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A hybridmembrane bioreactor (HMBR) comprises activated sludge (free biomass), a biofilm (supported biomass), and amembrane
separation. A laboratory pilot-scale HMBR was operated for seven months with high organic loads of both carbonic and nitrogen
pollutants. Several experimentswere conducted to investigate the influence of the height of the packing bed (27 cm, 50 cm, and 0 cm)
and the effect of the concentration of dissolved oxygen (DO) on the organic removal rate, total nitrogen removal rate (TN), and
ammonium removal.The organic removal rate was always>95% andmostly>98%.TheNH4

+-N andTN removal rates were directly
related toDO.NH4

+-N removal rate reached 100% andwasmostly>99%with a concentration ofDO> 0.1mg/L, whereas theNO3
−-

N removal rate was differentially affected depending on the level of DO.The removal rate increased when the concentration of DO
was optimal for simultaneous nitrification and denitrification, which was between 0.1 and 0.5mg/l, and the TN removal rate was
consequently high. The removal rate decreased when DO was high and denitrification was consequently low thereby reducing the
TN removal rate. This implies that high levels of DO (>1mg/L) limit the denitrification process and low levels of DO (<0.1mg/L)
limit the nitrification process and hence total nitrogen removal in the bioreactor.

1. Introduction

Today, an increasing number of surface water resources suffer
from eutrophication. The increased nutriment loads in the
sewage and the discharge of inadequately treated wastewater
and industrial water into water resources are the main causes
of this phenomenon.

It is therefore important to find more efficient processes
to remove the increased pollution and to protect water
resources. Processing using a hybrid membrane bioreactor
(HMBR) first depends on the combined effect of a suspended
activated sludge (free bacteria) and a biofilm (supported bac-
teria) which make it possible to enhance removal efficiency
compared to a conventional activated sludge (AS) process [1].
The use of membrane technology for the separation of free
bacteria from the liquid phase also improves the efficiency of
treatment. Carriers are used tominimize the negative effect of
suspended solids, reduce the formation of a membrane cake
layer thanks to the scouring effects of suspended carriers,
minimize fouling, and improve nutrient removal and filter-
ability [2–8]. In a previous work [8] the benefits of gas-liquid

mass transfer and of adding a packing bed in the biore-
actors for different solutions (water, suspension, and non-
Newtonian fluid) were demonstrated.

HMBR combines classical organic carbon depollution
with simultaneous nitrification and denitrification. Biologi-
cal nitrification-denitrification is a development process for
nitrogen removal fromwastewater. On the one hand and dur-
ing the nitrification step, ammonia-oxidizing bacteria (AOB)
aerobically oxidize the ammonium to nitrite after which
the nitrite is oxidized to nitrate by nitrite-oxidizing bacteria
(NOB). On the other hand, during the denitrification step,
nitrate is reduced to gaseous nitrogen by denitrifying micro-
organisms [9]. Shortcut biological nitrogen removal (SBNR)
[10] is based on partial nitrification to nitrite followed by
nitrite denitrification (Figure 1).

However, the stability of nitrite accumulation, which is
a key prerequisite for successful SBNR, is a major challenge
to the implementation of this process. One major problem
is that nitrifiers with low growth rate can be washed out
in the conventional activated sludge process, resulting in a
reduction in the nitrification performance. To overcome this
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Figure 1: Biological nitrogen removal by nitrification-denitrifica-
tion.

problem, a submerged membrane bioreactor (MBR) is intro-
duced to improve nitrification efficiency because membrane
filtration enables complete separation of solids and liquids
and maintains a high level of autotrophic biomass in the
reactor [11].

Degradation is influenced by the filling fraction of carri-
ers, the extent of biofilm growth, the concentration of MLSS
in suspended growth, and biomass activity. The 1/3 lower
concentration of biomass in the attached form can reach the
same removal rates as biomass in the suspended form [12].

The aBF-MBR has higher specific oxygen uptake rates
(SOUR) compared to conventional AS-MBR [13, 14]. But,
with similar hydraulic retention times (HRTs) and sludge
retention times (SRTs), both systems can achieve 95–99% of
chemical oxygen demand (COD) removals and there is no
significant difference in the nitrification rate, which is >96%.
However, some authors found that AS-MBR has 2–4% lower
nitrification rate compared to aBF-MBR [6, 14].

aBF-MBR enables higher total nitrogen removal because
of simultaneous nitrification/denitrification (SND) in deeper
biofilm layers [2, 12, 14].

According toGupta and Sharma [15], biological oxidation
of high strength nitrogenous wastewater (TKN = 1.0 to
1.1 kg/m3) was successful after the feed was supplemented
with an external source of organic carbon to raise the
COD : TKN ratio to nearly 1. Over 96% nitrification and up
to 99% TKN removal were achieved with a SRT of 30 d and a
HRT of 2 d.

Mines and Sherrard [16] observed incomplete nitrifica-
tion (40 to 65% with SRTs of, resp., 17 and 21 d) with an
influent of 0.5 kg TKN⋅m−3. In a reciprocating jet bioreactor,
85 to 95% of the influent ammonium (0.65–0.85 kg NH4

+-
N⋅m−3) was converted at a low HRT (4.2 h) [17]. In this case,
an antifoaming agent should be introduced to avoid excessive
formation of foam.

According to Charmot-Charbonnel et al. [18], aerated
submerged fixed beds have a high nitrification capacity which
enables distribution of the wastewater over the whole biofilm.
In the case of the treatment of fertilizer waste containing
0.5 kg NH4

+-N⋅m−3 in an upflow biofilm reactor, removal
rates can reach up to 0.6 kg NH4

+- N⋅m−3⋅d−1 (or 13.2 kg
NH4
+- N⋅m−2⋅d−1) and 90.6 to 99% of ammonium removal

was achievedwith an ammoniumvolumetric loading of 0.4 to
0.6 kg⋅m−3⋅d−1. Nitrification stopped when the concentration
of ammonium-N reached 5 kg⋅m−3 (or 𝐵V = 2.6 kg NH4

+-
N⋅m−3⋅d−1), as indicated by the low ammonium removal rate
(7%).

Simultaneous nitrification-denitrification has already
been observed in other biofilm reactors, for example, rotating
biological contactors (RBC) [19].

Tang et al. [20] used a multihabitat membrane bioreactor
to investigate the DO distribution and the factors influ-
encing the mass transfer of DO. Different proportions of
COD : TN : TP of synthetic water and low aeration rate were
used to obtain an aerobic or an anoxic status. The accumu-
lation of biomass was the main factor which influenced the
distribution of DO to the different zones. Organic and n-
containing substances could be removed simultaneously, but
the effective removal of TN was only possible after obvious
anoxic and aerobic zones were formed within the bioreactor.

The objective of the present study was to evaluate the
impact of the concentration of dissolved oxygen (DO) on
simultaneous nitrification and denitrification (SND) in a
HMBR for the treatment of high load wastewater. The effect
of enriched attached culture seeded on the packing in HMBR
was also studied to understand their role in SND.

2. Material and Methods

Experiments were carried out in a bioreactor (a cylindrical
clear PVC column) with and without a packing bed. The
column used was 15.3 cm in diameter (ID), 126.5 cm in total
height (HT), filled with 91 cm of liquid (HL), and packed with
either 27 cm or 54 cm (HS) of filling material (Figure 2).

Cylindrical solid packing rings (AnoxKaldnes� rings)
made of polyethylene (about 10mm in diameter and 7mm in
height) were used in the experiments.Theirmain geometrical
characteristics are summarized in Table 1.

In order to prevent the loss of packing material due to
recirculating liquid, the packing rings were held in place by
two grids with 0.5mmapertures located just above and under
the bed. Compressed air was supplied by a compressor and
was injected at the bottom of the column using a porous disc
diffuser.

Air flow rates were measured using a flowmeter (SHO-
RATE).The liquid phase was recirculated from the bottom to
the top of the bioreactor by a centrifuge pump and the flow
rate was measured using a ROSE-MOUNT 4 X flowmeter.
The concentration of dissolved oxygen in the bioreactor
was measured using an oxygen electrode oximeter HQ30D
(Hach Lange), equippedwith a temperature sensor. Gas input
ranged between 60 L/h and 180 L/h.The flow rate of the recir-
culated liquid was set between 200 and 300 L/h to prevent
sludge accumulating in themembrane channels and to ensure
complete mixing. It was previously shown that an increase in
the recirculated flow rate had no significant effects on the
measured𝐾𝐿𝑎 [8]. A ceramicmicrofiltrationmembrane Car-
bosep� (pore size: 0.1 𝜇m, area: 0.0226m2) with six channels
was used in the system to separate the activated sludge from
the purified water during normal operation (i.e., in presence
of activated sludge in the bioreactor and continuous feeding
with substrate).

The substrate, which was prepared every two or three
days in a 50 L tank, consisted of sugar, meat extract (Vian-
dox�), ammonium chloride (NH4Cl), sodium bicarbonate
(NaHCO3), and phosphoric acid (H3PO4). For a COD equal
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Figure 2: Experimental setup of laboratory pilot scale; A: feeding tank; B: dosing pump; C: oximeter; D: sampling; E: fixed bed; F: porous
diffuser; G: discharge valve; H: recirculation pump; I: membrane; J: outlet valve; K: liquid flowmeter; L: valve water; M: compressor; N: gas
flowmeter.

Table 1: Physical packing characteristics (AnoxKaldnes rings).

Parameter Density
𝜌𝑠 (kg/m

3) Porosity 𝜀 (—) Diameter
𝑑𝑝 (mm)

Specific area
𝑎 (m2/m3)

Value 968 0,79 10 1000

to 1,000mg/L, the following proportions were used: 39 g,
42.5 g, 11.5 g, 33.33 g, and 0.75mL of sugar, meat extract,
NH4Cl, NaHCO3, and H3PO4, respectively. A constant and
continuous feeding inlet flowrate of about 1 L/h was applied.
The same proportions but with bigger quantities were used
for higher pollutant loads.

The ammonium N-NH4
+ and the nitrates N-NO3

− were
measured by an ammonium meter SC200 (Hach Lange). pH
wasmeasured by a pH-meterHANNA (pH210).Mixed liquor
suspended solids (MLSS) for suspended bacteria: 30mL of
mixed liquor was centrifuged for 15 minutes at 13500 rpm
with a SIGMA2-16 centrifuge; the solid part was then dried at
105∘C for 24 hours. The MLSS was the percentage difference
in weight before and after drying. The mass of the fixed
bacteria on the packing material was calculated monthly by
measuring the difference in weight in some pieces of packing
before and after drying.The chemical oxygen demand (COD)
of the substrate, of the supernatant, and of the permeate was
measured using one of the two followingmethods: first, using
CHE Metrics COD tubes and an Aquamate ThermoSpec-
tronic spectrophotometer; second, using measured total
organic carbon (TOC) to deduce the COD using an exper-
imental calibration curve between COD values and TOC.
Total organic carbon (TOC) and total nitrogen were mea-
sured by TOC–VCPH (Total Organic Carbon Analyzer)
SHIMADZU.

At the beginning of the pilot operation, activated sludge
from the recirculation line of the Aix-en-Provence (France)
WWTP was seeded into the bioreactor to provide a concen-
tration of mixed liquor suspended solids (MLSS) of 2.7 g/L
which increased after several days to reach about 3.5 g/L
MLSS concentration.

A mean MLSS concentration of 3.0–4.5 g/L was main-
tained by removing a precise volume of sludge from the biore-
actor every day. MLVSS was calculated several times over the
whole operation period. The MLVSS/MLSS ratio was always
around 0.92.

The membrane was cleaned when the permeate flow rate
dropped to about 0.5 L/h.

Operating Conditions. The pilot operation was run for 166
consecutive days divided into three phases according to the
packing height, phase I (0–79 d) with a bed height of 27 cm,
phase II (80–153 d) with a bed height of 54 cm, and phase
III (153–170) with no packing bed. Each phase comprised
several periods of one or two weeks corresponding to specific
operating conditions in terms of the concentration of inlet
pollutant and the air flowrate (i.e., one operating parameter
was changed from one period to the other). The different
operating conditions are detailed in Table 2.The applied load-
ing rates (from 2.9 to 8.2 kgCOD/(m3⋅d) for carbonaceous
pollution and from 0.19 to 0.55 kgN/(m3⋅d) for nitrogenous
pollution) can be considered as high.
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Table 2: Operational conditions of the HMBR.

Height of
packing bed
(cm)

Number of
period

Number of
days in the
period

Accumulated
time from
day to day

Concentration
of COD at the

inlet
Kg/m3

Concentration
of𝑁total
KgN/m3

Air
flowrate
L/h

Average COD
loading rate

kgCOD/(m3⋅d)

Average𝑁total
loading rate
kgN/(m3⋅d)

Phase I
27 cm

1 16 1–16 250–1000 16–65 120
2 10 17–26 2000 135 2,87 0,19
3 7 27–33 60
4 8 34–41 2500 165 3,59 0,24
5 8 42–49 120
6 10 50–59 3000 202 4,30 0,29
7 7 60–66 60
8 7 67–73 5000 335 7,17 0,48
9 6 74–79 120

Phase II
54 cm

10 10 80–89 3000 202 180 4,30 0,29
11 14 90–103 60
12 7 104–110

5700 380 8,18 0,5513 8 111–118 120
14 11 119–129 180
15 5 130–134

4000 270 5,74 0,3916 5 135–139 60
17 9 140–148 120
18 5 149–153 60

Phase III
0 cm

19 6 154–159 4000 270 5,74 0,39
20 7 160–166 120

The applied loading rates, the removal efficiencies, and
the removal rates have been, respectively, calculated by the
classical formulas with for

(i) the applied loading rate (𝐿V in kg/m
3⋅d): 𝐿V = (([𝑆]in ⋅

𝑄)/𝑉) ⋅ 24,
(ii) the removal efficiencies (𝐸 in%):𝐸 = (1−[𝑆]out/[𝑆]in)⋅
100,

(iii) the removal rate (𝑅V in kg/m3⋅d): 𝑅V = (𝐿𝑉 ⋅ 𝐸)/100,

where [𝑆]in is the concentration (kg/m3) of COD, or TN, or
NH4
+-N in the influent, [𝑆]out is the concentration (kg/m3)

of COD, or TN, or NH4
+-N at the outlet, 𝑄 is the influent

flowrate (m3/h), and 𝑉 is the volume of the bioreactor (m3).

3. Results and Discussion

The results of the whole experiment are summarized for each
period (mean values) in Table 3 including DO concentration,
COD removal rates, and nitrogen removal rates and in
Figure 3 as a function of time.

On the one hand, the difference in treatment efficiency
between phase I and phase II revealed a notable effect of
bed height. Phase III allowed us to compare the difference
between CMBR and HMBR in terms of pollutant removal
efficiency. On the other hand, the concentration of the feed
and the dissolved oxygen concentration appeared to be

the key to simultaneous nitrification and denitrification
efficiency.

The first period is not discussed because it corresponds to
acclimation of the activated sludge to the synthetic substrate.
Acclimation was considered to be complete when the COD
removal efficiency and activated growth yield were constant,
in this case, after 16 days.

Because an easily biodegradable synthetic substrate was
used, whatever the operating conditions, the COD removal
efficiency was very high in all the periods. Increasing the
height of the packing bed made it possible to enhance the
aerobic conditions in the bioreactor because of the increase of
oxygen mass transfer in the bioreactor as it has been shown
in the previous work of Zerari et al. [8] and hence to increase
the volumetric efficiency of the bioreactor, for the aerobic
biodegradation of the pollutants, with a COD removal rate
of about 8 kgCOD/m3⋅d for periods 12, 13, and 14 compared
to the higher level of COD removal rate obtained in phase I
(periods 8 and 9) of about 7 kgCOD/m3⋅d.

For the nitrogen compounds, removal efficiencies were
linked to the aerobic or anoxic conditions in the bioreactor. In
periods 8 and 9, nitrification efficiency was reduced to about
68%. In this configuration, there was clearly a limit to nitrifi-
cation with a maximum TN removal rate of about 0.33 kgN/
m3⋅d. It was possible to enhance the removal rate, that is, the
volumetric efficiency of the bioreactor, by increasing of the
height of the packing bed. In periods 13, 14, and 18, with
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Table 3: Experimental removal rates and removal efficiencies.

Packing
height Cm

Number of
period

Air flow rate
L/h

Average DO
mg/L

COD
removal rate

kg
COD/m3⋅d

TN removal
rate

kg N/m3⋅d

COD
removal

efficiency%

NH4
+-N

removal
efficiency%

𝑁total removal
efficiency%

Phase I
27 Cm

1 120 5.5 — — 61,1 62.2 2.2
2 120 4.3 2,71 0,015 94,6 95.1 7.7
3 60 0.5 2,68 0,18 93,5 97.7 92.8
4 60 0.59 3,46 0,228 96,6 99.1 96.3
5 120 1.62 3,51 0,13 97,9 99.6 55.02
6 120 1.66 4,22 0,18 98 99.76 62.1
7 60 0.36 4,24 0,28 98,6 98.4 96.6
8 60 0.28 7,04 0,315 98,2 66.8 65.5
9 120 1.7 7,05 0,322 98,3 68.5 67

Phase II
54Cm

10 180 4.17 4,23 0,235 98,2 84.2 81.1
11 60 0.86 4,2 0,279 97,5 99.5 96.3
12 60 0.11 8,04 0,41 98,3 76.4 75.2
13 120 0.18 8,06 0,401 98,6 75.4 73.6
14 180 1.23 8,08 0,374 98,8 71.4 68.6
15 180 2.14 5,66 0,218 98,7 59.2 56.4
16 60 0.66–0.1 5,64 0,192 98,3 56 49.6
17 120 0.16 5,65 0,304 98,5 82.9 78.6
18 60 0.39 5,65 0,365 98,4 96.8 94.2

Phase III
0 Cm

19 60 0.73 5,63 0 98,2 97 Continuous
decrease

20 120 4.08 5,6 0 97,6 99.6 Continuous
decrease

a packing bed height of 54 cm, nitrogen removal rates were
0.4 kgN/m3⋅d. With this HMBR, it was impossible to obtain
higher nitrogen removal rates. The packing bed in the bio-
reactor had two combined effects; it enabled an increase in
the concentration of the biomass in the bioreactor with the
presence of a biofilm and also in the rate of oxygen mass
transfer in the bioreactor.

Nitrification efficiency, that is, NH4
+-N removal effi-

ciency, depended to a great extent on the aerobic conditions
in the bioreactor. The highest efficiency rate, >95%, was
obtained in periods 3, 4, 5, 6, 7, 18, 19, and 20 with a DO
concertation > 0.4mg/l of dissolved oxygen in the bioreactor.
When theDO level was too low, nitrification in the bioreactor
was limited due to lack of oxygen, as observed in periods 8,
12, and 16.

Denitrification was only achieved in anoxic conditions.
With a DO level < 1.0mg/L, the biofilm could be considered
to be in anoxic conditions and denitrification occurred
(periods 3, 4, 7, 8, 11, 12, 13, 16, 17, and 18).

It was also possible to remove all the nitrogen at the same
time (simultaneous nitrification and denitrification) with
aerobic conditions in the activated sludge and anoxic condi-
tions in the biofilm obtained by controlling the level of DO
in the bioreactor. DO levels of between 0.5 and 1mg/L were
observed in periods 4, 11, and 18, with simultaneous and

complete nitrification and denitrification in the HMBR with
nitrogen removal efficiency observed of about 95% for those
periods. These periods have to be compared, respectively, to
the periods 5, 10, and 17 with the same loading rates and
higher air flow rates and DO levels. The assumption of
simultaneous nitrification and denitrification could be made
because of a constant amount of carbonaceous consumption
observed (sameCOD removal efficiencies) and because it was
not necessary to add carbonaceous compounds to achieve
complete nitrification-denitrification in those periods, pos-
sibly due to a shortcut in the biological nitrogen removal
process (NO2

− toN2, as it has been described in the literature:
Figure 1).

In periods 7 and 11, the height of the packing bedwas seen
to affect the efficiency of the oxygenation transfer. In the same
operating conditions, that is, with the same loading rates and
air flow rate, a higher concentration of DOwas observed with
a 54 cm packing bed (0.86mg/L in period 11) than with a
27 cm packing bed (0.36mg/L in period 7). It confirms the
fact that the height of the packing bed has a positive effect on
the oxic conditions in the bioreactor.

In phase III, the bioreactor was operated with no packing
bed, that is, like a classical AS process. A continuous decrease
in nitrification efficiency was observed because with no bio-
film in the reactor, it is impossible to obtain anoxic conditions
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Figure 3: Removal efficiencies for a COD; N-NH4
+;𝑁total; and (b) DO concentrations as a function of time.

and simultaneous nitrification and denitrification, due to
continuous aeration.

4. Conclusions

An innovative HMBR configuration enabled improved depo-
llution efficiencywithout increasing the amount of suspended
bacteria in the mixed liquor. Compared to classical mem-
brane bioreactors (MBR), HMBR thus makes it possible to
treat highly loaded wastewaters while reducing problem of
fouling caused the use of low concentration of MLSS.

HMBR also enabled highly efficient nitrification and
denitrification thanks to the development of a biofilm on the
inert surface of the filling material and the presence of both
aerobic and anoxic conditions in the reactor. This configura-
tion efficiently removes nitrates and nitrites by controlling the
concentrations of dissolved oxygen in the reactor. The most
important factors controlling the correct functioning of the
reactor are thus the concentration of dissolved oxygen and
the height of the packing bed. Simultaneous nitrification and
denitrification enabled high removal efficiencies with con-
centrations of dissolved oxygen between 0.4 and 0.9mL/L.

TheHMBR configurationmade it possible to increase the
efficiency of oxygen transfer with no additional energy con-
sumption and with an increase in the volumetric efficiency of
pollutant removal in the bioreactor.
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