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ABSTRACT

A bench-scale University of Cape Town-membrane bioreactor was utilized to treat synthetic munic-
ipal wastewater with focus on the effect of chemical oxygen demand (COD)/total nitrogen (TN)
(COD/N) ratio on biological nutrient removal and membrane fouling behaviors. The process showed
a strong capability of anti-shock organic loading, and an average 89.9% removal efficiency of organic
matter was achieved, indicating that COD removal was independent of the COD/N ratio. The average
removal efficiencies of TN and total phosphorus (TP) were highest at a COD/N ratio of 7.3 at 90.3%
and 92.4%, respectively. The proportions of TN removal via simultaneous nitrification and denitri-
fication (SND) and TP removal via anoxic phosphorus removal increased to 27.9% and 44.91% from
1.6% and 7.94% (COD/N ratio of 3.2), respectively. A higher fouling rate was observed with increasing
COD/N ratio, due to the changes in the nitrogen removal pathway. The increase of organic loading
and decrease of dissolved oxygen induced SND behavior that affected the physiochemical properties
and metabolic productions of the aerobic biosolids. The sludge filterability deteriorated due to the
higher bound extracellular polymeric substances and soluble microbial products that were produced
under SND condition, which also resulted in a higher modified fouling index both for suspended
solids and soluble components. Biofloc sizes decreased slightly with high air shear stresses owing to
the decreased dissolved oxygen. The nitrogen reduction across the membrane via denitrification of the
biofilm attached on the membrane surface was also assessed.

Keywords: Membrane bioreactor; COD/N ratio; Biological nutrient removal; Simultaneous nitrification
and denitrification; Membrane fouling

1. Introduction

The water environment has been significantly affected by
eutrophication, receiving much attention from the research
community [1-3]. Nitrogen and phosphorus are the main con-
tributors to this process. The influent concentration of carbon
source plays an important role in the simultaneous nitrogen
and phosphorus removal process. In the biological nitrogen
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removal process, nitrifiers conduct anti-nitrification under aer-
obic condition, and denitrifiers require electron donors to con-
duct denitrification under anoxic condition. In the biological
phosphorus removal process, polyphosphate-accumulating
organisms (PAOs) require volatile fatty acids to synthesize
poly-pB-hydroxybutyrate (PHB) and release phosphorus under
the anaerobic conditions, and then the PHB is consumed to
obtain energy to increase uptake of phosphorus under aerobic
conditions. Natural competition of carbon sources will occur
between PAOs and denitrifiers in a simultaneous nitrogen

1944-3994/1944-3986 © 2018 Desalination Publications. All rights reserved.



Z. Wang et al. / Desalination and Water Treatment 110 (2018) 76-88 77

and phosphorus removal process, especially in an anaerobic
reactor [4]. Thus, achievement of an appropriate composition
of influent nutrients is a key factor to achieve effective biolog-
ical nutrient removal (BNR) performance.

Membrane coupling with an activated sludge process is a
promising technology with excellent effluent quality, sufficient
to meet the standard of municipal and industrial wastewater
reclamation [5-8]. Different configurations of membrane
bioreactors (MBRs) have been developed for BNR from
wastewater (e.g., simultaneous nitrification and denitrifica-
tion-membranebioreactor[SND-MBR], anoxic/oxic-membrane
bioreactor [A/O-MBR], and enhanced biological phosphorus
removal-membrane bioreactor [EBPR-MBR]). Fouling behav-
iors associated with different configurations of biological
nutrient removal-membrane bioreactor (BNR-MBR) processes
exhibit different characteristics [9-11]. All parameters
involved in the design and operation of MBR processes influ-
ence on membrane fouling. Thus, three categories of factors
are defined, that is, membrane characteristics, operating con-
ditions, and feed-biomass parameters [12]. Chen et al. [13]
quantified interfacial interactions between a randomly rough
membrane surface and foulant particles and revealed that the
membrane surface characteristics had significant impacts on
membrane fouling. The operating conditions (e.g., flux, aer-
ation, crossflow velocity [CFV], and sludge retention time
[SRT]) also exhibit substantial influences on membrane foul-
ing, within which some operating parameters can simulta-
neously affect the biomass characteristics [12]. The biomass
quality parameters (e.g., floc size, floc roughness, bound
extracellular polymeric substance [EPS], and soluble micro-
bial product [SMP]) have more direct effects on membrane
fouling [14,15]. Shen et al. [16] reported a decrease in floc size
would greatly increase both of hydraulic cake resistance and
osmotic pressure-induced resistance. Bound EPSs and SMPs
are considered two main components that affect the biofoul-
ing potential of the mixed liquor (ML). Bound EPSs attached
on the surface of biofloc is composed of high-macromolecular
polyelectrolytes  (e.g., protein, carbohydrate, humic
compounds, and nucleic acids) and determines the biofloc
structure and settling ability, thus affecting the biocake fouling
resistance. SMPs are soluble (sol) EPS and are associated with
metabolic and biomass decay. SMPs are considered the main
contributor to deep pore-blocking resistance, which leads to
irreversible fouling due to membrane rejection. Additionally,
the gelation of SMP and the colloidal in the presence of cal-
cium ions induce the formation of gel layer, which increases
the fouling resistance in MBR processes [17,18].

Different kinds and concentrations of carbon resources
also affect the metabolic characteristics of activated sludge
and can influence the sustainable filtration process [19-21].
The chemical oxygen demand (COD)/total nitrogen (TN)
(COD/N) ratio plays an important role in affecting the quan-
tity and composition of microbial metabolic productions.
There is also an effect of influent composition on membrane
fouling, as well as an effect of BNR performance. However,
few studies have been conducted on the influence of the
COD/N ratio on membrane fouling, particularly for a mem-
brane-based BNR process.

In this study, the influences of COD/N ratio on the BNR
performance and membrane fouling were comprehensively
investigated, using feed wastewater with different carbon

concentrations. Physiochemical characteristics and meta-
bolic production of aerobic biosolids under different COD/N
ratios were monitored to determine their relationships with
biofouling propensity. More specifically, biofloc size distri-
butions and the quantities and compositions of SMP and
EPS were determined to analyze the biofouling mecha-
nisms. Modified fouling index (MFI) values of the sol and
suspended solid (SS) fractions of the ML were determined to
assess membrane fouling propensity under different COD/N
ratios. The relationships between nitrogen loss in the aerobic
tank and the fouling rate were determined.

2. Materials and methods
2.1. Experimental setup and operation

The bench-scale plant (Fig. 1) is comprised of a biore-
actor (total volume 28 L) with a University of Cape Town
(UCT)-type configuration (i.e., anaerobic [20% of the total
volume], anoxic-1 [20%], and anoxic-2 [20%] reactor compart-
ments, followed by a compartment [40%] with a submerged
flat sheet membrane [pore size, 0.4 pm; surface area, 0.1 m?
made of chlorinated polyethylene of Kubota Corporation,
Japan]). The anaerobic and anoxic reactor compartments each
include a mixer. An online pH-dissolved oxygen (DO) sen-
sor (WTW Multi 340i) is installed in the aerobic membrane
reactor compartment. The bench-scale University of Cape
Town-membrane bioreactor (UCT-MBR) process is controlled
with a programmable logic controller and data acquisition sys-
tem that controls all the automatic control loops of the plant.
Constant flux (20 L-h-m™) and intermittent suction (9 min suc-
tion and 1 min rest) were utilized during the experiment. Feed
synthetic wastewater from the storage tank is pumped to the
anaerobic reactor followed by anoxic tank-1, anoxic tank-2,
and then the aerobic-membrane tank, and finally pumped
out through the membrane module. The temperature can be
controlled by a heater that is submerged in anoxic tank-1. The
operational parameters are listed in Table 1.

2.2. Synthetic municipal wastewater and seed sludge

The UCT-MBR plant was fed with synthetic municipal
sewage water (real municipal sewage mixed with an acetate
and ammonia chloride solution to a set the influent COD/N
ratio) and the seed sludge was taken from the east wastewater
treatment plant of Handan, Hebei Province, which employs a
T-type oxidized ditch process, achieving satisfactory biologi-
cal nitrogen removal. The pH was controlled at 7.2-7.4 by the
addition of NaOH and HClI solution. Temperature was con-
trolled at 20°C-23°C using a heater. The major characteristics
of the influent under different operational periods are shown
in Table 2. After 2-month cultivation, stable performance of
biological nitrogen and phosphorus removal was achieved in
the UCT-MBR process.

2.3. Membrane resistance determination

The trans-membrane pressure (TMP, kPa) data were cali-
brated by the standard temperature (T, 20°C) using Eq. (1) [22].

TMP=TMP. - £00239-(-20) 1)
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Fig. 1. Schematic diagram of the UCT-MBR process.
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Membrane resistance was analyzed based on Darcy’ law,
as shown in Eq. (2) [23].

T™MP ™P ™P

]: = =
MR, u(R,+R) w(R +R +R)

@)

where R, is the total hydraulic resistance, R  is the membrane
resistance, R_is the cake layer resistance, Rr is the pore block-
ing resistance, p is the dynamic viscosity of the permeate,
and | is the membrane permeate flux. Each resistance was
determined according to the following experimental proce-
dures: R was computed by measuring the flux and TMP of
tap water using a new flat sheet membrane, R, was evaluated
from the final data after biomass microfiltration, the cake
layer on the membrane surface was wiped with a sponge and
simultaneously flushed by tap water, and the membrane was
then submerged in tap water to obtain flux and TMP data to
calculate R+ Rp. Then R_and Rﬂ were determined by sub-
traction according to Eq. (2). A new flat sheet membrane was
used for each month-long operation cycle.

The fouling rate (F, kPa/h) was determined based on the
increase of TMP for the same period of time, as shown in
Eq. (3) [24].

— dTMP - T1\/IPend - TMPinit-ial
—t

F
Toodt t

®)

end initial

2.4. Chemical and physical analytical methods

COD, sol COD (sCOD), NH,"-N, NO,-N, NO,-N, TN,
TP, mixed liquor suspended solid (MLSS), and mixed liquor
volatile suspended solid (MLVSS) were measured according

Table 1
Operational parameters

Parameters Values
Total hydraulic retention time, h 15.5
SRT, d 20-25
ANO2-ANA recirculation (r,), % of inflow 400%
AER-ANOT recirculation (r,), % of inflow 100%
Aeration rate, L-h™! 100
Temperature, °C 21-23

Table 2
Operational periods of the experiment

79

to standard methods [25]. The sludge samples were obtained
from the aerobic membrane tank at the end of each run and
used to measure biofloc size and the amounts of bound EPS
and SMP. The biofloc size distribution was determined by a
Malvern Mastersizer 2000 instrument (Worcestershire, UK)
with a detection range of 0.02-2,000 mm. The scattered light
was detected by means of a detector that converts the signal
to a size distribution based on volume. Each sample was mea-
sured three times with a standard deviation of 0.1%-1.5%.

2.5. Sample extraction and fractionation

Two parallel sludge mixture samples were removed and
immediately cooled to 4°C to minimize microbial activity.
Each sludge mixture was centrifuged for 15 min at 12,000 g to
remove the SSs, and the protein and carbohydrate concentra-
tions of the supernatant after membrane microfiltration with
pore size 0.45 pm were determined and represent the SMP.
The bound EPS concentration was measured as the amount
of carbohydrate and protein using a cation exchange resin
(CER) (Dowex Marathon C, Na* from, Sigma-Aldrich, USA)
extraction method [26]. Sludge collected from the aeration
tank was centrifuged at 12,000 g for 15 min. The supernatant
was discarded and the sludge was re-suspended in the same
amount of buffer solution. The buffer solution consisted of
2 mM Na,PO,, 4 mM Na,HPO,, 9 mM NaCl, and 1 mM KCL
CER (75 g of CER/gVSS) was added to each sludge and mixed
at 800 rpm for 2 h at 4°C, and then the mixture was centri-
fuged at 12,000 g for 15 min. The supernatant was microfil-
tered through the membrane with pore size of 0.45 um, and
the filtered sample represented the total amount of bound
EPS. The total protein content was determined using the
modified Bradford method. Bovine serum albumin was used
as a protein standard and the total carbohydrate content was
determined using the anthrone-sulfuric acid colorimetric
method with glucose as the standard.

2.6. Batch filtration tests

MFI was determined to compare the biofouling charac-
teristics in terms of bound EPS and SMP. Batch filtration tests
were conducted by using a stirred batch cell (8200, Amicon,
USA) to measure the permeate volume with an ultrafil-
tration (UF) membrane (nominal molecular weight limit
300 kDa, polyethersulfone, 28.7 cm? Millipore Corp., USA),
under constant pressure (30 kPa). Two samples were applied

Operational stages RUN I (1-30 d)

RUN II (31-60 d)

RUN III (61-90 d) RUN 1V (91-120 d)

COD (mg/L) 156.8 2223
Fop/M (gCOD/gMLSS-d™) 0.062 0.088
TN (mg/L) 48.8 493
CODJ/N ratio 3.2/1 4.5/1
F /M (gTN/gMLSS-d™) 0.019 0.02
TP (mg/L) 6.1 59
COD/P ratio 25.7/1 37.7/1
F /M (gTP/gMLSS-d™") 0.002 0.002

267.3 360.5
0.11 0.14
50.1 49.5
5.3/1 7.3/1
0.02 0.02
5.8 6.2
46.1/1 58.1/1
0.002 0.002




80 Z. Wang et al. / Desalination and Water Treatment 110 (2018) 76-88

to fractionate the membrane foulants into sol and SS com-
ponents. First, the sludge mixture from aerobic membrane
reactor containing the sol and SS components was filtered
through UF membranes in the stirred batch cell (Fig. 2).
Second, the sol component (obtained by the same procedure
as described for SMP) of the sludge mixture was filtered
through UF membranes in the stirred batch cell. A plot of t/V
versus V (tin s and Vin L) was then constructed to determine
the MFI according to Egs. (4) and (5) [27]. The SS component
was calculated by subtraction of the sol component from the
sludge mixture.

R
t _BR,  poCy

VAP 2AP (4)
_hoC
MFI= AP (5)

2.7. Calculation of nitrogen removal via SND in the UCT-MBR

Based on the nitrogen balance, the nitrogen removal
via different pathways was calculated specifically using the

Egs. (6)(8) [3]-

DNgn=N, N -N —DN,xa =PNyyo (6)

inf assimilation

DN, =DN, .. +DN ;5 )

N =MLSS Vv

waste < f vss/ss XV yaste X f N/biomass (8)

assimilation

where N, . and N, are the influent and effluent nitrogen
amount, respectively, gN/d; N, ..o DN,y DN, and
N\ Tepresent the nitrogen removed via cell assimilation,

pre-denitrification in the anaerobic tank, pre-denitrification

N,

Stirred Cell Regulator

Magnetic Stirrer

permeate

Nitrogen Cylinder

Fig. 2. Schematic diagram of the stirred batch cell system.

in anoxic tank-1 and tank-2, and SND in the aerobic mem-
brane tank, respectively, gN/d; DN__, and DN, represent
the nitrogen removed via SND on the membrane surface and
in the ML, respectively, gN/d; V___ is the waste sludge daily

discharge amount, L; and f,. = represents the nitrogen
ratio of the total biomass, 12.39% [28].

2.8. Calculation of anaerobic phosphorus release and anoxic
phosphorus remouval efficiency

Based on the phosphorus balance, the anaerobic
phosphorus release (P, ,, mg/L) and the anoxic phosphorus
removal efficiency (T, %) were calculated using Egs. (9) and
(10) [29].

C T, +C. ¢
inf

P =¢ _ _ano2'2
ana ana 1+r2 (9)
T - 1 _ (1+1’1 +T2 )CanOZ 10
(1+r2 )Cana +rlcaer ( )

where C; refers to the phosphate concentration in the influ-
ent; C, ., Cinor @and C, .. refer to the effluent phosphate
concentrations in the anaerobic, anoxic tank-2, and aerobic
membrane tanks, respectively, mg/L; and r, and r, refer to the
recycle from the aerobic tank to the anoxic tank-1 and from
the anoxic tank-2 to the anaerobic tank, respectively, %.

3. Results and discussion
3.1. The Effect of COD/N ratio on overall BNR performance
3.1.1. COD removal

There were different COD concentrations in the influ-
ent, supernatant, and effluent under different COD/N ratios
throughout operation as shown in Fig. 3. On average, 86.2%
of COD was removed for a COD/N ratio of 3.2. During the
next three runs, the removal efficiencies of COD were 89.4%,
90.9%, and 93%, with effluent of 23.6, 24.2, and 25.1 mg/L

COD/N ratio=3.2 COD/N ratio=4.5 COD/N ratio=5.3 COD/N ratio=7.3
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Fig. 3. Performance of COD removal during operational periods.
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under COD/N ratio of 4.5, 5.3, and 7.3, respectively. COD
removal efficiencies were independent of COD/N ratios
based on the high organic matter removal data. As shown in
Fig. 4, the volume loading removal increased with influent
volume loading, indicating that the UCT-MBR has a strong
capability of anti-shocking loading. However, it should be
noted that the process still operated under the low-organic
loading condition (ranging from 0.25 to 0.58 g COD/L-d,
obviously lower than that of the typical anaerobic condition).
Many previous studies have shown consistent high COD
removal efficiency in the MBR process was due to the high
MLSSs and membrane rejection [30].

3.1.2. Nitrogen removal

Throughout operation, the removal efficiency of NH,-N
remained above 99%, with good COD removal performance
irrespective of COD/N ratios, as shown in Fig. 5. In contrast,
TN removal performance was more affected by influent
CODJ/N ratios because electronic donors were needed during
the denitrification process. During RUN I (COD/N ratio of
3.2), the NH,"-N and TN concentrations in the effluent were

COD/N ratio=3.2 COD/N ratio=4.5 COD/N ratio=5.3 COD/N ratio=7.3
RUN | RUN I RUN Il RUN IV
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8 0.54— vo lume Io!adlng removal!efflclency L 60 %
S ! ! hey
~ i i
5 i 2
— A 1 ! - o
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E 0.3 i ; L0 £
= ; i =
2 i i 2
1 1
0.2 . T
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Fig. 4. Changes of volume loading removal with variations of
influent volume loading.
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Fig. 5. Nitrification and denitrification in the UCT-MBR process
during operational periods.

0.1 and 21 mg/L on average, with removal efficiency of 99.8%
and 56.9%, respectively. The deteriorated TN removal perfor-
mance was attributed to the influent-limited carbon source.
At a COD/N ratio of 7.3 (RUN 1V), nearly complete nitrifica-
tion was achieved despite the increased influent organic vol-
ume loading, with an average removal efficiency of 99.8%.
Nitrification activity was not affected by the COD/N ratio,
mainly due to longer SRT and the membrane rejection of
nitrifiers. At the same time, the removal efficiency of TN was
90.3%, with an average NO,-N concentration of 4.7 mg/L in
the effluent. The nitrogen removal performance exhibited
an increasing trend with influent COD/N ratio as shown in
Fig. 6. Higher influent COD/N ratio and higher TN removal
efficiency were obtained during operation. For an influent
CODJ/N ratio of 5.4, greater than 77% removal efficiency of
TN was achieved.

3.1.3. Nitrogen removal pathway under varying COD/N
ratios

The changes in the nitrogen removal pathway under dif-
ferent COD/N ratios are shown in Fig. 7. DO is considered a
key factor affecting the SND process. NO,-N can be utilized
as the electronic acceptor by denitrifiers if organic carbon is
needed under anoxic conditions. Contributions of SND to TN
removal increased with increasing COD/N ratio in the influ-
ent. Ata COD/N ratio of 3.2, the amounts of nitrogen removal
via pre-denitrification in the anoxic and anaerobic tanks were
13.8% and 24.5% with a DO concentration of 3.1 mg/L in the
aerobic tank. During RUN III and RUN 1V, 10.54% and 27.9%
of the amount of influent nitrogen were removed via SND at
a DO concentration of 1.4 and 0.9 mg/L, respectively. Higher
TN removal efficiency was achieved due to the contribution
of the SND process, which was induced by the decreased DO
concentration due to the increased COD/N ratio.

3.1.4. Phosphorus removal

Total phosphorus (TP) removal performance under dif-
ferent COD/N ratios was measured in Fig. 8. The TP removal

100
904 8%909° o

80 °
%%ooo

0 Po %

9
oF, P°

TN removal efficiency/ (%)

= N W [$)] ~
1 1 1 1 1 1 1

-
N
w

4 5 6 7 8 9
CODI/N ratio

Fig. 6. Changes of TN removal efficiency with variations of
COD/N ratio.
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Fig. 7. Changes in the nitrogen removal pathway during operational periods.

efficiency was only 29.5% at a COD/N ratio of 3.2. High con-
centrations of NO,-N from anoxic tank-2 influenced the
phosphorus released due to carbon-source competitions
between the polyphosphate-accumulating organisms (PAOs)
and denitrifiers in the anaerobic tank. PAOs could not release
phosphorus effectively, due to the insufficient carbon source
available to change into PHB. In the aerobic condition, the
energy needed for excessive phosphorus uptake could not be
accessed because there was an insufficient amount of PHB
present in the anaerobic condition. The amount of phospho-
rus released in the anaerobic tank increased as the influent

COD/N ratio increased. In addition to the material utilized
by the denitrifiers, PAOs could uptake the remaining carbon
source to change into PHB. As shown in Table 3, the phos-
phorus released by PAOs was 46.82 mg/L at a COD/N ratio of
7.4, almost twice the phosphorus concentration at a COD/N
ratio of 5.4.

It was obvious that anoxic phosphorus uptake occurred,
because there was a decrease of phosphorus from anoxic-1 to
anoxic tank-2, and anoxic phosphorus uptake was enhanced
during operation. The amount of anoxic phosphorus uptake
was influenced by the amount of phosphorus released in the
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anaerobic tank. The anoxic phosphorus removal efficien-
cies were 30.87%, 41.21%, and 44.91% for a COD/N ratio of
4.6, 5.4, and 7.4, respectively. The deteriorated phosphorus
removal efficiency was not observed in the lower DO condi-
tion. When there was pre-denitrification, part of the PAOs in
the anoxic tanks was cultivated to have denitrification ability.
PHB was used as the electron donor in the denitrification pro-
cess by denitrifying poly-phosphate accumulating organisms

COD/N ratio=3.2 COD/N ratio=4.5 COD/N ratio=5.3 COD/N ratio=7.3
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Fig. 8. Performance of phosphorus removal during operational

(DPAOs), with simultaneous uptake of phosphorus under
anoxic conditions [31]. The TP removal mainly depended on
the biological process, and colloid phosphorus was removed
by membrane rejection. Furthermore, as shown in Table 3,
phosphorus was mainly removed via the biological process.
The increased COD/N ratio in the influent could supply
enough electron donors for denitrification bacteria and PAOs
to reduce the carbon-source competition. A higher phospho-
rus removal efficiency was achieved due to the enrichment of
DPAOs and PAOs.

Overall, the COD removal efficiency (93.0% at COD/N
ratio of 7.4) for municipal wastewater in this process was
lower than that (295.0%) for industrial waster (e.g., olive
mill wastewater) using an anaerobic MBR process due to the
lower organic loading in the feed. At the same time, the nitro-
gen and phosphorus removal efficiencies (90.3% and 92.4%
at COD/N ratio of 7.4) were higher than those (~17.5% and
~81.0%) for industrial waster treated using an anaerobic MBR
process due to the alternate anaerobic, anoxic and oxic con-
ditions [32,33].

3.2. Membrane fouling characteristics and mechanisms under
varying COD/N ratios

3.2.1. Membrane fouling characteristics

Fouling characteristics under different COD/N ratios
were measured and are shown in Fig. 9. Higher fouling rates
were observed for higher influent COD/N ratios. During RUN
IV, TMP, , reached 57 kPa with a fouling rate of 0.074 kPa/h,

periods.

Table 3
Changes of COD, nitrogen, and phosphorus in bioreactors during operational periods

COD/N Value INF ANA ANO1 ANO2 AER-MEM EFF

DO (mg/L) (mg/L)

3.2/1 COD 156.8 36.8 26.5 24.7 26.4 21.7

31+0.7 NH,-N 48.4 221 9.1 8.9 0.13 0.1
NO,-N 0.32 0.81 14.2 13.2 21.1 20.9
NO,-N 0.05 0.02 0.02 0.04 0 0
TP 6.1 9.5 6.1 5.8 4.7 4.3

4.6/1 COD 222.3 474 33.9 324 31.5 23.6

22+0.6 NH,"-N 49.1 232 9.5 9.2 0.14 0.12
NO,-N 0.21 0.21 8.8 7.6 15.5 14.9
NO,-N 0.02 0.01 0.01 0.02 0 0
TP 5.9 19.4 7.09 5.74 2.74 2.67

5.4/1 COD 267.3 48.6 40.6 37.5 39.7 24.2

14+05 NH,-N 499 24.2 9.9 9.4 0.16 0.1
NO,-N 0.13 0.02 5.5 4.9 12.3 11.5
NO,-N 0.02 0.03 0.01 0.02 0 0
P 5.8 38.1 9.62 7.94 1.21 1.16

7.4/1 COD 360.5 52.5 45.13 46.5 50.6 25.1

09+04 NH,-N 49.3 25.2 9.7 8.5 0.13 0.12
NO,-N 0.21 0.02 0.26 0.21 5.81 47
NO,-N 0.01 0.03 0.01 0.03 0 0
TP 6.2 55.1 12.39 10.36 0.67 0.47

Note: INF — Influent; ANA — Anaerobic tank; ANO1 — Anoxic tank-1; ANO2 — Anoxic tank-2; AER-MEM - Aerobic membrane tank; and

EFF — Effluent.
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almost 32% higher than that measured for RUN L. The dis-
tributions of membrane filtration resistances were analyzed
to examine the fouling tendencies (Table 4). Bioflocs, colloids,
and solutes were deposited on the membrane surface during
the filtration process, and the biocake resistance became the
dominant resistance, accounting for more than 86% of the total
resistance under varying COD/N ratios. For RUN I, the resis-
tances of biocake and deep pore clogging were 52.45 and 1.9
(10" m™), 89.5% and 3.2%, respectively, of the total. The contri-
butions of biocake resistance to the total resistance decreased
due to the increase of deep pore-blocking resistance, although
the actual biocake resistance also increased.

The structural characteristics of the new membrane, bio-
cake layer, and deep pores are shown in Fig. 10. Clear pores
were distributed uniformly in the new membrane. After RUN
ITI, biocake was formed densely on the surface of the mem-
brane and filled almost all the membrane pores. It was also
observed that (Fig. 10(c)) that deep pores were blocked by the
deposition and adsorption of colloids and solutes, resulting
in irreversible fouling.

3.2.2. Hydraulic resistance of ML

The nitrogen removal pathway under varying COD/N
ratios was discussed in section 3.1.3. The SND behavior can
account for the changes of physiochemical properties of the
ML, which then influence the fouling characteristics under
different COD/N ratios. The hydraulic resistance attributed

COD/N ratio=3.2 COD/N ratio=4.5 COD/N ratio=5.3 COD/N ratio=7.3
RUN 11 RUN Il RUN IV

RUN |

T™MP / (kPa)
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0 10 20 30 40 50 60 70 80 90 100 110 120
Time/ (d)

Fig. 9. Changes of TMP in the UCT-MBR process during
operational periods.

Table 4
Membrane filtration resistance during operational periods

to the individual fraction of the ML was determined in the
batch filtration experiment. Despite the different filtration
conditions of constant flux mode in the flat sheet MBR versus
constant pressure mode in the MFI test, there was an increas-
ing trend with total MFI in the reactor under varying COD/N
ratio, as shown in Fig. 11. The MFI values for the sol, SS, and
ML, under varying COD/N ratios were measured and are
presented in Fig. 12. For RUN I, the SS MFI accounted for
~51% of the ML resistance and the sol MFI accounted for ~
49% of the ML resistance for both MBRs. For RUN 1V, the SS,
sol, and total MFI were 7.8, 8, and 15.8 s/L? values that are
36.8%, 33.3%, and 35% higher than that measured for RUN I,
which can explain the observed higher fouling rates.

3.2.3. Bound EPS

Table 5 shows the quality and composition of bound EPS
in the aerobic tank for different COD/N ratios. Carbohydrates
and proteins are usually the major constituents of the bound
EPS. The amount of bound EPS increased as the COD/N
ratio increased, and carbohydrate was the main fouling
component. In contrast, the ratio of carbohydrate to pro-
tein decreased (ranging from 4.5 to 3) as the COD/N ratio
increased, indicating that protein-like substances played an
increasing importantly role in the biocake structure. More
specifically, the carbohydrate and protein of bound EPS were
8.5 and 1.9 mg/gMLVSS, respectively, for RUN I. In RUN 1V,
where there was obvious SND in the aerobic tank, the carbo-
hydrate and protein of bound EPS increased by 31.8% and
94.7% compared with the levels measured in RUN I. This
can also explain the higher SS resistance, because there were
higher bound EPS levels observed with higher SND, and
increased bound EPS concentration resulted in an increase
amount of bound EPS attached to the membrane surface,
consistent with findings of other studies [27].

3.2.4. SMP

The concentration and composition of SMP during oper-
ation in terms of carbohydrate and protein were measured
and listed in Table 6. The sCOD of the supernatant in the
membrane tank was used as the SMP indicator. The differ-
ences in SMP concentration and composition under different
COD/N ratios confirmed that microbial metabolic produc-
tion differed with changes in the nitrogen removal pathway.
The total concentration of sSCOD remained around 20.5 mg/L,
with carbohydrate of 8.9 mg/L and protein of 1.2 mg/L for
RUN 1. The total sCOD concentration in terms of carbohy-
drate and protein increased as the COD/N ratio increased.
The concentrations of sCOD, carbohydrate, and protein

Operational periods Items (%)

T™P, R (10" m™) R (10" m™) R, (10" m) R, (10" m™)
RUN I 44 kPa 52.45 (89.5) 1.9 (32) 425 (7.3) 58.6
RUN I 46 kPa 54.35 (88.6) 2.7 (4.5) 425 (6.9) 61.3
RUN III 50 kPa 59.65 (88.6) 3.14.7) 425 (6.3) 67
RUN IV 57 kPa 65.7 (86.7) 5.95 (7.7) 425 (5.6) 75.9
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that were measured for RUN I were twice as high as those
observed for RUN 1V, resulting in higher fouling rates.

The permeate concentrations for SMP for RUN I were
examined as shown in Table 6. For RUN I, the rejection per-
cent of carbohydrate, protein, and sCOD were 24.7%, 41.7%,
and 25.8%, and the corresponding values for RUN II were
28.3%, 40%, and 33.6%, respectively. Although there were
fluctuations of the rejection percentages of carbohydrate
(from 24.7% to 33.4%) and protein (from 38.9% to 58.1%) from
RUN I to RUN 1V, the sCOD rejection percentage increased
with increasing COD/N ratios, indicating that the higher
SMP rejection under the SND state relative to the higher DO

0.08
COD/N ratio=7.3
0.07 COD/N ratio=4.5 RUN oN
RUN II
3 COD/N ratio=5.3 @
a_u 0. 06 RUN I
= o
N )
W COD/N ratio=3.2
0. 05+ RN
0.04 T T T T T T

10 11 12 13 14 15 16 17
MF1/ (10%s/L%)

Fig. 11. Changes of membrane-fouling rate with variations of

MFI of the mixed liquor in the aerobic membrane tank.

(b)

Fig. 10. The scanning electron microscope photographs of (a) new membrane; (2) biocake layer; and (3) deep pores after RUN III.

condition was due to the higher retention of SMP under SND
state and the increased membrane-fouling rate, as confirmed
by higher sol MFI values.

3.2.5. Biofloc size distribution

Biofloc size distributions in the aerobic membrane tank
under varying COD/N ratios were measured, as shown in
Fig. 13 and Table 7. Previous research showed that biocake
fouling resistance was significantly altered by the biofloc
size and was also affected by the complex background of the
sludge mixture (i.e., aeration shear stress and DO). Constant

COD/N ratio=3.2 COD/N ratio=4.5 COD/N ratio=5.3 COD/N ratio=7.3
RUN | RUN I RUN Il RUN IV

20 —SS
184 mmSoluble
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0.

Fig. 12. Filterability of activated sludge in the aerobic membrane
tank during operational periods.

Table 5
Quality and composition of bound EPS in the aerobic membrane tank during operational periods
COD/N Bound EPS (mg/gMLVSS) Carbohydrate (mg/gMLVSS)  Protein (mg/gMLVSS)  Carbohydrate/protein
RunlI 10.5 (¥2.3) 8.5 (+1.4) 1.9 (x0.8) 45
Run I 11.6 (+2.5) 9 (£1.9) 2.4 (£1) 38
Run III 12.6 (+3.1) 9.8 (#2.1) 2.8 (£1.1) 3.5
Run IV 14.9 (+3.6) 11.2 (+2.9) 3.7 (+1.4) 3
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aeration intensity was maintained during the whole opera-
tion and the same CFV was obtained for the same shear stress.
Slight differences in the biofloc sizes were induced by the
changes of DO, which were significantly affected by influent
organic loading. The biofloc size decreased from 53.975 to
49.287 um as the DO decreased from 3.1 to 0.9 mg/L. A lower-
ing of cell surface hydrophobicity under the oxygen-limited
state could disrupt the flocculation ability of microbial aggre-
gates. The biofloc size became smaller under limited oxygen
and decreased settling was observed with bulking [34]. In
contrast, Arabi and Nakhla [27] reported that larger biofloc
sizes were found in the SND-MBR compared with those in
the aerobic-MBR. In this experiment, aeration intensity was
controlled for a lower DO state, so there was lower aeration
shear stress in the SND-MBR than in the aerobic-MBR.

3.2.6. Changes of membrane fouling with denitrification

Nitrogen loss across the membrane was calculated as the
NO,-N reduction. The effect of DO and sCOD on NO,-N

Table 6
SMP concentration and composition and permeates and SMP re-
jections in the aerobic membrane tank during operational periods

Run Items MBR tank  Permeate Rejections
periods  (mg/L)
RunI SMP.. 8.9 (x2.1) 6.7 (£1.8)  24.7%
SMP, 1.2 (x0.6) 0.7 (x0.3) 41.7%
sCOD 20.5(£3.2) 152 (+2.9) 25.8%
Run IT SMP,_ 11.3 (+2.8) 8.1(+1.8) 28.3%
SMP, 1.5 (+0.8) 0.9(x0.2) 40%
sCOD 262 (#3.5) 174 (x3.4) 33.6%
RunIll ~ SMP, 163 (x6.2) 121 (x4.1) 25.8%
SMP, 1.8 (+0.6) 1.1(x0.4) 38.9%
sCOD 33.6 (¥4.3) 198 (#32) 41.1%
RunlIV ~ SMP, 25.3 (#+4.8)  16.6 (¥3.7) 34.4%
SMP, 3.1 (x1.2) 13 (x0.7) 58.1%
sCOD 433 (x6.1)  21.1(+4.3) 51.3%
1"
10 —«RUN | GOD/N ratio=3.2
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Fig. 13. Changes of biofloc size in the aerobic membrane tank
during operational periods.

reduction was evaluated asshownin Fig. 14. A reductionin the
sCOD reduction in the range of 5.3-22.2 mg/L was observed
in the SMP rejection with NO,-N reduction ranging from 0.2
to 1.11 mg/L. It has been reported that denitrification can be
conducted by biofilm on the membrane surface [35], reduc-
ing membrane permeability. Matéja et al. [36] calculated that
4.2 gCOD/g N was needed for denitrification considering
biomass formation, but the observed sCOD reduction was
higher than the theoretical amount, confirming that other
parts of sCOD were rejected by the accumulation of biocake
layer in the membrane tank. It can be clearly seen from the
data presented in Fig. 14 that the concentration of sCOD and
NO,~N reduction decreased as DO increased, indicating that
DO acted as a key factor of SND occurrence in the biofilm
attached on the membrane surface.

The changes of the membrane-fouling rate with varia-
tions of nitrogen removal via SND in the aerobic membrane
tank are shown in Fig. 15. An increased fouling rate was
observed with the increase of DN __, DN, ., and DN,
indicating that SND in the membrane tank was the major
factor contributing to a higher fouling rate, which may sug-
gest the COD/N ratio directly influenced DO.

4. Conclusion

Nutrient removal performance of the UCT-MBR was
highly influenced by COD/N ratios. A high COD/N ratio (7.3)
can alleviate the consequences of natural competition for car-
bon among denitrifiers and PAOs, and the anoxic phosphorus
process was enhanced to account for 44.93% of TP removal

Table 7
Biofloc size distribution in the aerobic membrane tank during
operational periods

Operational  d (0.1) d (0.5) d (0.9) Standard
periods (um) (um) (pum) deviation
RUNI 22.643 53.975 104.754 0.422%
RUN II 21.009 52.883 101.817  0.610%
RUN III 21.676 50.923 103.521 0.611%
RUN IV 22.041 49.287 95.243 0.759%
_ m observed sCOD reduction
1.6 @ NO,-N o theoretical sCOD reduction
) COD/N ratio=3.2 )
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Fig. 14. Denitrification on membrane surface associated with DO
and sCOD.
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Fig. 15. Changes of membrane-fouling rate with variations of the
nitrogen loss in the aerobic membrane tank.

by DPAOs. Contributions of TN removal via aerobic SND
increased to 27.9% from 1.6% (COD/N ratio of 3.2) because
an increasing COD/N ratio changes the pathways of nitrogen
removal, which also accelerates the membrane-fouling rate
due to higher microbial metabolic production. Denitrification
behavior conducted by microorganisms attached on the
membrane under lower DO conditions also affected the
membrane-fouling propensity.
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