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Abstract

A novel paradigm using pre-denitrification process is presented to optimize an existing system of two-stage MBRs treating high strength pet
food wastewater. Successive reduction of organics in the 1st stage and almost complete nitrification in the 2nd stage generated effluent meeting
stringent surface discharge criteria i.e. BOD5, TSS and NH4+-N of <10 mg/L at an overall HRT of 6.3 days. Pre-anoxic zone was created by a
submerged coil in the path of influent to the 1st stage. Final effluent and the 1st stage mixed liquor were recirculated to the coil. With prevailing high
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enitrification rates, more than 94% of the recirculated nitrates were denitrified in less than 15 min of effective anoxic residence time. A
atio of 3:1, total nitrogen was reduced by 84%, aeration energy by 25% and the external alkalinity requirement by 65%, enhancing e
iability of the system.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Apart from nitrate discharge limits, the reduction in oxy-
en demand and alkalinity recovery are key benefits that play
ajor role in inclusion of denitrification processes in optimiza-

ion of new or existing treatment processes. Various concep-
ualized, studied and operating nitrogen removal processes can
argely be classified into three major groups; post-denitrification,
re-denitrification and simultaneous nitrification denitrification
SND) processes[1]. Requirement of external carbon addition
nd provision of anoxic basin in post-denitrification not only
ease possibility of use of influent organic carbon in denitrifi-
ation, but also pose serious threat of exceeding final effluent
OD criteria in the case of overdosing and nitrogen loading
ariations. The attractive alternative of SND offers benefits like
o additional requirement of reaction space, energy savings, and
ecovery of alkalinity. DO concentration gradient across large
ludge flocs and intermittent aeration are two known basic mech-
nisms behind SND[2,3]. In the case of high nitrogen loading,

essentiality of external carbon addition for complete denitri
tion as well as an evident complexity in the steep process co
on floc size[4] and DO concentration[5,6] limits acceptabil
ity of SND as a preferred treatment option for highly varia
influent conditions such as those experienced in many indu
applications. Recirculating nitrified effluent to the anoxic z
upstream of an organics removal step may eliminate the
for external carbon source for denitrification, which renders
denitrification the most popular and widely explored treatm
particularly for high strength wastewater where organic ca
is in abundance.

Though conventional studies of denitrification have b
driven primarily by the requirement to meet stringent nitro
discharge criteria, immense work has been done on impa
various carbon sources[7–9], role of diverse microbial culture
kinetics[10–12]and optimization[5]. Research on enhancem
and optimization of process designs using pre-denitrifica
has been limited. Ros and Vrtovsek[13] combined anaero
bic, anoxic and aerobic zones in a single reactor as an
vative process design. Introduction of deoxic zone[8], MBR
applications[14] and use of bio-electro reactors[15] have
∗ Corresponding author. Tel.: +1 519 661 2111x85470; fax: +1 519 850 2921.
E-mail address: gnakhla@eng.uwo.ca (G. Nakhla).

also been evaluated in pre-anoxic configurations. Without addi-
tion of a separate anoxic basin, Bertanza[5] achieved SND
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Nomenclature

DO1 DO in 1st stage mixed liquor (mg/L)
Nin NH3 in 2nd stage influent without recycle (mg/L)
�Nin % drop in 2nd stage influent ammonia due to

recycle
Ninr NH3 in 2nd stage influent with recycle (mg/L)
No NO3 in final effluent in non-denitrifying system

(mg/L)
�No % drop in NO3 in final effluent due to recycle
Q final effluent flow leaving the system (L/d) or 2nd

stage influent flow rate in non-denitrifying system
(L/d)

Qa total flow through anoxic zone (L/d)
Qin raw wastewater flow to 1st stage (L/d)
Qr recycled final effluent flow (L/d)
Qw sludge wasted (L/d)
Qx mixed liquor recirculation flow (L/d)
R recycle ratio ofQr to Q
SDNR biomass specific denitrification rate

(mg NO3-N g VSS−1 min−1)
SOUR biomass specific O2 uptake rate in the 1st stage

(mg DO g VSS−1 min−1)
Tdeox deoxic residence time (min)
Vanox volume of anoxic zone (L)
Vdeox volume of deoxic zone (L)
X1 MLVSS 1st stage (mg/L)
Xa MLVSS anoxic zone (mg/L)

Greek letters
θ 1st stage HRT (d)
θc 1st stage SRT (d)

using ORP/DO control and optimized existing treatment sys-
tem with no previous provision for denitrification. However
in industrial wastewater treatment applications, dynamic load-
ing conditions complicate achievement of SND using DO/ORP
control.

Though anaerobic treatment is an attractive and popula
approach in the treatment of high strength wastewater, and ha
been reported to remove up to 90% COD[16], its failure in
the treatment of oily wastewater also has been widely experi
enced[17]. Although the importance of a polishing step post an
anaerobic reactor to meet surface discharge criteria is well rec
ognized[18], the sequential configuration of UASB and MBR
failed to achieve desired removal of ammonia from the high
strength brewery wastewater[19]. Inhibition of nitrifiers by the
organics[20] remaining in the 1st stage effluent is postulated to
reduce the ammonia removal efficiency of such two stages sys
tems. Two-stage conventional aerobic activated sludge system
(CAS), experimented by Liu et al.[21], removed 99% BOD
treating high strength oily pet food industry wastewater, but
did not achieve the desired nitrification, which was attributed
to limitations of clarifiers. In order to overcome these limita-
tions, application of a membrane in the 1st stage aerobic reacto

can create a high rate organics removal step by maintaining high
biomass concentration, rendering minimal BOD in the effluent
for successful nitrification in the 2nd stage. Complete retention
of the nitrifiers in the 2nd stage, which is essential for stable and
complete nitrification in the light of low growth of nitrifiers and
dynamic influent nitrogen loadings, can be achieved in a 2nd
stage as an MBR. The uniqueness of such MBR system lies in
its fundamental concept of decoupling the organics removal and
the ammonia removal in two separate aerobic stages to meet
stringent surface discharge criteria. The innovation in such a
two-stage MBRs is apparent, as a critical literature review, and
exploration of renowned databases (Scholarsportal.info, Science
Citation Index, Current Content Connect and Scifinder Scholar)
and profound patent search (USPTO) did not reveal any lab,
pilot or full-scale system that employs a two-stage MBR with
two separate sludge systems.

In this two-stage MBR system, employing two aerobic sub-
merged membrane bioreactors in series, a small coil of tube
receiving recirculated nitrates from the 2nd stage permeate, recy-
cled mixed liquor from the 1st stage MBR and wastewater, is
inserted into the 1st stage. A high denitrification rate, facili-
tated by the high biomass concentration in the 1st stage MBR
of >20,000 mg VSS/L, the high 2nd stage permeate nitrates of
∼800 mg/L and the excess readily biodegradable organic mat-
ter in the influent wastewater, prevails in this short HRT anoxic
zone.
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.1. Distinct features

Unlike the common approach in various forms of mo
ed Ludzack–Ettinger processes including conventional
ems[8,12] as well as MBRs[14], where mixed liquor from
he nitrifying basin is recirculated to the anoxic zone, the
ented modified two stages MBR recirculates nitrified perm
nly, and not the nitrifiers to the created anoxic zone. T
espite nitrates recirculation, the inherent benefit of the two
rate sludge systems to remove organics and nitrifiers pre

ntermixing of bacterial cultures. Hence, this novel denitrifi
ion process eliminates possibilities of loss of nitrifiers thro
astage of excess sludge generated due to the organics re

n the 1st stage. Whereas all investigated processes, in the
ture either encourage addition of a pre-anoxic basin[22] with
ixing devices or various forms of SND with complex con
echanisms, the presented innovation eliminates the ne
ny additional reaction space or mixing devices with mini
dditional construction.

The primary objectives of this paper are presentation o
esign approach of this novel system, and the comparativ

ormance evaluation of the two-stage system with and wit
enitrification. This paper presents detailed data on the ac
bility of denitrification in this uniquely modified system

wo-stage MBR during treatment of high strength pet f
astewater characterized by (Table 1) ammonia concentration
p to 2000 mg/L, total COD and BOD5 concentration of 20,00
nd 10,000 mg/L respectively and oil and grease concentra
f up to 8000 mg/L.
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Table 1
Summary of performance of two stages MBR at different HRTs

Parameters Influent average Final effluent (average values at steady states run at different combined HRTs)

12.5 Days % Removal 10 Days % Removal 8.5 Days % Removal 6.3 Days % Removal

TSS (mg/L) 4545± 5468 0 100 0 100 0 100 0 100
TCOD (mg/L) 20303± 8167 1224± 296 93.97 703± 261 96.54 1208± 125 94.05 680± 310 96.64
TBOD5 (mg/L) 9719± 2725 4± 4 99.95 6± 2 99.93 4± 2 99.95 4± 0 99.95
NH3-N (mg/L) 1139± 342 112± 74 90.16 143± 55 87.45 137± 94 87.97 3.5± 3.4 99.69
P (mg/L) 208± 69 120± 85 42.31 61± 46 70.67 117± 48 43.75 124± 49 40.38
VSS R1 (mg/L) 3230± 756 14724± 3742 16532± 2310 23621± 2396
VSS R2 (mg/L) 3401± 390 6733± 380 3116± 579 3956± 431

Shown values of VSS indicate MLVSS concentrations in R1 and R2 at different HRTs.

2. Materials and methods

2.1. Source of wastewater and two stages MBR

High strength wastewater generated from a pet food indus-
try located in southern Ontario was pretreated onsite by an oil
recovery system followed by dissolved air flotation (DAF). DAF
effluent was treated in the existing two-stage MBR bench scale
system (Fig. 1).

The system consisted of a 20 L storage tank, which was filled
with DAF effluent every 2 days, followed by two 25 L activated
sludge reactors. These reactors were made from stainless steel
and provided with a glass window and a scale to monitor water
level. Both the reactors were continuously aerated using com-
pressed air through air diffusers. Zenon membranes (ZW-1, pore
opening of 0.04�m, surface area of 0.047 m2) were employed
in the reactors to retain solids and draw permeate only as efflu-
ent. Two membranes with total surface area of 0.094 m2 were
immersed in the 1st stage (R1) reactor while one membrane
module (0.047 m2 surface area) was used in the 2nd stage (R2)
reactor. Operation was closely monitored and carried out for a
period of 337 days (prior to the modification) at combined HRTs
of 12.5, 10, 8.5 and 6.3 days (which comprise HRTs of 6.25, 5,
3.5 and 2.8 days in the 1st stage reactor and 6.25, 5, 5 and 3.5 days
in the 2nd stage reactor) for 85, 19, 62 and 171 days, respectively.
While operating at a combined HRT of 8.5 and 6.3 days, sludge
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with a hold up volume of 460 mL (ID 1 in., length 3 ft.) was sub-
merged in the mixed liquor of the 1st stage. The coil was placed
such that one unsubmerged end can receive all influents, which
would flow by gravity to the other submerged end. The unsub-
merged end of the coil served as a junction of three streams
– 1.28Q of influent from the storage tank, 3Q of recirculated
final effluent and 3Q of recirculated mixed liquor from the 1st
stage, whereQ is the final effluent flow rate of 7 L/d. First stage
bioreactor mixed liquor was circulated to the anoxic reactor i.e.
unsubmerged end of the coil using a peristaltic pump. Hold up
volume of the mixed liquor path from the 1st stage bulk zone to
the anoxic zone entry point was 70 mL (diameter 3/8 in., length
3 ft.). Dimensions of the flow paths not specified here do not bear
any significance on the performance of the process. To achieve
the required flows in the modified system, membrane filtration
area was doubled to 0.188 and 0.094 m2 in 1st stage and 2nd
stage, respectively, using additional membrane modules.

2.3. Membrane cleaning

Membranes were cleaned online by air scouring and offline
by water flushing and soaking in 200 ppm solution of NaOCl.
For the first 200 days, intermittent air souring was used, where
consecutive aeration and pumping was attempted with differ-
ent combinations of pumping and aeration time (each between
300 and 600 s). From day 200 onwards, simultaneous air scour-
i ittent
a 2 psi
( MP
b ows,
m first
2 ut the
s ions,
T nings,
a ions
i of the
p

2

stage
p ere
c sus-
p

etention time (SRT) in the 1st stage reactor was maintain
2.5 days by direct wasting of reactor mixed liquor. No was
f sludge was deemed necessary from the 2nd stage reac
ombined HRT of 6.3 days was used in this work to explore
nnovative denitrification process. DO of 1.3 and >2.5 mg/L

aintained in the 1st and the 2nd stage MBR, respectively.
he 1st stage was 8.2 while that in the 2nd stage was maint
rom 7 to 7.5. Trans-membrane pressure (TMP) was moni
nd membranes were cleaned by water flushing and soak
200 ppm solution of NaOCl when fouling reduced the flux
ropped permeate flow below required. The system has be
peration, treating the industrial wastewater at a temperatu
8–20◦C for period of 337 days prior to the modification.

.2. Modifications of the existing system

Simple and inexpensive modifications incorporated in
xisting system are shown by dark lines inFig. 1b. A coil tube
t

A

d

in

in
f

ng and permeate pumping was implemented. On interm
eration, TMP in both the stages remained around 10–1
68.9–81.7 kPa), while continuous air scouring reduced T
elow 4 psi (27.5 kPa). To prevent measurable drop in fl
embranes were cleaned offline every second day for the
00 days and every seventh day after day 200. Througho
tudy period, independent of the mixed liquor concentrat
MPs remained almost constant between successive clea
nd varied mainly with air scouring methods. Detailed variat

n the fluxes were not measured, as it was not in the scope
resented study.

.4. Analytical methods used

Samples of the influent, 1st stage permeate and the 2nd
ermeate (final effluent) and mixed liquor of both reactors w
ollected (2–3 samples per week) and analyzed for total
ended solids (TSS), volatile suspended solids (VSS), BOD5 and
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Fig. 1. (a) Bench scale system of two-stage MBR before modification. (b) Modified two-stage MBR (modifications shown by dark lines).



198 C. Acharya et al. / Journal of Hazardous Materials B129 (2006) 194–203

alkalinity using standard methods[23]. COD and ammonia-N
were analyzed using HACH Odyssey Analyzer and COD heat-
ing reactor with standard HACH testing kit. HPLC (Waters 515
HPLC Pump, Waters 432 Conductivity detector) was employed
to determine nitrite-N, nitrate-N and phosphorous. All ammo-
nia, nitrate, and nitrite results reported here are as nitrogen. For
analysis of soluble parameters, samples were filtered through
0.45�m filter (Wheaton). Dissolved oxygen (DO) was mea-
sured with a portable DO meter (YSI Dissolved Oxygen Meter
Model 50).

3. Results and discussion

3.1. Performance of the existing treatment system of
two-stage MBR

While the detailed performance of the two-stage MBR has
been reported elsewhere[24], Table 1presents a summary of
the various operational conditions for the system as well as
final effluent quality achieved. Despite the huge variability in
the influent, as apparent from the standard deviations, the sys-
tem consistently generated effluent meeting stringent surface
discharge criteria of TSS, BOD5 and ammonia <10 mg/L dur-
ing the experimented HRT run of 6.3 days. Even at an average
COD loading of 7 kg COD/m3 d, corresponding to the influent
flow rate of 9 L/d and a 1st stage HRT of 2.8 days with 40%
d uent
C icu-
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tively, 47% of ammonia was removed in the 1st stage primarily
due to cell synthesis and volatilization at an operating pH of
8.3. In the absence of inhibitory organics, the 2nd stage nitrified
almost all the ammonia to nitrates consistently keeping final
effluent ammonia concentration below 10 mg/L. Membranes
affected an additional 5–37% removal of soluble COD. High
biomass concentrations averaging 23.6 g/L and consequently
lower F/M ratio of 0.5 g COD/g VSS day were achieved in the
1st stage, contributing to a relatively low observed sludge yield
of 0.19 g VSS/g COD (obtained from the plot of cumulative VSS
produced versus cumulative COD consumed with anR2 of 0.99,
not shown here).

Operation at an overall HRT of 3.0 days and SRT of 25 days
increased the MLSS concentrations to over 50 g/L, rapidly clog-
ging the membrane and reducing its flux to less than 15% of the
nominal design flux of the membrane. Such operation was thus
deemed unfeasible and the modification to the system was under-
taken following resumption of the HRT and SRT of 12.5 and 6.3
days.

3.2. Denitrifying two-stage MBR system

3.2.1. Rationale
Stoicheometrically insufficient alkalinity in influent and

apparent loss of alkalinity in the 1st stage probably due to CO2
stripping[26], necessitated the addition of 4.5 kg of NaHCO
d itri-
fi nics
p age,
a of
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/L,
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S pond
eviations in the influent COD concentrations, the final effl
OD always remained below 1500 mg/L, which strongly art

ates the robustness of the system derived from the high ML
f up to 35,000 mg/L. As depicted inTable 2, more than 99% o
OD5 was removed in the 1st stage, articulating 1st stage
rimary organic removal step.

Contrarily to literature[17,25], even at oil and grease conc
rations more than 5000 mg/L, satisfactory performance o
ystem in contaminant removal, where oil and grease co
ration in the 1st stage effluent as low as 11 mg/L, was ach
Table 2). The removal of oil and grease is attributed mainl
he biodegradable nature of the oil and grease in the infl
nd very high concentration of biomass, affecting hydro
f O&G. Treating wastewater with very high concentration

nfluent ammonia and TKN up to 2000 and 2500 mg/L, res

able 2
etailed performance of an existing two-stage MBR system (HRT: 6.3 d,

arameters Influent/DAF effluent
average

1st stage effl

SS (mg/L) 4545± 5468 0
SS (mg/L) 4080± 4890 0
COD (mg/L) 20303± 8167 702± 202
COD (mg/L) 12807± 3300 –
BOD5 (mg/L) 9719± 2725 14± 3
BOD5 (mg/L) 7940± 3050 –
H3-N (mg/L) 1139± 342 603± 157
O3-N (mg/L) 3.9± 4 4 ± 10
KN (mg/L) 1750± 470 752± 193
lkalinity (mg/L) 3400 ± 1040 2433± 880
&G (mg/L) 2893± 3000 15± 4

COD, SBOD5 in both the stages permeate are equivalent to their corres
a

-
d

t,

3
osing per m3 of the system influent to achieve complete n
cation. In a batch experiment of anoxic respiration of orga
resent in the waste, using mixed liquor from the 1st st
t a VSS concentration of 12,200 mg/L and a F/M ratio
.4 g COD/g VSS, 5.6 g of COD was degraded for each g
f NO3-N denitrified (found from a plot of COD consumed v
us nitrates reduced,R2 = 0.86, not shown here).

Final effluent NO3 concentrations averaging about 750 mg
ere equivalent to the 1st stage effluent TKN. Considering
nd SRT of 2.7 and 12.5 days in the 1st stage respectivel
n HRT of 3.6 days and infinite SRT in the 2nd stage, final e
nt leaving the system was around 78% of the influent
his implies that for each liter of influent wastewater, 585 m
Ox was wasted in the final effluent, with a potential to deg
round 3200 mg i.e. around 15% of the influent COD. T

12.5 d)

% Removal in
the 1st stage

Final effluent % Removal in
overall system

100 0 100
100 0 100
96.54 680± 310 96.64

– – –
99.85 4± 0 99.95

– – –
47.05 3.5± 3.4 99.47
0 750± 180 −99.46

57.60 11± 4 99.37
– 315± 900 –

99.50 – –

ing TCOD, TBOD5; −ve removal indicates rise i.e. nitrates generation.
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translates to significant savings potential in aeration energy. Par-
allel generation of 3.5 g of alkalinity per gram of nitrate reduced
in this process can effectively address the issue of huge require-
ment of external alkalinity addition.

Availability of readily biodegradable carbon is a key issue
in anoxic respiration or denitrification. Volatile fatty acids like
acetic acid[7], propionic acid and butyric acids are widely
accepted as desired carbon sources for denitrification. Read-
ily biodegradable COD as reflected by VFAs in the influent
averaging 7600 mg COD/L, constituted more than 35% of the
total COD. Acetic acid at about 3520 mg/L, was the main
VFA, thus pointing to the high denitrification potential of the
system.

3.2.2. System design equations
Fig. 1b illustrates the adopted pre-denitrification flow

scheme, which can be described as a modified version of MLE
process[1] to fit in the existing two stages MBR system. In the
path of influent wastewater to the 1st stage MBR, an anoxic
reaction space is to be provided where three streams-influent as
an organic carbon source, final effluent as a source of NOx and
recirculated 1st stage mixed liquor containing denitrifying het-
rotrophic biomass were mixed and transferred to the 1st stage
MBR after sufficient residence time in the anoxic zone.

3
r xic
z e
( the
i fflu-
e the
a ixed
l
5 e
a , du
t the
1 ted
d 2nd
s t of
t an
fi

Listed below are the design equations, developed based on
mass balances in the modified two-stage MBR and reaction
kinetics, are discussed further in the following sections. Design
assumptions considered are: (1) complete removal of the ammo-
nia by nitrification process in the 2nd stage, (2) complete removal
of nitrates entering the anoxic zone by its conversion to gaseous
nitrogen products and (3) absence of active biomass in system
influent. It is apparent fromTable 2that the 2nd stage efflu-
ent nitrates are the same as 2nd stage influent TKN, i.e. almost
complete nitrification was achieved all the time. Since the TKN
loading to the 2nd stage remained the same in the modified
system, the first assumption is valid. The second assumption
reflecting the design objective to achieve complete denitrifica-
tion in the anoxic reactor is validated by the comparison of the
1st stage nitrates in the system with and without denitrification.
The data comparison presented inTable 3corroborates that den-
itrification efficiency was about 97.5%. The third one is based
on a basic assumption used in common practice

Q

Qin
(%) = Qin − Qw

Qin
× 100=

[
1 −

(
θ

θc

)]
× 100 (1)

Ninr(Q + RQ) = NinQ (2)

�Nin = Nin − Ninr

Nin
= �No =

[
1 − 1

1 + R

]
× 100

T

V

V

Q

3
3 d
f nal
e and

T
C m

P

2nd s effluent

N 5± 3.
N .02
T ± 4
T .07
N 0± 1
N .1
T 1± 1
T .4 (65

T es (to rate
(

.2.2.1. Flow balance in the modified system. About 9 L/d of
aw wastewater (Qin) entered to the system through the ano
one. About 7 L/d of final effluent (Q) and 2 L/d of waste sludg
Qw) were the two streams that left the system. Apart from
nfluent, the 1st stage received 21 L/d of the recycled final e
nt (Qr) through the anoxic zone. The third stream entering
noxic reactor was 21 L/d of the recirculated 1st stage m

iquor (Qx) i.e. total flow through the anoxic zone (Qa) was
1 L/d or equivalent to 7.28Q. Though all liquid entering to th
noxic zone ultimately entered in the 1st stage bulk zone

o the 21 L/d of recycled mixed liquor, the net flow entering
st stage is only 30 L/d. As 2 L/d of mixed liquor was was
irectly from the 1st stage, the flow from the 1st stage to the
tage was 28 L/d, which was equivalent to the total flow ou
he 2nd stage i.e. sum of the final effluent leaving the system
nal effluent recycled to the anoxic zone.

able 3
omparison of nitrogen removal in non-denitrifying and denitrifying syste

arameters Non-denitrifying system

Influent 1st stage effluent

H3-N (mg/L) 1139± 342 603± 157 3.
H3-N (g/d) 10.3 4.2 0
KN (mg/L) 1750± 470 752± 193 11
KN (g/d) 15.7 5.4 0
O3-N (mg/L) 0 17± 38 73
O3-N (g/d) 0 0.1 5
otal N (mg/L) 1717± 540 771± 139 77
otal N (g/d) (% removal
in the system)

15.5 5.4 5

otal N values presented are based on calculated values for each sampl
7 L/d) in non-denitrifying system and 3Q (21 L/d) in denitrifying system.
e

d

deox = DO1 − 0.2

X1 SOUR
(3)

deox = QxTdeox

1440
(4)

anox = QNo[1 − 1/(1 + R)]

1440 SDNRXa
, Xa = X1Qx

Qa
(5)

a = Qr + Qx + Qin = 3Q + 3Q + 1.28Q = 7.28Q

.2.3. Design parameters

.2.3.1. Determination of recycle ratio. It is an establishe
act that in pre-denitrification, nitrate concentration in the fi
ffluent stoichiometrically depends upon recirculation ratio

Denitrifying system

tage effluent Influent 1st stage effluent 2nd stage

4 1302± 231 308± 77 1.9± 1.8
11.7 8.6 0.01

1950± 774 369± 93 12± 5
17.5 10.3 0.08

50 0 17± 22 386± 205
0 0.5 2.7

53 1950± 774 386± 111 388± 205
%) 17.5 10.8 2.7 (84%)

tal N = TKN + NO3); 1st and 2nd stage effluent mass/d calculated based on flowQ
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subsequent dilution effect[27,28]. Assuming complete deni-
trification in the pre-denitrification zone, considering complete
nitrification in the following nitrification step, Eq.(2) specifies
% drop in final effluent nitrates at a given recycle ratioR, where
R is the ratio of recycled final effluent flow rate to flow rate of
final effluent leaving the system. In this study, system perfor-
mance at the typical recycle ratio of 3, was studied with 75%
targeted decrease in the final effluent NO3.

3.2.3.2. Provision of anoxic environment and availability of fac-
ultative anaerobes. DO concentrations above 1 mg/L[20] are
inhibitory to denitrification. Pochana and Keller[4] found that
DO concentrations <0.2 mg/L are essential in the anoxic basin
for effective denitrification, thus substantiating the criticality of
the anoxic environment for the process.

Determination of biomass specific oxygen uptake rate
(SOUR) is essential in the 1st stage to determine the resi-
dence time and ultimately size of the deoxic zone. Biomass
specific oxygen requirement was determined by a batch exper-
iment in which mixed liquor from the 1st stage was aerated
for extended period of 2.5 days to induce endogenous respi-
ration. Oxygen uptake rate (OUR) was measured in such dif-
ferent samples with biomass concentrations of 31.8, 15.2 and
5.8 g VSS/L. DO concentration was increased up to saturation
level and then allowed to drop below 0.7 mg/L and DO varia-
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not the external mass transfer in the bulk liquid. Thus, mixing is
expected to affect SOUR to the extent that it impacts floc size.
In this study, the conformance of all three mixed liquor con-
centrations at one specific SOUR clearly suggests that the floc
size may not have been strongly impacted by mixing. Further-
more, while steady state 1st stage BOD5 is around 14 mg/L, the
actual oxygen uptake rate in the 1st stage is expected to be higher
than the determined endogenous SOUR. Though variations in
mass transfer between the batch test determining SOUR and
the anoxic reactor are conceivable, the use of SOUR in deoxic
reactor size calculation adds a safety margin. The actual size of
deoxic zone depends upon recirculated mixed liquor flow rate,
which would determine available concentration of biomass for
denitrification and ultimately size of the anoxic zone. In order to
maintain high biomass concentrations in the anoxic zone, in this
work mixed liquor recirculation rate of 3Q was employed. Using
Eq. (4), at a recirculation rate of 21 L/d (3Q asQ is 7 L/d), the
required deoxic volume is less than 10 mL. This required volume
and its criticality increases, if MLVSS concentration in the 1st
stage mixed liquor decreases. Provision of this zone is essential
to mitigate DO interference in the denitrification process and
eliminate possibilities of oxic consumption of available readily
biodegradable carbon in the influent. Due to the high concen-
tration of MLVSS, a 3/8 in. ID× 3 ft. long 70 mL tubing was
used.
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ions were recorded with time (Fig. 2a). SOUR was determine
rom a plot of OUR versus biomass concentration (Fig. 2b), to
e 0.14 mg DO reduced/g VSS min.

The flow path of the recirculated mixed liquor between
oint of withdrawal from the bulk phase of the 1st stage M

o the point of entry in the anoxic zone (Fig. 1) can serve as
eoxic zone to bring DO from 1st stage operating concentr
f 1.3 mg/L to the desired DO of 0.2 mg/L. From Eq.(3), with
n average MLVSS of 23.6 g/L in the existing 1st stage an
forementioned SOUR, the minimum deoxic residence tim
round 30 s. It is noteworthy that the work of Pochana and K

4] indicated that the primary resistance to mass transfer of
en is inside the biological floc, and is governed by the floc

Fig. 2. (a) Oxygen uptake rate at different biom
r
-
,

.2.3.3. Denitrification rate, biomass specific denitrification
ate and sizing of denitrification reactor. Size of the denitrifi
ation reactor i.e. required anoxic zone residence time de
pon the rate of denitrification, biomass specific rate of de
cation, and availability of denitrifying biomass. Data collec
rom a batch test to determine NO3 reduction rate during anox
espiration using influent as a carbon source are graphicall
ented inFig. 3. At the two biomass concentrations studied
2.2 and 15.5 g/L, a higher rate of denitrification was obse

n the first 10 min, i.e. 27 mg of NO3 reduction/min. A distin
uishable drop in the reaction rate was observed after 1
ith excellent repeatability. Consuming readily biodegrad

oncentration. (b) Biomass specific oxygen uptake rate.
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Fig. 3. Denitrification rate.

substrate, similar trends of very high denitrification rate dur-
ing the first 30 min were experienced by Kujawa and Klap-
wijk [29]. Biomass specific denitrification rate was found to be
between 2.0 and 2.2 mg NO3-N/g VSS min or 120–144 mg NO3-
N/g VSS h, which is around two times higher than the maxi-
mum nitrate reduction rate of 50 mg NO3-N/g VSS h observed
by Glass and Silverstein[30] in denitrification of high-nitrate
wastewater. This high denitrification rate was probably due to
presence of abundant acetic acid in influent. Constantin and
Fick [7] also attributed very biomass specific denitrification rate
of 10–80 mM NO3/g VSS h (140–1120 mg NO3-N/g VSS h) to
excess availability of acetic acid as substrate.

Denitrification reactor volume can be found using Eq.(5),
where amount of NO3 to be removed is based on final effluent
NO3 concentration requirement. Using values ofR, Q and NO3
concentration of 3, 7 L/d and 750 mg/L respectively, with an
influent flow of 1.28Q, recycled final effluent of 3Q and recircu-
lated mixed liquor of 3Q as discussed earlier, 1st stage MLVSS
of 23.6 g/L would yield an anoxic zone MLVSS concentration
of 9.7 g/L. Combining all the information the required reactor
volume was calculated to be 0.140 L, which is about 0.5% of the
1st stage reactor volume of 25 L. The volume of the anoxic reac
tor is dictated by the quantity of denitrifying biomass, which in
turn is influenced by the recirculation rate and MLVSS concen-
tration in the 1st stage. In light of potential variability in influent

ammonia, a safety factor of three was applied to the minimum
required volume of the anoxic zone, i.e. three times higher vol-
ume of anoxic zone or a coil with hold up volume of 0.46 L was
provided in the 1st stage.

3.2.4. Modified system performance
The distinctive ability of the existing MBR system to operate

at biomass concentration >20 g/L coupled with specific influent
characteristics offered higher rate of denitrification and deox-
ification. As mentioned earlier the required size of the anoxic
zone being less than 1% of 1st stage reactor volume, led to an
innovative design of anoxic zone created by a coil of tube sub-
merged in to the 1st stage mixed liquor (Fig. 1). Total flow rate
handled by this anoxic zone is 7.28Q (51 L/d), which gives an
effective anoxic residence time of 14 min or an anoxic HRT of
1.1 h, based on the raw influent wastewater flow.

The modified bench scale system was operated over a period
of 38 days, which is around three turnovers of the mean SRTs in
the 1st stage.Fig. 4compares performance of the system before
modification during day 0–42 with that after modification dur-
ing days 43–79, with time span of three mean SRTs in each
phase. Same comparison of the steady state data is presented
in Table 3. As anticipated due to almost complete nitrification
in the 2nd stage, recirculated final effluent did not contain any
ammonia and hence it diluted ammonia concentration in the 1st
stage effluent down to 308 mg/L. Quantitative data presented in
T ed
s rated
5 nd
5 the
i ified
s ble),
u 5.3
t ased
f stu-
l ing in
t con-
c cycle
r s and
r d by

ion p
Fig. 4. Denitrificat
-
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ystem. At steady state, the non-denitrifying system gene
.1 g NO3/d in the final effluent, which is comparable to arou
.3 g TKN/d in the 1st stage effluent. Due to variability in

nfluent, the average influent TKN concentration in the mod
ystem jumped from 1750 to 1950 g/L (not shown in the ta
nproportionally the 1st stage effluent TKN increased from

o 10.3 g/d, i.e. the 1st stage TKN removal efficiency decre
rom 66 to 41%. This drop in the removal efficiency is po
ated to be the consequence of reduced ammonia stripp
he 1st stage, corresponding to the drop in free ammonia
entration in the 1st stage reactor. At the experimented re
atio of 3, the system denitrified 7.6 g/d of generated nitrate
educed final effluent nitrates by around 74%, as predicte

rocess performance.
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Eq. (2). Concentration of nitrates in the final effluent, which is
directly proportional to the 1st stage effluent ammonia, followed
the same trend as can clearly be seen inFig. 4. Excellent per-
formance of the anoxic zone is apparent as it denitrified 7.6 g/d
or more than 94% of the nitrates recycled (R × NO3 discharged)
from the final effluent to the anoxic zone, effectively reduc-
ing total effluent nitrogen by 84%. Trends in variations in 1st
stage effluent ammonia and final effluent nitrate concentrations
seemed to be affected equally by variations in DAF effluent or
the system influent ammonia concentration.

On day 74 due to an operational problem, recycled final efflu-
ent bypassed the anoxic zone and entered directly the 1st stage
mixed liquor bulk phase. This was clearly seen to be reflected
in the system performance by a rise in nitrate concentrations in
the 1st stage permeate from 16 to 360 mg/L, which affected an
increase in the 2nd stage effluent nitrate concentrations from 300
to 440 mg/L. This incidence empathetically proved the effective-
ness of the installed anoxic zone in achieving denitrification.
A similar rising trend in the final effluent nitrates can be seen
in the absence of denitrification on day 80 when recirculation
was stopped. Furthermore, it is apparent that this denitrifying
two-stage MBR system also stabilized nitrification immensely.
Though influent ammonia concentration on day 58 reached as
high as 2300 mg/L i.e. around two times its average value, no
rise in the final effluent ammonia was observed.

Due to the intrinsic limitation of a low oxygen transfer effi-
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• With 35% of influent COD as a readily biodegradable
carbon, the system achieved high denitrification rates of
120–144 mg NO3-N/g VSS h.

• By virtue of the high denitrification rate, the modified sys-
tem denitrified more than 94% of the recycled nitrates in an
effective anoxic residence time of only 14 min or the system
anoxic HRT of 1.1 h, based on influent wastewater flow. This
eliminated the requirement for a separate denitrification reac-
tor and associated mixing devices, thus facilitating retrofit of
the existing reactor with a tubular coil occupying less than
1% of the 1st stage reactor volume.

• Implementation of the modification scheme potentially saved
around 5.9 kWh on aeration/M3 of wastewater treated and
decreased the external alkalinity requirement by 65%.

• While this study demonstrated feasibility of using an inno-
vative pre-anoxic bioreactor, the size of the anoxic zone can
further be optimized.
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