Journal of Hazardous Materials 192 (2011) 1509-1514

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

Enhanced performance of a submerged membrane bioreactor with powdered
activated carbon addition for municipal secondary effluent treatment

Hongjun Lin®*, Fangyuan Wang?, Linxian Ding?, Huachang Hong?, Jianrong Chen?**, Xiaofeng LuP

2 College of Geography and Environmental Sciences, Zhejiang Normal University, 688 Yingbin Avenue, Jinhua, Zhejiang Province 321004, PR China
b Shanghai Institute of Applied Physics, Chinese Academy of Science, Shanghai 201800, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 7 February 2011

Received in revised form 28 May 2011
Accepted 26 June 2011

Available online 1 July 2011

The aim of this study was to investigate the feasibility of PAC-MBR process treating municipal secondary
effluent. Two laboratory-scale submerged MBRs (SMBR) with and without PAC addition were continu-
ously operated in parallel for secondary effluent treatment. Approximately 63%TOC, 95% NH4*-N and
98% turbidity in secondary effluent were removed by the PAC-MBR process. Most organics in the sec-
ondary effluent were found to be low molecular weight (MW) substances, which could be retained in
the reactor and then removed to some extent by using PAC-MBR process. Parallel experiments showed
that the addition of PAC significantly increased organic removal and responsible for the largest fraction
of organic removal. Membrane fouling analysis showed the enhanced membrane performance in terms
of sustainable operational time and filtration resistances by PAC addition. Based on these results, the
PAC-MBR process was considered as an attractive option for the reduction of pollutants in secondary
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1. Introduction

Reuse of treated municipal wastewater (municipal secondary
effluent) has been long proposed [1,2], and the worldwide water
scarcity has increased its interest. This is particularly true in arid
and semi-arid regions where domestic, industrial and agricultural
demands compete for limited resources. Specifically, municipal
secondary effluent can be reused to agriculture at all levels, urban
and industrial uses, aquifer recharge, etc. [3]. Further treatment of
secondary effluent is usually required in order to maintain adequate
levels of sustainable agriculture production, decelerated salinisa-
tion processes of the ground waters and to prevent long range
adverse effects of gradual environmental pollution [4], as well as
to comply with the reusable standard. This involves the removal of
turbidity, pathogenic microorganisms, organic and inorganic mat-
ter presented in secondary effluent. Membrane technology is one
development that now plays an increasingly important role in pro-
viding such treatment. Direct membrane filtration of secondary
effluent with microfiltration (MF), ultrafiltration (UF), nanofiltra-
tion (NF) and reverse osmosis (RO) has been extensively studied to
date [3,5-7]. However, secondary effluent is a type of water abun-
dant in residual organic substances and fine colloids, which will
induce serious membrane fouling in direct filtration process. Fur-
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thermore, membranes like MF and UF could hardly efficiently retain
soluble organic and inorganic substances. Insufficient pollutants
removal and membrane fouling appeared to remain the persistent
technical hindrances of direct filtration processes.

Membrane bioreactor (MBR) is one of membrane processes
combining membrane units responsible for physical separation,
and biological process responsible for biodegradation of the waste
compounds. Due to the advantages over conventional activated
sludge process with highly improved permeate quality, reduced
footprint occupation and sludge production [8-10], MBR has
emerged as one of the promising technologies for wastewater treat-
ment and reuse [11]. In general, MBR was mostly used for industrial
or municipal wastewater treatment, while less applied in further
treatment of secondary effluent. This is mostly because of the rel-
atively low organic strength and the refractory presented in the
secondary effluent [8]. However, the presence of biomass in MBR
system was expected to be capable of degradation or bioabsorp-
tion of the residual organic substances and fine colloids to some
extent in secondary effluent, which would benefit membrane foul-
ing control and improve permeate quality. Evidences have shown
that certain levels of mixed liquor suspended solids (MLSS) are
required to scour the membrane surface and enhance the mem-
brane flux in MBR systems [12]. Meanwhile, it is envisaged that
addition of adsorbents such as powdered activated carbon (PAC)
directly into the MBR can lead to significant retention of soluble
pollutants. Due to the complete retention of sludge by the mem-
brane and application of longer SRT, the retained pollutants may
be efficiently removed in an MBR to which PAC has been added.
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Table 1
Physical characteristics of membrane module.

Characteristics items

Membrane materials PVDF

Geometric characteristics Dimension: 17 cm (L) x 24 cm(H) x 0.5 cm (W)
MWCO (kDa) 140

Membrane area (m?) 0.4 (0.08 m2x5)

Membrane type Flat sheet

Moreover, addition of PAC into the MBR has been frequently con-
firmed to benefit membrane fouling mitigation [12-15].

Although PAC-MBR process shows the potential in the sec-
ondary effluent treatment application, perusal of the literature
shows that the research and application efforts in the field are
very limited. Only one peer-reviewed paper [16] in the literature
explored the removal of residual organic matter in the biologically
treated swine wastewater. Although the study confirmed improved
removal efficiency, a comprehensive understanding of the involved
phenomena is yet to be developed to propel the application of
PAC-MBR process in secondary effluent treatment forward. In this
study, two laboratory-scale submerged MBRs (SMBR) with and
without PAC addition were operated in parallel for secondary efflu-
ent treatment. The characteristics of secondary effluent, system
performance in terms of pollutants removal and membrane fouling
were investigated. The present work focused on the feasibility of
PAC-MBR process for secondary effluent treatment.

2. Materials and methods
2.1. MBR system description

Two identical laboratory-scale SMBRs were used in this
study. Each SMBR with an effective total volume of 37.5L
(25cm x 32 cm x 47 cm length x width x height) was divided into
a riser zone and two down-comer zones by two baffle sheets. A
membrane module composed of an array of flat sheet membrane
(effective filtration area was 0.4 m2) with 140 kDa molecular weight
cut-off (MWCO) was submerged in the riser zone. All membranes
used in this study were made of polyvinylidene fluoride (PVDF)
materials using the phase inversion method (supplied by Shang-
hai SINAP Membrane Science & Technology Co. Ltd., China). The
physical characteristics of membrane module are listed in Table 1.
Air was supplied through a tubular air diffuser located at the base
of membrane module in order to supply oxygen demanded by the
microorganisms and to create sufficient cross-flow velocities on
the membrane surface. The water level was maintained constant
by a level sensor connected to an electromagnetic valve in the
influent pipe. The filtrate was intermittently obtained by using a
suction pump at a fixed filtration flux. A suction mode of 5-min-on
and 1-min-off was adopted. All electric devices were connected to
a self-made programmable logic controller (PLC) to automatically
control the whole system. Fig. 1 presents a scheme of each reactor
set-up.

The secondary effluent used in this study came from a wastew-
ater treatment plant (WWTP) located in Shanghai, which utilized
a traditional active sludge process. The mean values of moni-
tored parameters in the influent (secondary effluent) are shown in
Table 2. Prior to the experiment, sludge taken from a local wastew-
ater treatment plant was acclimated with the secondary effluent
in the reactor for approximately 2 weeks in order to ensure that
the experiment achieved “relatively steady state” (consistent per-
formance over time) quickly. The seed sludge concentration was
initially around 4.5 g/L and no sludge was discharged except sludge
sampling in the whole process. PAC was sieved (180-200 mesh)
and rinsed several times to remove impurities, and then a dose

Fig. 1. Schematic diagram of experimental MBR.

of 750 mg/L was added to the MBR1 after sludge acclimation pro-
cess. The added dose was based on the literature data [11]. In order
to assess the effects of PAC on the performance, an identical MBR
(MBR2) without PAC addition was operated in parallel. The main
operational conditions during operational period are summarized
in Table 3.

2.2. Resistance analysis

Darcy’s Law is a phenomologically derived constitutive equa-
tion that describes the flow of a fluid through a porous medium. In
pressure-driven membrane operations, Darcy’s law is often used in
the form [17]:

_AP-All
- MR

where Jis the permeate flux (m3/(m?2 h)), APis the trans-membrane
pressure (TMP) (Pa), AT is osmotic pressure (Pa), i is the perme-

ate viscosity (Pas), R; is the total resistance (m~1). The calculation
equation of osmotic pressure is:

AIT = AC x RT 2)

J (1)

where AC is a concentration difference between measured solu-
tion and a reference solution (molL-1), R is the gas constant
(8.31kPaLK~!mol~!) and T the temperature (K). For MBR system,
ACwas usually quite low as most of solutes in the supernatant can
go through the MF or UF membrane used. A detailed calculation
showed that the contribution of osmotic pressure to total pressure
was lower than 0.02% in this study, and could be ignored. Therefore,
filtration resistance of membrane can be defined by the followed
equation:

Rt = R + Rp + Res + Rif = Rm + Rc + Ris = AP/(j0 x J) 3)

where Ry, is the intrinsic membrane resistance (m=1), Rp is the
polarization layer resistance (m~1), R is the external membrane
resistance (m~—1), Rsis the internal membrane resistance (m~1),and
R is cake layer resistance (m~1).

Darcy'’s law is only valid for slow, viscous flow. Typically, flow
with a Reynolds number less than 1-10 is laminar, and it would
be valid to apply Darcy’s law [17]. For this reason, batch filtra-
tion tests were performed to investigate the filtration resistance
using sludge liquor samples from the two MBRs. The filtration setup
consists of a cylindrical vessel (effective volume =0.35L), a stirrer
(stir rate=400rpm) and a flat-sheet membrane (effective filtration
area=0.004 m?) same to the membrane used in the MBRs. For all
tests in this work, the pressure was regulated at 20 kPa by using
nitrogen gas. There was no stirring operation involved in the batch
filtration process to get the flux value, corresponding to a Reynolds
number close to zero. The experimental procedure to obtain each
resistance value was as follows [18,19]: (1) R, was estimated by
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Table 2
Characteristics of the secondary effluent.
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Parameter Mean Max Min Standard deviation
TOC (mg/L) 10.70 12.31 8.93 1.32

NH;*-N (mg/L) 1.51 3.86 0.22 1.82

TP (mg/L) 0.11 0.25 0.08 0.07

Turbidity (NTU) 2.6 3.6 1.5 0.7

pH 7.6 8.0 7.1 0.3

measuring the water flux of de-ionized (DI) water; (2) R; was evalu-
ated by the final flux of sludge filtration; (3) the membrane surface
was then flushed with water under stirring condition for 5 min,
After that, the DI water flux was measured again to get the resis-
tance of Ry, + Res *+ Rir; (4) After step 3, the membrane was cleaned
with a sponge to remove the cake layer, the DI water flux was then
measured to get the resistance of R;; + Rr. From these steps, R, R,
Rp, R¢, Res and Rj¢ could be calculated.

2.3. Organics removal calculation

Removal efficiency from biodegradation and PAC adsorption
was calculated by dividing the reduced pollutant content in the
supernatant from the influent by the influent content. Removal effi-
ciency from membrane interception was calculated by dividing the
reduced content in the filtrate from the supernatant by the influ-
ent content. Furthermore, efficiency from PAC adsorption could be
quantified by difference of mean removal efficiency between the
two MBRs, and then removal efficiency from biodegradation could
also be evaluated. This calculation method was based on Whang
etal. [16].

2.4. Analytical methods

All items on the quality of the influent, supernatant and efflu-
ent, together with liquor suspended solids (MLSS) were measured
according to the standard methods [20]. TOC was characterized
using TOC analyzer (TOC-5000A, Shimadzu Corporation, Japan).
The turbidity was measured with a digital turbidimeter (WGZ-1,
Shanghai Third Optical Instruments, China). Floc size distribution
of activated sludge was measured by using a particle size ana-
lyzer (Mastersizer 2000, Malvern Instruments, UK) based on a laser
light-scattering method. TOC fraction was achieved by using three
membranes with MWCO of 2000, 6000 and 30000 Dalton to filtrate
the secondary effluent and the permeate.

3. Results and discussion
3.1. Pollutants removal

Two laboratory-scale SMBRs were continuously operated for 45
days for real municipal secondary effluent treatment. The influ-
ent and permeate quality was periodically monitored, and the
organics content in term of TOC concentration in the influent
and effluent of the two MBRs are shown in Fig. 2. The influent
TOC concentrations ranged from 8.9 to 12.3 mg/L with an average

Table 3

Operational parameters of laboratory-scale SMBR apparatus.
Operational parameter Value
Influent TOC (mg/L) 10.7+1.32
Temperature (°C) 21+£3
Hydraulic retention time (HRT) (h) 4
Mixed liquor suspended solids (MLSS) (g/L) ~4.5
Organic loading rate (OLR) (kg TOC/kg MLSS d) 0.014 +0.001
Flux (L/m?2 h) 30

value of 10.7+0.78 mg/L, and the mean effluent TOC concentra-
tions of MBR1 and MBR2 were 4.0 4+ 0.84 mg/L and 8.98 4+ 0.62 mg|/L,
respectively, corresponding to a mean TOC removal efficiency of
62.7+7.7% for MBR1 and 16.1+4.6% for MBR2. The significant
difference in TOC removal indicated that addition of PAC in MBR
significantly improved the organics removal. It should be empha-
sized that this removal efficiency (62.7%) was achieved at condition
ofalow organicloadingrate (F/M)(0.014 +0.001 kgTOC/kgMLSS d),
which was only about 1/20-1/3 of that suggested by Water Envi-
ronment Federation [21] for sludge process. This suggested that it
is possible to achieve fairish organics removal efficiency even at a
very low organic loading with PAC addition.

Other items on quality of the influent and effluent were also
determined. NH4*-N in influent ranged from 0.22 to 3.86 mg/L with
an average value of 1.51 & 1.82 mg/L. The presence of ammonia in
the secondary effluent was also confirmed by some other stud-
ies [22,23]. Despite the variation of NH4*-N concentration in the
influent, NH4*-N in the effluent from both MBRs was lower than
0.07 mg/L. The mean removal efficiency was more than 95% for both
MBRs. This implied almost all the NH4*-N was removed by biolog-
ical nitrification in the reactor. This phenomenon can be explained
by 2 aspects. One is the complete retain of the nitrifying microor-
ganisms in the reactors. These autotrophic nitrifiers could therefore
proliferate without any loss. The other one is the low organic load-
ing for secondary effluent treatment. Nitrifying bacteria meet less
competition from other heterotrophic microorganisms that are also
active consumers of oxygen [24]. Consequently, a higher nitrifica-
tion could be achieved in the MBRs regardless of PAC addition.

With respect to turbidity removal, both permeates from the
two MBRs have turbidity lower than 0.2 NTU, corresponding to a
mean removal efficiency of over 98% for two systems. At such a
low turbidity level, the permeate is suitable for many industrial
applications. PAC appeared to have no visible impact on turbidity
removal although PAC was expected to serve as an adsorbent and
coagulant for suspended solids and colloids in sludge liquor [25]. It
is envisaged that PAC effect could be neglected compared to mem-
brane interception. It has been widely reported that membranes

—o— Influent
—8— Permeate from MBR1(with PAC addition)
L —e— Permeate from MBR2(without PAC addition)

TOC (mgl/L)
ONE O ORI ®

15 20 25 30
Operational time(d)

35 40 45

Fig. 2. Variation of TOC with operational time.
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Fig. 3. TOC fraction in the secondary effluent.

treatment could produce permeate almost completely free of SS
[26]

3.2. TOC fraction of secondary effluent and its removal

The TOC fraction in the secondary effluent in term of apparent
molecular weight (MW) distribution is shown in Fig. 3. It can be
seen that about 54.2%, 4.8%, 25.7% and 15.4% of organics in the sec-
ondary effluent were in the MW range of lower than 2 kDa, 2-6 kDa,
6-30kDa and higher than 30 kDa, respectively. The distribution was
in line with Lee et al. [27]. The organic components in the secondary
effluent are rather complicated. Lee et al. [27] found that the TOC in
secondary effluent comprised 64% hydrophilic acid, 31%fulvic acid
and 6% humic acid. It has been also reported that the certain amount
of the soluble organic matter in the effluent from the biological
treatment processes is actually soluble microbial product (SMP)
[28]. Nevertheless, it is apparent from this study that most organics
in secondary effluent were low MW matters, suggesting that they
should pass through the UF membrane with MWCO of 140 kDa used
in this study if no other measures involved. The UF and MF mem-
brane processes are considered as cost-effective options in terms
of higher permeate flux compared to NF and RO [29]. This study
demonstrated that direct filtration of secondary effluent with UF or
MF membrane would not be technical feasible if organics removal
is of the interest. Even by using RO membrane, Hu et al. [6] reported
that small MW fraction of the hydrophilic TOC in secondary effluent
could preferentially transported through the membrane. Therefore,
it might be necessary to combine several processes for advanced
treatment of secondary effluent. Significant TOC removal shown in
this study indicated that PAC-MBR process presented an attractive
option for treatment of secondary effluent.

Removal of different TOC fraction can be calculated by compar-
ison of influent and permeate from MBR1 with PAC addition. The
results are shown in Fig. 4. In general, the results were consistent
with the total TOC removal achieved in the PAC-MBR system. It also
can be seen that the removal efficiency increased with MW. Certain
removal of low MW matters can be attributed to the PAC adsorp-
tion, biological degradation and membrane interception (when
membrane was fouled and thus membrane pores were narrowed

(8]).
3.3. Contribution of various constituents to organics removal

The PAC-MBR system is a process which integrates physical
adsorption, biological degradation and membrane filtration into
one unit. Pollutant removal is achieved not only by biological degra-
dation but also by PAC adsorption and membrane interception.
The MBR without PAC removed only 16.1% of the influent organic
matters. However, the addition of PAC to the MBR increased the
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Fig. 4. Removal of TOC fraction (permeate from MBR1 was analyzed).

removal efficiency up to 62.7%. Out of the total removal efficiency
of 62.7%, it appeared that 46.6% was removed by PAC adsorption,
13.3% by biological degradation, and 2.8% by membrane separation,
according to above calculation method. The results were consistent
well with the data reported by Whang et al. [16].

Fig. 5 shows the adsorption characteristics when added PAC in
the secondary effluent with a dosage of 750 mg/L. It can be seen
from Fig. 5, equilibrium of PAC adsorption could be attained within
30min. Its adsorption capacity and TOC removal efficiency were
calculated as 7.5 mgTOC/gPAC and 50.1%, respectively. Direct PAC
adsorption for secondary effluent treatment would cost lots as the
ability of PAC adsorption to organics would be lost as soon as equi-
librium of PAC adsorption reached. The TOC removal efficiency was
very close to 46.6% fraction of PAC adsorption in PAC-MBR system.
Continuous stable organics removal in PAC-MBR process highly
indicated that there existed a mechanism to recover the ability of
PAC absorption. It appears that the action of biomass and the PAC
is mutual and synergistic. The presence of PAC increases the sur-
face available for liquid-solid contact and facilitates the adsorption
of microbial cells, enzymes and organics. This, in turn, provides
an enriched environment for microbial metabolism, enabling the
retained organic matters to be efficiently removed even at very low
organic loading rate, and finally changes the microbial community.
The interaction of biomass and the PAC should be further studied.

3.4. Membrane fouling analysis

Continuous experiments were operated initially at a fixed flux
of 30L/m2-h without any cleaning or additional fouling control
measures with the exception of the imposed tangential shear
and intermittent filtration operation. Evolutions of TMP were
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Fig. 5. TOC absorption by PAC as a function of operational time (PAC dose of
750 mg/L).
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Table 4
Resistances of filtrating the sludge liquor obtained from the two MBRs.
R (10MTm~1) R, (10''m-1) Rer (101Tm~1) Re(=Rp +Rer) (101 m-1) Rif (10"Tm-1) R: (10""m-1)
MBR1 1.59(39.92)? 1.53(38.43) 0.78(19.70)? 2.31(58.13)2 0.08(1.95)* 3.97(100)*
MBR2 1.63(33.97)* 2.57(53.91) 0.47(9.67)? 3.04(63.18)? 0.14(2.85)? 4.81(100)?

a Percentage of the total resistance R; shown in parentheses.

monitored as shown in Fig. 6. An obvious two-stage TMP profile was
observed with a period of slow TMP rise followed by a transition to
arapid TMPrise. Similar TMP profile was observed in other research
works, although their interpretation with respect to flux sustain-
ability is still debated [30]. Comparison of the two curves shows
that the first period was prolonged by up to approximately 2 times
for MBR1. If the first period was chosen as the actual sustainable
operating time without membrane cleaning, the result indicated
that the sustainable operating time was extended by up to 2 times
for MBR1. It can be concluded from above analysis that addition of
PAC alleviated membrane fouling.

Batch filtration tests were performed to assess the effects of PAC
on the filtration characteristics of the sludge liquor from the two
MBRs. Although the filtration resistance values obtained from batch
filtration experiment may be somewhat different from those in real
operation of MBRs, a comparison of them should be able to reflect
some general aspects of sludge liquor filtration characteristics in
the MBRs. Resistances for sludge filtration in the batch filtration
tests are summarized in Table 4. As shown in Table 4, the cake layer
resistance was dominant while the resistance caused by adsorp-
tion or pore plugging was marginal for the two MBRs. In addition,
the polarization layer resistance and the total resistance for MBR1
were about 40.5% and 17.4% lower than those for MBR2, respec-
tively. However, R increased for the PAC-MBR system. This might
be attributed to the increase in solid concentration of MBR1 by PAC
addition. These results indicated that the reduction in membrane
fouling mainly stemmed from the decrease in the polarization layer
resistance and the cake layer resistance.

In MBR system, membrane fouling development was influenced
by the fluid dynamics as well as sludge properties. These effects
were then discussed to address the underlying causes of the allevi-
ated membrane fouling in MBR1. Reynolds number was calculated
as 11494 for MBR1 and 9261 for MBR2 according to the meth-
ods suggested by Meng et al. [31]. The higher Reynolds number
value in MBR1 was mostly due to the lower dynamic viscosity of
sludge suspension, and should partly contribute to the lower mem-
brane fouling potential in MBR1. The values were comparable with
some literature data [31,32], reflecting a turbulent hydrodynamics
conditions. Previous studies have identified extracellular polymer
substances (EPS) and colloids as the important factors affecting

50
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Fig. 6. Variation of TMP with time during operation of the two MBRs (MLSS=4.5 g/L,
flux=30L/m? h, PVDF flat sheet membrane).

membrane fouling [33,34]. Since PAC could serve as a coagulant
to adsorb these substances, the reduction of membrane fouling
was most likely attributed to PAC adsorption effect. A significant
decrease in EPS content by PAC addition in MBR system has been
reported [35]. Membrane fouling was also significantly controlled
by the sludge floc size [36]. Examination of the bulk sludge liquor
from the MBRs showed the mean floc size of 84 um for MBR1 and
56 wm for MBR2. The increase in floc size, which could also be
attributed to the PAC effect, should be another contributor of the
reduced membrane fouling in MBR1. Our recent study [37] indi-
cated that some bacterial strains play key role in cake formation
on membrane surface. Therefore, a study regarding microbial com-
munity would be beneficial to better understand the mechanism
underlying the membrane fouling mitigation in PAC-MBR process,
and would be conducted in the future investigation. Nevertheless,
this study demonstrated the feasibility of PAC-MBR treating sec-
ondary effluent in terms of applied membrane flux and sustainable
operational period.

4. Conlusions

The study showed the long term enhanced performance of
a PAC-MBR process for secondary effluent treatment in terms
of organics removal and membrane fouling alleviation. Approx-
imately 63%TOC, 95% NH4*-N and 98% turbidity in secondary
effluent were removed by the PAC-MBR process. Parallel exper-
iment showed that PAC addition increased organic removal
significantly but had no visible influence on NH4*-N and turbidity
removals. Most organics in secondary effluent were low MW mat-
ters, which could be retained in the reactor and then removed to
some extent by using PAC-MBR process. PAC-MBR process treating
secondary effluent was also found to have low membrane foul-
ing potential. Based on these results, the PAC-MBR process was
considered as an attractive option for secondary effluent treatment.
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