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ABSTRACT

A gravity flow completely autotrophic nitrogen removal over nitrite (CANON)-like pilot
plant Membrane bio-reactor was designed to treat surface water for indirect potable reuse
and was operated for over seven months with a constant Trans-membrane pressure of
100 mbar after the start-up phase. The effect of low temperature on the performance of auto-
trophic nitrogen removal over nitrite was investigated over a seven-month period during
which the feed water temperature changed from 29˚C to 1˚C and the viscosity of the perme-
ate more than doubled. The process showed good biostability and sustainability across the
different seasons. Initially when the temperature fell below 10˚C (which seems like a turning
point for the activity of ANAMMOX bacteria) high fluctuations happened, but the activity of
ANAMMOX bacteria recovered in 18 d. Increasing Hydrogen retention time during this per-
iod was the means by which one can successfully compensate for low temperature. The dis-
solved oxygen (DO) (7.12–10.9 mg/L) in the raw water supported the partial nitrification and
anaerobic ammonium oxidation (ANAMMOX) process without the use of aeration. There
was high ammonium (up to 5 mg/L) removal even at extremely low temperatures of 1˚C.
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1. Introduction

Developing countries may have the most to gain
from Membrane bio-reactor (MBR) technology because
it can address their pressing needs for improved sani-
tation. In particularly, their small footprint, flexible
design, and automation make MBRs ideal for rapidly
growing urban areas, where large-scale public-works
projects are expensive and are often completed slowly.
MBRs offer the potential for decentralized systems

that make water management more sustainable, par-
ticularly in megacities in the developing countries [1].
Li and Chu [2] thought that a MBR with a short
Hydrogen retention time (HRT) could be developed as
an effective biological water treatment process to
address the urgent need of many developing countries
that are plagued by the serious contamination of sur-
face water resources. His study showed that the MBR
process can be both technically and economically fea-
sible for use in drinking water treatment not only for
nitrification and organic degradation but also for the
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possible replacement of the conventional treatment
process.

ANAMMOX stands for anaerobic ammomium oxi-
dation. It is a globally important microbial process of
the nitrogen cycle and in water treatment the ANAM-
MOX process is a new, cost-effective, and low-energy
consuming alternative to the conventional nitrogen
removal processes. The combination of partial nitrifi-
cation and ANAMMOX process can be achieved in a
dual reactor system such as the Single reactor for high
activity ammonia removal over Nitrite–ANAMMOX
processor in a single reactor such as in the Oxygen-
limited autotrophic nitrification–denitrification process
or the Completely autotrophic nitrogen removal over
nitrite (CANON) process [3]. This paper reports upon
a CANON-like MBR treating surface water for indirect
potable reuse. Of particular concern for deployment in
Northern China and other regions with a harsh winter
is the effect of temperature upon the efficiency of the
bio-treatment as there is a little that most water utili-
ties can do to change water temperature. Almost all
previous studies on this process were operated close
to room temperature (10–25˚C) [2,4–6] with only one
to our knowledge at an extremely low temperature
condition (0–5˚C) [7].

The temperature range for the operation of the
ANAMMOX process in waste water treatment is wide,
being reported as 15–40˚C [3,8–10]. This was the same
temperature range when using a MBR as reactor for
an ANAMMOX process [11]. In other areas, several
works on ANAMMOX have been done with marine
samples and reported measurable activities at low
temperatures. Rysgaard et al. [12] working with sedi-
ments of the east and west coasts of Greenland,
observed ANAMMOX activity between −2 and 30˚C,
the optimum temperature being 12˚C.

Bacterial growth is sustained by Nature organic
matter constituting assimilable organic carbon (AOC)
or biodegradable organic matter. Ravindran et al. [13]
demonstrated that hybrid MBR processes could effi-
ciently control disinfection by-products (DBP) forma-
tion and bacterial regrowth in the distribution system.
An important feature of the hybrid MBR technology is
the effective control of membrane fouling and perme-
ate flux decline by a combination of powder activated
carbon (PAC) sorption and fluid management.

In actual operation, the water temperature can
drop to almost 0˚C in North China. Although some
bacteria still have activity, a concern is whether it is
sufficient. So in the work reported below, a high dose
of powdered activated carbon (PAC) was used as
nutrition and biomass support, and biostability was
assessed across different seasons. In particular, the
aim of this study was to assess the effect of low

temperature on the long-term performance of a
gravity flow CANON-like pilot plant MBR under pre-
viously determined operating conditions. For the cho-
sen location, the temperature decreased from 29 to 1˚C
over the seven months of operation.

2. Materials and methods

2.1. Operation of MBR

The pilot plant was installed to treat reservoir
water from the Yellow River at Dongying drinking
water treatment facility, Shandong Province, China.
The membrane fibers were made of Polyvinyl chloride
and were provided by Suzhou Litree Ultrafiltration
Membrane Technology Co. Ltd., China. The fibers had
an average pore size of 0.01 μm, with inner and outer
diameters of 0.85 mm and 1.45 mm, respectively. The
membrane area was 72 m2. More details are given in
the Appendix. This study was conducted from 28 May
2010 to 30 December 2011.

The filtration was operated under gravity flow (ca.
1 m water head ≈ 100 mbar). Aeration was intermit-
tent (11 h 50 mins off and 10 min on) carried out at a
flow rate of 0.83 m3/m2 (membrane area) h. The back
flush flux carried out during the aeration mode was
two times of the operating flux. Filtration was there-
fore also intermittent (11 h 50 mins on and 10 min
off). Details on the laboratory and pilot plant work
that led to the choice of these conditions are given
elsewhere [11,14]. The HRT varied between 34 min
and 125 min, and therefore, the oxygen addition dur-
ing the twice per day back flush/scour periods had
minimal influence on the DO value which was primar-
ily determined by the oxygen level in the influent.

As the concentration of ammonium in the raw
water was around 0.35 mg/L, additional ammonium
was supplied as NH4Cl (26 g per day on nitrogen
basis). The addition rate was not changed during this
study. This initial gave a concentration of around
2 mg/L, but as the flux decreased the concentration in
the feed water rose as the addition rate of NH4Cl was
unchanged. The concentration of ammonium, nitrite,
and nitrate was recorded for the last six months of the
study from 2 July 2010 to 30 December 2010.

2.2. Temperature corrected permeability loss

According to Field and Pearce [15], a temperature
corrected change in permeability should be calculated
based on J20, which is given by:

J20 ¼ J Tð Þ � lðTÞ=l20 (1)
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where J(T) is the actual flux at temperature T, μ(T) is
the viscosity of water at temperature T, μ(20) is the
viscosity of water at 20˚C.

Temperature corrected rate of permeability loss is
based upon J20 fluxes. As the operation was observed
to have periods of slow flux decline (labeled pseudo
steady state, PSS) and periods of transition the follow-
ing were defined.

Across the ith PSS, the mean temperature corrected
rate of permeability loss [(L/m2 h) per bar per day]
was calculated as:

Rate of loss of permeability across PSSi

¼ J20ðat start of PSSiÞ � J20ðat end of PSSiÞ
TMP �Duration of PSSi

(2a)

Across a transition from the ith to the (i + 1)th PSS,
the temperature corrected rate of loss of permeability
was calculated as:

Rate of loss of permeability across Transitioni

¼ J20ðat end of PSSiÞ � J20ðat start of PSSi þ 1Þ
TMP �Duration of TransitionI

(2b)

2.3. NOX-N concentration in the MBR

Given that the CANON process was the major
mechanism in this system, one can [16] represent the
chemical balances in the following manner:

NOX-N concentration can be calculated by Eqs.
(3)–(7):

The equilibrium of DO can be calculated:

DOconsume ¼ DOinfluent � DOin MBR (3)

where DOconsume is the DO consumed during reaction,
DOinfluent is the original DO in the influent, and DOin

MBR is DO in the MBR. This is connected to the ammo-
nium balance by Eq. (4).

1:94 NHþ
4

� �
canon removal þ 4:57 NHþ

4

� �
nitrification removal

¼ DOconsume (4)

[NHþ
4 ]canon removal and [NHþ

4 ]nitrification removal are
respectively the concentration of ammonium calcu-
lated as N removed by CANON and nitrification pro-
cesses. The coefficient1.94 indicates that for every
milligram ammonium per liter removed, 1.94 milli-
gram DO per liter are consumed in the ANOMMOX
process [3].

The removal of ammonium can be calculated from:

NHþ
4

� �
total removal¼ NHþ

4

� �
influent� NHþ

4

� �
effluent (5)

where [NHþ
4 ]total removal, [NHþ

4 ]influent and [NHþ
4 ]effluent

are respectively the concentrations related to removal,
influent, and effluent.

The sum of the concentration of ammonium
removed by CANON and nitrification processes is the
total concentration of ammonium removed.

NHþ
4

� �
canon removal

þ NHþ
4

� �
nitrification removal

¼ NHþ
4

� �
total removal

(6)

[NHþ
4 ]canon removal and [NHþ

4 ]nitrification removal can be
calculated through Eqs. (4)–(6).

The following balances are listed:

NHþ
4

� �
nitrification removal¼ NO�

3

� �
nitrification (7)

[NO�
3 ]nitrification indicates the concentration of nitrate

calculated as N produced by the nitrification process.

NO�
3

� �
canon ¼ 0:13 NHþ

4

� �
canon removal (8)

[NO�
3 ]nitrification indicates the concentration of nitrate

calculated as N produced in the CANON process.
The coefficient 0.13 refers to the accepted ratio of
NO�

3 nitrification/NHþ
4 total removal in a CANON system

[16]. Also,

NO�
3

� �
produced¼ NO�

3

� �
nitrification + NO�

3

� �
canon (9)

where [NO�
3 ]produced indicates the concentration of

nitrate calculated as N produced by CANON and
nitrification process. This can be calculated through
Eqs. (7)–(9). Additionally the sum of the produced
and influent concentration of nitrate can be calculated
by Eq. (10) and this gives a predicted value for the
effluent.

NO�
3

� �
calculated¼ NO�

3

� �
produced + NO�

3

� �
influent (10)

Now [NO�
3 ]calculated was compared to the measured value,

[NO�
3 ]effluent to check the supposed reaction scheme.

2.4. Feed solution and analytical methods

Water quality analysis was conducted following
standard methods [17]. Table A.1 gives a summary
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based upon means, standard deviations, and ranges,
while Fig. 1 plots out six trends with time. NHþ

4 -N,
NO�

2 -N, and NO�
3 -N concentrations were determined

by colorimetric methods using a spectrometer (UV754,
CANY, China); UV absorbance at 254 nm (UV254) was
also determined. Dissolved organic carbon (DOC) was
measured by the TOC analyzer (TOC-VCPH, Shima-
dzu, Japan) after pre-filtrating through 0.45 μm mem-
brane. pH and DO concentrations in the reactors were
measured by a DO electrometer (pH/Oxi 340i, WTW,
Germany) with a probe (Cellox® 325). Trihalome-
thanes formation potential (THMFP) and Haloacetic
acids formation potential (HAAFP) were determined
following US EPA methods 551.1 and 552.2, except
that the incubation time after chlorine dosing was
shortened from 7 to 3 days, recommended by Tian
et al. [4]. After incubation, excess chlorine in the water
sample was quenched with 10% NH4Cl followed by
MTBE extraction. The extracted sample was then ana-
lyzed for trihalomethanes (THMs) and haloacetic acids
by a GC (Agilent 6890 N, USA), equipped with a
capillary column (30.0 m × 0.32 mm × 0.25_m, HP-5,
Agilent J&W, USA), and an electron capture detector.
The THMFP presented was the sum of CHCl3,
CHBrCl2, CHBr2Cl, and CHBr3; the HAAFP was the
sum of CH2ClCOOH, CH2BrCOOH,CHCl2COOH,
CCl3COOH, CHBrClCOOH, CBrCl2COOH,
CHBr2COOH, CBr2ClCOOH, and CBr3COOH.

The measurement of assimilable organic carbon
(AOC) was carried out using the modified method by
Liu et al. [18], which was developed based on the
procedures of Van der Kooij et al. [19]. The bioassay
procedure employed two strains of microorganisms:
Pseudomonas fluorescens (P17) and Aquaspirillum (NOX),
P17 is capable of utilizing amino acids, carboxylic acids,
alcohols, and carbohydrates; NOX is capable of utilizing
carboxylic acids and oxalic acids. First, 104 colony form-
ing units (CFU)/mL of P17 strain were inoculated into
the water sample and incubated for 2 d at 22˚C; the
CFU were then counted. After that, the NOX strain
(104 CFU/mL) was inoculated and incubated for 3 d at
22˚C before the CFU were counted. AOC concentration
was calculated by comparing the cell formation unit
number and yield coefficient, and the total AOC was
the sum of both AOCP17 and AOCNOX.

3. Results and discussion

3.1. Sustainability of MBR operation

From the preliminary work (briefly mentioned in
the support information), the sustainable flux of raw
water was < 10L/m2 h. Furthermore, as discussed by
Aimar and Bacchin [20], for less stable media (e.g.

higher ionic strength or smaller particle), aggregation
is observable over matters of weeks rather than days
for suspensions of moderate stability and this leads to
flux decline at fluxes below the nominal value of the
critical flux. As described in Table A.2 and shown in
Fig. 2, the performance of the MBR can be divided
into five pseudo steady states (PSSs) corresponding to
five near constant actual fluxes.

Excluding the transition periods, the highest rate
of temperature corrected permeability loss (0.322
(L/m2 h)per bar per day) occurred in PSS Ⅰ which
was the one period in which temperature increased
significantly; the increase was 8˚C. The permeability
change in PSS II and III was small or even zero and
the temperature change was small. This was similar in
PSS IVa and Vb. When temperature decreased from
26.1 to 6.5 and 5.5 to 1˚C in PSS IVb and Va, respec-
tively, the permeability losses were negative which
indicates that the resistance decreased leading to the
recovery of J20.

The highest permeability loss happened in Transi-
tion II with temperature increasing. The other three
transitions occurred when temperature was decreas-
ing. The possible explanation for these sharp decreases
in permeability will be similar to the reasons given
[21,22] for the “trans-membrane pressure (TMP)
jump”. Zhang et al. [21] examined the factors affecting
the membrane performance in submerged MBRs and
described a three stage process. Stage 1 occurs in a
period of a few hours and involves a small abrupt
TMP rise due to “conditioning”, presumably by pore
blockage and closure. This stage is irrelevant for the
time scale described in the present work (and the pore
size of the membranes we used was small). Stage 2 is
a prolonged period of slow TMP rise, which they
ascribed to accumulation of extracellular polymeric
substances and other products of bioactivity, either
produced in biofilms on the membrane surface or
deposited from the bulk liquor. Stage 3 is a sudden
rise in TMP and which according to their work led
quickly to inoperability of the modules. They operated
under constant flux, and the present results were
obtained under a constant TMP and so we were able
to accommodate the increased fouling. Their Stage 2
corresponds to our PSS periods and our transitions to
their Stage 3. The periods of a slow increase in resis-
tance followed by a relatively sharp increase over a
short period indicate a phenomenon related to the
TMP jump [21]. This stage may have several causes as
discussed elsewhere [21–23]. Each transition corre-
sponded to a rapid increase of Rf. In case of metasta-
bility, a slow aggregation mechanism is to be
expected, producing a membrane fouling limited by
diffusion of particles to each other. As the flux
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decreases, this mechanism is meant to slow down, but
this drift depends on particles stability, residence time,
and shear rate in the modules [20].

Four explanations for increased membrane fouling
at low temperatures were mentioned by Jiang et al.
[24] but the results herein showed reduced fouling at
lower temperature, and Table A.2 shows two periods
of recovery in temperature corrected permeability(PSS
IVb and PSS Va). The recovery in temperature cor-
rected permeability at low temperature may be related
to biofilm detachment caused not by nutrient starva-
tion but by low temperature stress-induced sloughing
[25].

3.2. Ammonium removal during seasonal change

Increasing the DO supply by aeration can increase
the ability of treating ammonium, but more energy
would be required. In this study, aeration was only
applied for very short periods to scour the membrane.
The DO needed for ammonium removal was all sup-
plied by the DO in the raw water (7.12–10.9 mg/L).
This was sufficient for ammonium not higher than
6 mg/L because it has been reported that entire nitro-
gen removal can be achieved in a single reactor with
limited aeration (i.e. around 1.94 g O2 per g-N) [3]. A
single reactor process like the CANON requires effi-
cient biomass retention and appropriate control of dis-
solved oxygen (DO) concentrations. It is assumed that
AOB are active in the outer oxic region of biofilms or
aggregates, while ANAMMOX bacteria are present in
the inner anoxic region. The most important factor for
controlling CANON is the maintenance of DO at con-
centrations between 0.2 and 1 mg/L, which ensures
the ammonium oxidation and the ANAMMOX reac-
tion occur simultaneously [8,26]. Our MBR system
was designed like a CANON process. The DO in the
reactor column and membrane bioreactor were nearly
the same due to reflux and < 1 mg/L during the
whole study.

All the PSSs and Transitions (Fig. 3(b) and Table 1)
in CANON process were similar to that in flux decline
(Fig. 2(c)) except PSS IV’ and Transitions a and b (the
same duration as that of PSS IVa and IVb).

From Transition 1–3, the temperature fluctuated
between 24 and 29˚C, the NO�

3 nitrification/NHþ
4 total

removal value decreased from 0.64 to 0.13 (traditional
CANON system, [16]) due to increase of ammonium
in raw water from 2 to 4.4 mg/L, and the HRT
increased from 34 to 75 min. During these periods,
above 24˚C, temperature seems not to have too much
effect on CANON process.

When temperature decreased from 25.8 to 10.2˚C,
the NO�

3 nitrification/NHþ
4 total removal value increased a

little due to the increased DO in the raw water (PSS
IV’).

The most drastic change of NO�
3 nitrification/NHþ

4 total

removal value occurred when the temperature fell below
10˚C. It suddenly jumped to 0.81 which means nitrifi-
cation was the dominant process (Transition a). The
activity of ANAMMOX bacteria was only limited. In
the next 18 d, the activity of ANAMMOX bacteria
recovered with the NO�

3 nitrification/NHþ
4 total removal

value decreased to 0.25 (Transition b). As the ammo-
nium and HRT increased from 4.4 to 7.34 mg/L and
75 to 125 min, respectively, the NO�

3 nitrification/NHþ
4 total

removal value decreased to 0.21 (Transition 4).
With the temperature still decreasing down to 1˚C,

no large influence was observed from temperature
(PSS Va). At the extreme condition, the NO�

3 nitrification/
NHþ

4 total removal value decreased to 0.16 (PSS Vb).
Li’s [2] study also showed high recovery of nitrifi-

cation within just a few days of the temperature fall-
ing below 16˚C. Andersson et al. [7] suggest that the
major impact of low temperatures was a loss of the
bacterial activity (expressed under the form of ammo-
nium removal) but not a complete biomass loss.

Although the activity of nitrifying biomass
declined at low temperature, the contacted time (HRT)
had increased from 34 to 125 mins as a result of
decline of flux over the whole period. By extracting
typical HRT and ammonium removal concentrations
for periods in which there was a near steady state last-
ing more than 10 d, it was shown that there was a
good correlation between HRT and ammonium
removal (Fig. 3(d)). Each point (HRT (mins), ammo-
nium removal (mg/L)) is listed: point 1 (34, 1.99)
lasted 19 d; point 2 (53.5, 3.13) lasted 11 d; point 3
(62.4, 3.77) lasted 12 d; point 4 (74.8, 4.36) lasted 46 d;
and point 5 (124.7, 5.07) lasted 15 d. If point 5 is
excluded (when temperature was below 10˚C), a high
correlation R2 = 0.994 is found when temperature was
above 10˚C (Fig. 3(d)):

NHþ
4

� �
removal ¼ 0:059HRT (12)

NO�
3 calculated was almost the same with the nitrate con-

centration in the effluent (Fig. 3(a)) which confirms
that the partial nitrification and ANAMMOX were the
dominant process in the MBR system. The acid pro-
duced in CANON process was neutralized by hard-
ness (around 300 mg/L calculated as CaCO3) in the
raw water so the pH in the influent and effluent did
not change.
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3.3. Biostability

The submerged MBR treating surface water was
continuously operated for more than seven months.
During its stationary operation (Table A.1 and Fig. 1),
the MBR influent had average DOC concentrations of
3.22 ± 0.37 mg/L. In general, average 50% of the
organics were removed by the MBR treatment, thus
reducing the DOC to 1.61 ± 0.27 mg/L in the effluent.
UV254 was reduced by average 60% from around
0.052 ± 0.003 to 0.021 ± 0.004 cm−1. A lower SUVA
indicates that the organic in water might allow less
chlorine substitution, resulting in less THMs and other
DBPs formation. Thus, SUVA is a good surrogate for
predicting the overall DBPs formation potential of the
organic, regardless of its nature in a water source. The
SUVA of the MBR effluent in our study was reduced
by 24% on average from that of the raw water. This
result indicates that the organic residues after the
MBR treatment did not have higher THMFP, although
they were largely non-biodegradable. This was coinci-
dence with the high removal of THMFP and HAAFP,

Fig. 1. Effect of low temperature on the biostability of the MBR: (a) UV254 removal efficiency; (b) DOC removal efficiency;
(c) SUVA removal efficiency; (d) THMFP removal efficiency; (e) HAAFP removal efficiency; (f) AOC removal efficiency.

Fig. 2. Effect of low temperature on flux decline: (a) tem-
perature variation during seasonal change; (b) resistance
Rf = Rtotal − Rm (according to Darcy’s law) for each flux.
Rtotal and Rm mean total resistance and original membrane
resistance, respectively; (c) flux decline under gravity flow
during seasonal change.
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84.9 and 90% on average, respectively. With the bio-
logical treatment of MBR, the biostability of the finish-
ing water was improved considerably as the AOC
decreased from 531.1 ± 89.8 to 126.5 ± 37.2 μg/L.

Although this MBR system was designed for indi-
rect potable reuse, biostability still needs to be proved.
AOC is considered to be the main nutrient that con-
trols microbial regrowth in water distribution systems.
The operational goal for biologically stable water in
the Netherlands has been set at 10 μg/L for the AOC,
while in the United States, an AOC level of 50 μg/L
has been recommended for coliform control [2].

The removal of all impurities was stable even at
low temperature. Apossible explanation was the
increasing of HRT from 34 to 125 min. This was coin-
cidence with the removal of ammonium. The lowest
level of removal for all impurities occurred from 7
November to 21 November (Transition a and b or PSS
IVb) before the high fluctuation of NOX started below
10˚C. But with time passing, the removal increased to
normal level again.

4. Conclusion

The membrane resistances increased as tempera-
ture increased, and vice versa. Low temperature can
decrease resistance leading to the recovery of J20.

Partial nitrification and ANAMMOX are a complex
phenomenon, and to our knowledge, this was the first
time that this process has been used to treat surface
water under an extreme low temperature condition.
Temperature of 10˚C seems like a turning point for
the activity of ANAMMOX bacteria. CANON process
can be active even at extreme condition (1–10˚C) treat-
ing surface water.

While temperature was found to impact on the
performance of the CANON-like MBR, increasing
HRT seems to be a means by which one can success-
fully compensate for low temperature. Seven months
of operation under seasonal change verify that this
CANON-like MBR has potential of indirect potable
reuse even under low temperature of a few degrees
Centigrade.

Fig. 3. Effect of low temperature on CANON-like process: (a) comparison of calculated and effluent concentration of
nitrate; (b) NO�

3 nitrification/NHþ
4 total removal varied with DO and temperature; (c) ammonium removed by CANON and

nitrification varied with DO; (d) the correlation between ammonium removal and HRT. The intercept was set to zero.
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List of acronyms
ANAMMOX — anaerobic ammonia oxidation
AOB — ammonia oxidizing bacteria
AOC — assimilable organic carbon
AOCP17 — AOC calculated as Pseudomonas

fluorescens (P17)
AOCNOX. — AOC calculated as Aquaspirillum

(NOX)
BOM — biodegradable organic matter
CANON — completely autotrophic nitrogen

removal over nitrite
CFU — colony forming units
DBP — disinfection by-products
DO — dissolved oxygen
DOC — dissolved organic carbon
ECD — electron capture detector
EPS — extracellular polymeric substances
HAAs — haloacetic acids
HAAFP — haloacetic acids formation potential
HRT — hydrogen retention time
MBR — membrane bio-reactor
NH3 — ammonium
[NHþ

4 ] — ammonia calculated as nitrogen
[NO�

3 ] — nitrate calculated as nitrogen
NO�

3 produced/
NHþ

4 total removal

— ratio of produced NO�
3 -N

concentration and total NHþ
4 -N

concentration
NOB — nitrite oxidized bacteria
NOM — nature organic matter
NOX — Aquaspirillum
OLAND — oxygen-limited autotrophic

nitrification–denitrification
PAC — powder activated carbon
PSSi — the ith pseudo steady state.

definition is given in Section 2.2
PVC — polyvinyl chloride
SHARON — single reactor for high activity

ammonia removal over nitrite
SRT — sludge retention time
SUVA — UV254/DOC*100
THMs — trihalomethanes
THMFP — trihalomethanes formation potential
TMP — trans-membrane pressure
UV254 — UV absorbance at 254 nm
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Fig. A.1. Schematic of the pilot plant MBR system setup.

Appendix

A brief description of the pilot plant follows: Each bio-
logical activated carbon reactor column (1–8)has a volume
of 0.12 × 2.5 × 3.14 = 0.0785 m3. The system was designed
to be flexible and up to eight columns were used to adjust
the HRT. When not required, each column can be
bypassed (piping not shown). The membrane reactor (9#)
has an operating volume of 0.83 × 0.47 × 2.1 × 30%m3 (The
factor of 30% arises because of the volume taken by the
membrane module 0.805 m × 0.45 m × 1.77 m = 0.246 m3.)
Upon optimization, it was found that just one reactor col-
umn (8#) combined with membrane reactor (9#) was good
enough for removal of the impurities. So, initially this
study was conducted with only one reactor column(8#)
and membrane reactor (9#). Sustainable flux was found

during a prior laboratory study to be less than 10 L/m2 h.
When the MBR was operated at 9.17 L/m2 h, the HRT was
≈34 min.(7.13mins (8#) + 26.83 min (9#)). This increased as
flux declined and additional columns were introduced.
Initially, 317 g PAC was added to the reactor. Sludge
retention time (SRT) was 20 d maintained by discharging
1/20 of the total volume every day. PAC (16 g) was
initially added after discharge to balance the PAC of
20 mg/L and changed as the flux decline. Recycling flux
was set at 1 m3/h. Before the particular study reported
here was conducted starting on 28 May 2010, the system
had been operated from 15 January 2010 to optimize oper-
ating conditions (reflux, PAC addition, HRT (adjust by
changing number of reactor columns), SRT, and aeration
mode.) The details of the preliminary work can be found
in [11].
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Table A.1
Water quality and efficiency of impurities removal from 28 May to 30 December

Constituent Influent Effluent (treated by MBR) Removal efficiency (%)

DOC (mg/L) 3.22 ± 0.37 (2.85–3.59) 1.61 ± 0.27 (1.34–1.88) 50 ± 9.2
UV254 (cm

−1) 0.052 ± 0.003 (0.049–0.055) 0.021 ± 0.004 (0.017–0.025) 60 ± 9
SUVA 0.0165 ± 0.0025 (0.014–0.019) 0.0125 ± 0.0015 (0.011–0.014) 24.2 ± 12.3
THMFP (μg/L) 74.5 ± 9.5 (65–84) 11.3 ± 7.6 (3.7–18.9) 84.9 ± 9.8
HAAFP (μg/L) 43 ± 11.5 (32.5–54.5) 4.3 ± 2.6 (1.7–6.9) 90 ± 6.9
AOC (μg/L) 531.1 ± 89.8 (441.3–620.9) 126.5 ± 37.2 (89.3–163.7) 75.8 ± 9.8
pH 8.2 ± 0.2 (7.8–8.4) 8.0 ± 0.2 (7.8–8.4)

Table A.2
Duration and rate of temperature corrected permeability loss of each pseudo steady state

Pseudo steady state Temperature (˚C) Flux (L/m2 h) J20 (L/m
2 h) Duration (d)

Permeability loss
[(L/m2 h) per bar per day]

PSS I 20–28.6 9.17 9.17–7.53 51 (5/28–7/17) 0.322
Transition 1 28.6–28.2 9.17–5.83 7.95–4.83 8 (7/17–7/24) 3.9
PSS II 28.2–28.5 5.83 4.83–4.8 11 (7/24–8/3) 0.027
Transition 2 28.5–29.1 5.83–5 4.8–4.06 1 (8/3–8/4) 7.4
PSS III 29.1 5 4.06 21 (8/4–8/24) 0
Transition 3 29.1–25.8 5–4.17 4.06–3.64 3 (8/24–8/26) 1.4
PSS IVa 25.8–26.1 4.17 3.643.62 23 (8/26–9/17) 0.009
PSS IVb 26.1–6.5 4.17 3.62–6.02 72 (9/17–11/28) −0.333
Transition 4 6.5–5.5 4.17–2.5 6.02–3.72 9 (11/28–12/6) 0.256
PSS Va 5.5–1 2.5 3.72–4.31 11 (12/6–12/16) −0.536
PSS Vb 1 2.5 4.31 25 (12/16–12/30) 0
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