.065 to
0.003 MPa. There was no significant difference in TMP changes between virgin (first operating period)
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and non-virgin (second operating period) membrane. In general, chemical cleaning is more effective
than physical cleaning to recover flux in membrane system [37]. The chemical and physical cleaning
were conducted together and original state of membrane was almost restored. A constant and slower
fouling rate is expected at higher cleaning levels, while an exponential increase in the fouling rate
is expected at lower cleaning levels [38]. Appropriate cleaning level for energy saving and fouling
amelioration should be considered.

To determine the specific resistance of the sludge to filtration, dead end filtration experiment
was conducted. The time to permeate volume (t/V) versus the cumulative permeate volume (V) was
plotted to calculate the specific resistance of filtration (SRF) (Figure 6).
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The SRF value was calculated by linear regression for the given filtration data normalized by
concentration of MLSS [39]. The data clearly showed that higher SRF, an indicator for the higher
membrane fouling, was seen with lower HRT. This result is consistent with the TMP data described
above (Figure 5), indicating that system HRT has a large effect on the membrane fouling.

Finally, the specific membrane fouling rate, the rate of TMP increase per the specific flux set
(dTMP/Flux), was plotted along given HRT (Figure 7).
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As the flux and HRT increased, the specific membrane fouling rate increased. Specifically, at HRT
of 18, 24 and 36 h, dTMP/Flux was 4.9, 5.0, and 5.4 kPa/m, respectively. The observed data from the
current study, together with previous research in the literature, reveal that HRT is significant operating
parameter that affect membrane performance in MBR process [40].

3.4. EPS and SMP in the Reactor

It is known that activated sludge EPS originate from microbial metabolism, cell lysis, and
organic matter adsorbed from wastewater such as human fecal proteins from influent sewage [28].
For the pre-denitrification MBR system treating high-strength wastewater from food waste disposer,
production of EPS could be affected by various factors such as organic loading (HRT), SRT, carbon
source, and limiting nutrients, etc. [41,42]. Figure 8 shows both SMP and sonication-extracted EPS
obtained from aerobic sludges in three MBR systems.
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In view of the fact that SMP can be defined as ‘soluble compounds that do not include the initial
substrate nor its biodegradation products’ [43], measurement of SMP is considered identical to the
materials found in effluent permeate. As the data shows, there was not large variation between SMP in
effluent COD from three systems. However, it can be clearly seen that bound EPS (sum of protein and
polysaccharide) was greatly influenced by HRT used in the system. The bound EPS showed 86.4, 89.7,
and 158.7 mg/g VS for the sludges obtained from MBR 1 (18 h HRT), MBR 2 (24 h HRT), and MBR 3
(36 h HRT), respectively. It is clear that short HRT employed in MBR 1 caused higher expression of
bound EPS into the sludge. These data clearly indicate that HRT led to large effects on production of
EPS from sludge and that the higher membrane fouling occurrence seen earlier was strongly associated
with difference in bound EPS.

3.5. Microbial Community Profile by RFLP Analysis

RFLP analysis reveals genetic fingerprints that can provide information about the composition
and changes in microbial communities. The diversity of the microbial community in this study
was estimated by examining overall banding profile and counting the number of bands on RFLP
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gels, in which each band corresponded to a different taxon. This is one of the simplest ways to
describe community diversity in the complex microbial system. Samples from more diverse microbial
communities are expected to produce more RFLP bands.

All three systems started with the same seed sludge, removing variation in seed microorganisms
in different systems. RFLP was performed on sludges from both aerobic and anoxic reactors at the end
of the operation (day 62). As Figure 9 shows the diversity of the microbial communities was not that
high as seen with a few number of bands in each reactors.
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More importantly, the composition of the microbial communities in each reactor was very similar,
resulting in the same banding pattern on RFLP gels despite the fact that systems were operated under
different feed conditions for long time. Although the composition of the microbial communities did
not vary under various feed loading, different conditions between the aerobic (Lane 1–3) and anoxic
reactors (Lanes 4–6) resulted in different composition of the microbial communities, as demonstrated
by different banding patterns. In addition, eight bands in the aerobic reactors and seven bands in the
anoxic reactors were observed respectively, indicating different diversity. These results indicate that
different metabolic conditions (aerobic vs. anoxic) led to selection of different microbes but different
organic loading by varying HRT did not influence much on the composition of bacteria.

As seen above, differences in HRT influenced the level of bound EPS and membrane fouling rate.
The lack of difference in microbial composition by different HRT may support the hypothesis that
the effects of HRT on membrane fouling are largely governed by the expression of EPS as microbes
undergo physiological adaptation in each system. However, an alternate way to explain the little
difference seen in RFLP data could be that a community with some numbers of taxa are present at
concentrations below the threshold detection limit of the RFLP. Such a situation could also result in a
decrease in the number of RFLP bands detected.
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4. Conclusions

The study investigated the performance of the pre-denitrification MBR process treating
high-strength food wastewater. The main focus of the study was to investigate the effect of HRT on
operational performance; both on effluent permeate quality and membrane fouling. We also investigated
the role of EPS, SMP, and microbial community in membrane fouling in the pre-denitrification MBR
system. The specific conclusions obtained from this study are as follows:

• Suspended solids were removed by the membrane system ensuring 99% of removal efficiency
and the system could be effective to remove suspended solid in food wastewater.

• Effluent COD was relatively high due to high concentrations of non-biodegradable organic
substances and SMP.

• High COD/N (~27) in food wastewater permitted effective biological denitrification achieving TN
removal efficiency greater than 82% for the three systems. However, high SRT used in MBR did
not allow effective TP removal due to characteristics of the system (not conceived for P removal).

• Longer HRT in general showed better effluent quality in terms of effluent COD, TN, and TP.
• HRT showed large effects on membrane fouling that could be assessed by changes in TMP,

increase in SRF, and high membrane fouling rate. Longer HRT led to high membrane fouling.
• HRT also showed large effects on the level of bound EPS. However, that effect was not readily

seen from the microbial composition assessed by RFLP.
• Overall, the pre-denitrification MBR is feasible for treating high COD/N food wastewater. When

applying pre-denitrification MBR process, higher HRT is preferable in terms of better effluent
quality and lower membrane fouling potential due to smaller bound EPS existing in sludge.
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