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Abstract—A one-dimensional biofilm model was applied to illustrate the nitrogen conversion and removal within the
heterogeneous biofilm attached on the gas-permeable membrane with different oxygen transfer coefficients: 7.5 m/d,
1.5m/d and 0.3 m/d. Integrating the ammonia-oxidizing bacteria-mediating hydroxylamine oxidization pathway
during the autotrophic nitrification and the four-step denitrification pathway during the heterotrophic denitrification,
the effects of the intra-membrane aeration pressure and the influent COD/N ratio were further quantitatively evalu-
ated on the systematic performance of nitrogen conversion. Dynamic profiles of key nitrogenous intermediates were
investigated to further analyze the treatment efficacy of the targeted biofilm system. It is inapplicable for membrane
with oxygen transfer coefficient of 0.3 m/d to sustain the biofilm due to the inferior treatment performance under
higher influent organics and distinct nitrous oxide (N,O) production with elevated aeration pressures under lower
influent organics. For the oxygen transfer coefficients of 7.5 m/d and 1.5m/d, N,O production was detectable for the
insufficient carbon source, indicating the significance of hydroxylamine oxidization. Short-cut nitrogen removal path-
way could be feasible within the latter biofilm due to the nitrite accumulation, further reduced by supplementing the
carbon source. Heterotrophic denitrification would contribute to the N,O production. Maintaining the biofilm thick-
ness was conducive to short-cut nitrogen removal by regulating the substrate transfer and the biomass distribution
along the biofilm. Besides the total nitrogen removal efficiency, the nitrite accumulation and N,O production were
both decreased with the thickening biofilm. Inside the thinner biofilm, a short-cut pathway via nitrite might be the
major pathway for nitrogen removal with distinguished N,O production, which could be mitigated through supple-

menting the carbon source.
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INTRODUCTION

Counter-diffusion between electron acceptors and donors has
been identified inside the membrane-aerated biofilm (MAB), the
individual regulation between which promotes the formation of sta-
ble redox-stratified structure distinguished from the co-diffusional
biofilm [1]. Characterized by the excellent oxygen transfer and uti-
lization efficiency and the nitrifier retention, MAB is more appro-
priate for the highly-efficient biological nitrogen removal (BNR)
through the simultaneous nitrification and denitrification (SND)
when compared with the co-diffusional biofilm. Besides it is feasi-
ble to achieve short-cut nitrogen removal via nitrite with the bio-
mass activity of nitrite-oxidizing bacteria (NOB) inhibited mainly
through microbial competition under certain operational condi-
tions [2].
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However, great significance should be attached to the production
and consumption of nitrogenous intermediates during the BNR
process, which shows severe environmental effects despite the low
nitrogen conversion ratio [3]. Nitric oxide (NO) and nitrous oxide
(N,O) are both important atmospheric trace gases, which stably
exhibit the direct effects on the ozone in the stratosphere leading to
the ozone layer depletion. NO is toxic to a wide range of organisms
[4]. Furthermore, N,O is a more potent greenhouse gas than car-
bon dioxide and methane [5] with the residence time estimated to
be 150 years in the atmosphere [6]. It is reported that N,O with
higher solubility [7] can be detected in large-scale emissions during
BNR both at lab-scale reactors and full-scale WWTPs regardless of
the large variation of the emission values [8,9] substantially affected
by the process configuration and operation [3,7-9]. Generally, chem-
lithoautotrophic ammonia-oxidizing bacteria (AOB) oxidize ammo-
nia into nitrite via hydroxylamine as the predominant energy-gen-
erating process, i.e. it is indispensable to sustain molecular oxygen
for the ammonia oxidization to hydroxylamine [10]. According to
the nitrogen cycle [11], NO and N,O could be produced through
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the AOB-mediating nitrifier denitrification [4,12-15] and hydrox-
ylamine oxidization [16-18] during the nitrification and the anoxic
growth of heterotrophic bacteria (HB) during the incomplete denitri-
fication under sub-optimal growth conditions [11,19,20]. The anaer-
obic ammonia-oxidizing bacteria (AnAOB) and NOB has been
validated to be irrelevant with the production and emission of NO
and N,O [11]. Though the actual formation mechanism of nitrog-
enous intermediates is still disputed, the nitrifier denitrification
pathway under oxygen limitation has been widely identified as a
key pathway in many pure and enriched AOB cultures, ie., the major
source of NO and N,O is associated with the nitrite reduction other
than the oxidization of ammonia or hydroxylamine, indicating the
complex biochemical reactions and electron transfer processes
involved in AOB metabolism [3,7,8,21-23]. Studies also demon-
strated that the formation of N,O is always coupled to that of the
toxic NO [24,25], but commonly N,O is the main intermediate
from the NO reduction during the SND with higher yield under
low oxygen supply [16] or anaerobic conditions [3]. The metabolic
turnover of a nitrifying system is closely related with the environ-
mental conditions. The oxygen profile is the key operational param-
eter affecting the N,O emission during the nitrification [7-9]. How-
ever, pure culture cultivation conditions are strongly different from
those prevailing in natural environments and WWTPs. And nitrite
accumulation is the key factor affecting the heterotrophic denitrifi-
cation [6]. In addition, the influent COD/N ratio [26], the substrate
and biomass species, and their interaction with the pH value, tem-
perature and sludge retention time (SRT) would further affect the
electron competition and relative kinetic processes of the hetero-
trophic denitrification, the nitrite accumulation, the end-products,
and especially the N,O production and accumulation.

Dynamic variations of N,O can be on-line monitored, while lim-
ited grab-sampling gives inaccurate estimation under the rapid shift-
ing of operational conditions [8]. To conduct a systematic experi-
mental evaluation would be extremely time-consuming for the bio-
film system to be stabilized and be representative under each pro-
cess condition [27]. Conventionally; the fixed emission factors have
been applied to estimate the N,O emission from the wastewater
treatment as recommended by the UN'TPCC and various govern-
ments, neglecting the effects of process configuration and opera-
tional characteristics under variable environmental conditions [28].
In contrast, mathematical modeling has potentially become a reli-
able predictive tool for quantifying and evaluating the site-specific
N,O emission [19,28] to interpret and reduce the environmental
influence of BNR process in terms with the N,O production and
mitigation based on the relevant mechanism, improving the sys-
tem design and operation to achieve sustainable nitrogen removal.

The N,O emission from a single-stage nitritation-ANAMMOX
system was identified lower than the two-stage systems [7]. As with
the biofilm system, profiles of substrate and microbial distribution
were closely related with the N,O dynamics under diversified pro-
cess parameters. Sabba et al. [29] reported that more N,O was pro-
duced in the biofilm than the suspending activated sludge system
due to the stratified structure. It has been investigated that higher
nitrite accumulation could be detected within the co-diffusional bio-
film due to the AOB location around the exterior biofilm [30] than
the counter-diffusional biofilm for the adjacent region of nitrite pro-
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duction and consumption [31]. Then a significantly lower N,O
generation could be specified within the counter-diffusion bio-
film, especially the autotrophic nitrogen removal system, than the
co-diffusional biofilm for the treatment of wastewater with high
influent ammonia [27,30]. A number of researches have been re-
ported on the nitrifying biofilm and autotrophic MAB [30]. For
the commonly constructed BNR process [15], nitrite accumula-
tion is critical to short-cut nitrogen removal for the combination
of autotrophic nitrification and heterotrophic denitrification. And
even the HB growth on decaying biomass or influent impurities
could not be negligible during the autotrophic BNR process [3].
For the MAB system, the oxygen supply is key to the nitrogen con-
version, mainly impacted by the membrane oxygen transfer coeffi-
cient and intra-membrane aeration pressure. It could be speculated
that the aerobic growth of HB would generate the oxygen-limita-
tion, further affecting the nitrite accumulation and the N,O pro-
duction. Denitrification is crucial to nitrogen removal, the con-
tributions of which to the N,O production need to be explicitly
investigated [8]. And the biomass activity of HB under the anaero-
bic growth would further inhibit the nitrogen conversion and re-
moval process through the microbial competition. However, few
reports were available to interpret the N,O production during the
SND and the short-cut pathway within the heterotrophic MAB
under the influent organics.

In this paper, we emphasize the effects of oxygen supply and influ-
ent soluble organics on the nitrogen conversion and removal under
the fixed influent ammonia based on the mathematical modeling.
The hydroxylamine oxidization pathway during nitrification and
HB denitrification were integrated to comprehensively elucidate the
dynamics of major nitrogenous intermediates and then the bio-
mass and substrate distribution. Furthermore, eftects of biofilm thick-
ness were specified to in-depth explore the changing tendency of
nitrogenous substances within the targeted MAB and provide the
technical support for the potential application.

METHODOLOGY

1. Model Development

Totally, nine dissolved components, including the readily-degrad-
able organic substance (Ss), oxygen (Sp,), ammonia-nitrogen (Syz),
hydroxylamine (Syzpom), hitrite-nitrogen (Sy,), nitrate-nitrogen
(Snos)» nitric oxide (Syo), nitrous oxide (Sy,0) and dinitrogen (Syy),
were involved in the biofilm system. Five particulate components,
including the ammonia-oxidizing bacteria (X,0p), nitrite-oxidizing
bacteria (Xyop), heterotrophic bacteria (Xj;), slowly-degradable
organic substance (X) and inert biomass (X;), were introduced
into the model (Table S1). Rate expressions for all the processes are
detailed in Table S2. Considering the high aeration performance
within the MAB and the nitrifier retention around the gas-perme-
able membrane surface, the single-pathway model of hydroxylamine
oxidization, after elementary comparisons with the AOB denitrifi-
cation reported by Ni et al. [15] and Mampaey et al. [32], was selected
for the ammonia conversion process, including the ammonia oxi-
dization to hydroxylamine, the hydroxylamine oxidization to NO
and subsequent NO oxidization to nitrite and then NO reduction
to N,O [9,19,33]. The nitrification process was divided into ammo-



Modeling on the nitrogen transformation and removal of membrane-aerated biofilm 527

nia oxidation and nitrite oxidation to distinguish the nitrifier activ-
ity during the BNR process. The lower ammonia utilization rate of
AOB when using NO as electron acceptor instead of oxygen was
modified by the anoxic correction factor 77,0 during the NO reduc-
tion. Besides the aerobic growth, anaerobic growth of facultative
HB was represented by the four-step denitrification process, accord-
ing to the framework of activated sludge model for nitrogen
(ASMN), which was composed by the successive growth of anaer-
obic HB on nitrate, nitrite, NO and N,O. Dinitrogen was consid-
ered as the end-product of the denitrification [20]. NO reduction
to N,O during the hydroxylamine oxidization and anaerobic denitri-
fication was processed in parallel during the BNR. Decay of all the
three active biomass, AOB, NOB and HB, included both the
endogenous respiration and cell lysis to generate X and X, as
reflected by the first-order kinetic process. Transformation of X
into Sy was attainable through the instantaneous hydrolysis pro-
cess to sustain HB growth based on the biomass decay. Stoichio-
metric matrix for the microbial kinetics is specified in Table S3. As
indicated, the model in this paper is similar to that of Ni et al. [33]
in the application of modeling the N,O emission from full-scale
wastewater treatment plants with the validity and applicability con-
firmed. However, the constructed model aims to explore the dynam-
ics of nitrogenous intermediates for the heterogeneous counter-
diffusional MAB during the SND process. The hydrolysis pro-
cesses under aerobic and anaerobic conditions were both consid-
ered and yields for the anaerobic growth of HB were modified with
the correction factor ny for nitrogen oxides utilized as the electron
acceptor instead of oxygen according to the ASMN model [20].
This work aimed to investigate effects of HB activity on nitrogen
conversion and removal for the treatment of bulk liquid with influ-
ent organics. Furthermore, the model was primarily utilized for
the heterotrophic MAB system to elucidate the systematic perfor-
mance, which was different from Ni and Yuan [30], where the
AOB denitrification was applied for the autotrophic MAB includ-
ing AOB, NOB and AnAOB. Key biokinetic and stoichiometric
parameters well-established in previous study were adopted from
literature and detailed in Table S4. Then the AQUASIM software
[34] was utilized to implement the simulation and determine
dynamic profiles of the substrate and biomass during the BNR
process under given process parameters.
2. Simplification and Assumption

Two successive compartments, the completely-mixed gas com-
partment and the biofilm compartment, were included in the investi-
gated MAB system, between which was the gas-permeable mem-
brane to directly connect the membrane lumen with the biofilm
base. Inside the membrane, air was circulated with the 21% oxy-
gen fraction. Diftusion of the particulate components was excluded
from both the pore-water within the biofilm and the bulk liquid
with neither the biotic nor the abiotic conversions of all the sub-
strates considered. Hydroxylamine oxidation, chemical conversion
of free nitrous acid or hydroxylamine, chemodenitrification or the
abiotic/abiological N,0O formation were excluded from the mod-
eled system. According to Debus and Wanner [35], the advective
velocity (uz) was introduced to characterize the biofilm growth with
the adjustment coefficient for detachment velocity (c,,) defined to
stabilize the surface detachment. Furthermore, re-attachment of

the detached biomass was neglected during the simulation.

Initial composition of the heterogeneous MAB included the
25% AOB, 30% NOB, and 45% HB, which was formed on the
planar gas-permeable membrane with the area of 1 m”. Biofilm
thickness was initially set as 10 pm and the thickness of the diffu-
sive boundary layer was maintained as 100 um. Porosity of the
biofilm thickness was settled as 0.8. None of the dissolved compo-
nents was present inside the pore-water of the biofilm before the
stimulation. External resistance of mass transfer was neglected in
the ideal-mixing bulk liquid. Gas exchange with the environment
or backmixing of N,O and N, into the membrane lumen was
neglected throughout the stimulation. For the biofilm, twenty grid
points were selected during each simulation.

3. Simulation Strategy

For the oxygen supply, three membrane oxygen transfer coeffi-
cients, 7.5m/d, 1.5m/d and 0.3 m/d, respectively, were investigated
and nine intra-membrane aeration pressures, 0.10 atm, 0.15 atm,
0.20 atm, 0.25 atm, 0.30 atm, 0.35 atm, 0.40 atm, 0.45 atm and 0.50
atm, respectively.

As with the nitrogenous and carbonous substances in the bulk
liquid, influent concentration of ammonia in the bulk liquid was
maintained as 15g N/m’ throughout all the simulations. The influ-
ent concentrations of soluble organics were settled as 5 g COD/m’,
10g COD/m’, 15g COD/m’, 20g COD/m’, 25g COD/m’, 30 g
COD/m’, 35g COD/m’, 40g COD/m’, 45g COD/m’ and 50 g
COD/m’, respectively. The COD/N ratios were calculated as 0.33,
0.67, 1.00, 1.33, 1.67, 2.00, 2.33, 2.67, 3.00 and 3.33, respectively.

Systematic performance of nitrogen conversion and removal
was evaluated for the biofilm with the thickness of 400 um, and
the dynamic profiles of substrate and biomass were further deter-
mined with microbial competition indicated. The production of
nitrogenous intermediates was analyzed for biofilm thicknesses of
200 pm, 400 pm, 600 pm, 800 pm and 1,000 pum, respectively.

4. Sensitivity Analysis

Identifiability and relative significance of key parameters on the
nitrogen conversion and removal performance was analyzed by the
normalized (non-dimensional) absolute-relative sensitivity func-
tion of the built-in algorithm of AQUASIM software [34]. A larger
value of sensitivity function indicates the more-accurately identifi-
able parameters. Certain sensitivity analysis was performed for the
typical simulation strategies.

RESULTS AND DISCUSSION

1. Systematic Performance of Nitrogen Conversion and Removal

Combined effects of membrane oxygen transfer coefficient, intra-
membrane aeration pressure and the influent COD/N ratio were
investigated on the systematic performance of nitrogen conversion
and removal for MAB with the thickness of 400 um. It has been
reported that the negligibility of NO reduction into N,O in com-
parison with the NO oxidization into nitrite is associated with the
differences in oxygen affinity between ammonia monooxygenase
(AMO) and terminal oxidase [12]. Being the precursor of N,O,
the NO production is commonly lower, which was consistent with
the results in this work. Then the N,O production was primarily
analyzed. As in Fig. 1, dynamic profiles of N,O production and con-
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Fig. 1. Effects of intra-membrane aeration pressure and influent
COD/N ratio on the dynamic profiles of nitrous oxide pro-
duction of MAB attached on the membrane with different
oxygen transfer coefficients: (a) 7.5m/d, (b) 1.5m/d, and (c)
0.3 m/d.

sumption could be regulated through the COD/N ratio or intra-
membrane aeration pressure to affect the effective integration of
relative components and processes. Distinctively, N,O production
changed differently with the increase of intra-membrane aeration
pressure under COD/N ratios of 0.33 to 1.00 among all the three
membrane oxygen transfer coefficients.

Removal performance of ammonia and organics could be both
improved with the aeration pressure increased. For MAB attached
on the membrane with oxygen transfer coefficients of 7.5 m/d and
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1.5 m/d, the removal efficiency of total nitrogen exhibited a hump-
type changing tendency for the influent COD/N ratio ranging from
0.67 to 1.33. Denitrification was confined for the insufficient con-
version of ammonia under lower aeration pressures and the lim-
ited carbon source under higher aeration pressures. Hence it is
important to increase the aeration pressure for the treatment of
higher influent COD/N ratios to sustain the ammonia conversion
and complete the denitrification. Significant production of N,O
could be identified for the treatment of influent COD/N ratios of
0.33, 0.67 and 1.00, especially the maximum at COD/N ratio of
0.67 (Fig. 1). In terms of MAB attached on the membranes with
oxygen transfer coefficients of 7.5m/d and 1.5m/d exhibiting
greater removal performance of soluble organics (Fig. S1(b) and
Fig. S1(d)), differences in the removal efficiencies between ammo-
nia and total nitrogen indicated that oxygen limitation could be
induced by the oxygen consumption of aerobic HB. Then hydrox-
ylamine oxidization was the major pathway for the distinct N,O
production (Fig. 1(a) and Fig. 1(b)). Lowering the aeration pres-
sure, however, should be applied for the MAB attached on mem-
brane with oxygen transfer coefficient of 0.3 m/d (Fig. 1(c)) with
removal performance of nitrogen and organics both deteriorated
correspondingly (Fig. S1(e) and Fig. S1(f)). And it is indicated that
the inhibited growth of aerobic HB promoted the activity of
anaerobic HB to perform the denitrification. Furthermore, insuffi-
cient oxygen supply suppressed the ammonia oxidization to hydrox-
ylamine and then the limited NO reduction decreased the N,O
production. Subsequently, ammonia conversion and N,O produc-
tion were both enhanced with the aeration pressure (Fig. 1(c)).
Nitrite accumulation was gradually reduced with the COD/N ratio
ranging from 0.33 to 1.33 (data not shown) and the removal per-
formance of total nitrogen was greatly improved, revealing the
higher microbial activity of denitrifiers. But the systematic perfor-
mance of MAB attached on the membrane with oxygen transfer
coefficient of 0.3 m/d was remarkably deteriorated, suggesting infe-
rior application potential. Then greater N,O production was unavoid-
able, severely restricting the application and generalization.

In addition, for the treatment of lower influent COD/N ratios,
similar removal performance could be achieved between those of
membrane with oxygen transfer coefficients of 7.5 m/d and 1.5 m/d
after improving the aeration pressures. It is observable that in-
creasing the influent COD/N ratio would suppress the ammonia
conversion and total nitrogen removal under the aeration pres-
sure from 0.10atm to 0.25atm. Removal of organic substances
under lower COD/N ratios indicated the significant effects of aer-
obic HB on ammonia conversion with the microbial activities medi-
ated through further improving the aeration pressures. Then the
ammonia conversion was confined by the aeration deficiencies
with the influent COD/N ratios increasing, and substantial denitrifi-
cation further indicated the inhibited ammonia oxidization due to
the growth of aerobic HB. The soluble organics were mainly de-
graded by the aerobic HB under lower COD/N ratios and higher
aeration pressures and the removal of total nitrogen was limited by
the suppressed ammonia conversion. Consequently, it is essential
to maintain sufficient oxygen supply for the treatment of higher
influent organics to improve the systematic performance. Then
the growth of anaerobic HB would inhibit the aerobic HB and
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enhance the ammonia conversion efficiency (Fig. Sl(a) and Fig.
S1(c)). Significant N,O production was distinguished under the
influent COD/N ratios of 0.33 to 1.33 under the lower aeration
pressure (Fig. 1(a) and Fig. 1(b)). Hence it is deduced that the
hydroxylamine oxidization could be the main pathway of N,O
production considering the restricted ammonia conversion and
insufficient supply of organic substance for denitrification. Besides,
the improvement of total nitrogen removal within the two MABs
was similar to the aeration pressure increased regardless of the
higher ammonia conversion of membrane with oxygen transfer
coefficient of 7.5 m/d (Fig. S1(a)) to that of membrane with oxy-
gen transfer coefficient of 1.5 m/d (Fig. S1(c)). Under the aeration
pressure of 0.15 atm, nitrite accumulation and N,O production of
membrane with oxygen transfer coefficient of 7.5 m/d (12.12% and
3.22%, respectively) were higher than those of membrane with oxy-
gen transfer coefficient of 1.5 m/d (4.07% and 1.18%, respectively).
The total nitrogen removal, however, was similar (22.88% and
23.28%, respectively). Under the aeration pressure of 0.20 atm, nitrite
accumulation, N,O production and total nitrogen removal of mem-
brane with oxygen transfer coefficient of 1.5m/d (12.72%, 3.32%
and 22.80%, respectively) were all higher than those of membrane
with oxygen transfer coefficient of 7.5m/d (10.79%, 2.63% and
15.51%, respectively). The feasibility of short-cut nitrogen removal
pathway via nitrite could be recognized. The following sections were
targeted on the membrane with oxygen transfer coefficient of 1.5
m/d to specify effects of the intra-membrane aeration pressure and
the influent COD/N ratio on nitrogen conversion and removal.

2. Effects of the Intra-membrane Aeration Pressure

Systematic performance of nitrogen conversion and removal was
analyzed for the membrane with oxygen transfer coefficient of 1.5
m/d when treating the bulk liquid with the influent COD/N ratio
of 0.67.

As indicated in Fig. 2, the ammonia removal efficiency gradu-
ally increased and then stabilized with the intra-membrane aera-
tion pressure, while the total nitrogen removal efficiency exhibited
a hump-shaped changing tendency. Variation of N,O production
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was related to that of nitrite accumulation, the maximum of which
was achieved under the aeration pressure of 0.20 atm, ie. 3.32%
and 12.72%, respectively. NOB would grow on nitrite as the elec-
tron acceptor to further reduce the oxygen consumption for ammo-
nia oxidization to hydroxylamine. Slower rate of nitrite oxidation
than the ammonia oxidization causes nitrite accumulation [15]. In
addition, denitrification meditated by anaerobic HB could be
stimulated by oxygen limitation and nitrite availability [11], which
might be associated with suppression of the synthesis and activity
of denitrifying enzymes by the oxygen supply, especially the N,O
reductase [8]. Under the intra-membrane aeration pressure of
0.10 atm, lower nitrite could be detected (0.71%) and then the
N,O production (0.20%) for the ammonia oxidization to hydrox-
ylamine confined by the insufficient oxygen supply, which could
be improved with the aeration pressure increased. Both AOB and
NOB change their metabolic activities significantly at reduced oxy-
gen supply [27], and effects of NOB activity on N,O production
might be related to nitrite consumption. However, the nitrite oxi-
dization to nitrate under higher aeration pressure decreased the
nitrite accumulation and N,O production. The hydroxylamine oxi-
dization was inhibited for increasing the oxygen concentration to
sustain the electron competition between oxygen and nitrite under
higher oxygen concentration. Hence both the nitrite reduction
efficiency and nitrite concentration were further decreased [28]. In
particular, the removal efficiency of total nitrogen was greater with
certain amounts of nitrite accumulation and remarkable N,O pro-
duction under the aeration pressure of 0.20 atm, indicating the fea-
sibility of short-cut nitrogen removal. Although greater ammonia
conversion could be identified under higher aeration pressure for
the active biomass of aerobic HB suppressed by the insufficient
organics, the denitrification conducted by anaerobic HB was fur-
ther inhibited to consequently decrease the total nitrogen removal.
Overall, during the application of targeted MAB for the treatment
of bulk liquid with lower COD/N ratios, a short-cut SND pathway
could be maintained when lowering the intra-membrane aeration
pressure. N,O production should be promoted due to the nitrite
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accumulation for heterotrophic denitrification. And it is critical to
supplement the carbon source to eliminate the nitrite remaining in
the effluent.

3. Effects of the Influent COD/N Ratio

HB denitrification and reduction of nitrogen oxides are closely
coupled with the degradation of soluble organics. For the effect of
the influent soluble organics on the systematic performance of nitro-
gen conversion and removal, the biofilm with the thickness of 400
um attached on the gas-permeable membrane with the oxygen
transfer coefficient of 1.5 m/d was targeted.

In Fig. 4, the ammonia conversion efficiency gradually decreased
with the influent COD/N ratio and the total nitrogen removal
exhibited the hump-shaped changing tendency. It is evident that
the nitrite accumulation was reduced and the influent ammonia
was removed as the dinitrogen gas (Fig. 5) with the removal effi-
ciency of total nitrogen mainly affected by the ammonia conver-
sion. Under the intra-membrane aeration pressure of 0.20 atm,
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atm (L;=400 pum).
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growth of aerobic HB was greatly promoted under higher supply
of organic substances to compete with the oxygen consumption
with AOB and then inhibit the ammonia conversion. However,
the nitrite oxidation was greatly suppressed with the nitrite reduc-
tion substantially improved. Lower N,O reduction efficiency resulted
in N,O accumulation and emission. As the important intermedi-
ate, higher concentration of nitrite could inhibit the denitrification
due to the toxic inhibitory effects and then cause nitrite accumula-
tion [29]. For the influent COD/N ratio of 0.33, higher ammonia
conversion could be specified and then the significant nitrite accu-
mulation due to the incomplete heterotrophic denitrification, indi-
cating the N,O majorly generated from the hydroxylamine oxi-
dization though the accumulation of hydroxylamine and other
intermediates, as the NO or NOH under higher ammonia conver-
sion [33]. Removal performance of total nitrogen was slightly im-
proved under the influent COD/N ratio of 0.67 with higher N,O
production (3.32%). The ASMN model [20] was utilized in this
work and the competition effects for electron donors among all the
four steps during the denitrification were neglected [26]. Denitri-
fying organisms also increased N,O and NO production to a lesser
extent upon changed concentration profiles of nitrite and dissolved
oxygen [3]. The hydroxylamine oxidization and ammonia oxidiza-
tion were in parallel [19]. The intermediate accumulation under
low oxygen and higher nitrite could promote the N,O production
[11]. Higher concentration of nitrite would reverse the nitrite reduc-
tase, leading to higher N,O production. In accordance with the
greater ammonia conversion, the HB denitrification might contrib-
ute to the N,O production. It is critical to supplement the soluble
organics to avoid the production and accumulation of nitrogenous
intermediates, revealing the dependence of total nitrogen removal
on ammonia conversion.

Hence it is speculated that a short-cut nitrogen removal path-
way could be achieved under the complete ammonia conversion
for the application of the targeted MAB to treat the bulk liquid
with lower influent COD/N ratios. N,O production could be dis-
tinguished during the HB denitrification under insufficient supply
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of soluble organics. Higher COD/N ratios, or the availability of read-
ily degradable organic matter in the influent, would be conducive
to inhibiting the N,O production, ie. the supplement of carbon
source for the HB denitrification to further reduce the nitrite accu-
mulation.

4. Effects of the Biofilm Thickness

The relation of systematic performance of nitrogen conversion
and removal with the biofilm thickness was investigated for the
biofilm attached on the gas-permeable membrane with the oxy-
gen transfer coefficient of 1.5 m/d under the intra-membrane aer-
ation pressure of 0.20 atm and the influent COD/N of 0.67.

For the low influent COD/N ratios, N,O was the major inter-
mediate rather than NO (Data unshown). As indicated in Fig. 6,
the ammonia conversion deteriorated significantly for the mass
transfer of ammonia limited with the biofilm thickening and then
the low substrate availability or concentration in the same range of

M. Li et al.

or below the affinity values [15]. Inside the MAB, the growth of
anaerobic HB could be detected around the exterior region of the
biofilm adjacent to the bulk liquid. Hence denitrification was almost
unaffected by the mass transfer of soluble organics. The removal
of total nitrogen could be stabilized and mainly determined by the
ammonia conversion. It has been noticed that higher N,O was
produced in the thicker, rather than the thinner, co-diffusional auto-
trophic biofilm or in the suspending activated sludge system, which
might be associated with the limited oxygen transfer and then the
inhibited nitrite oxidization within the thicker biofilm. Changing
tendency of total nitrogen removal performance and N,O produc-
tion of the counter-diffusional heterotrophic biofilm were distinct
from those of the co-diffusional autotrophic biofilm [27,30]. Liu et
al. demonstrated that the N,O accumulation decreased due to the
limited mass transfer with the biofilm thickness in the autotro-
phic MABR system [36]. Lower ammonia concentration and cer-
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tain oxygen concentrations were conducive to the higher nitrogen
removal and lower N,O production [37]. In this paper, the nitrite
accumulation and N,O production were both decreased with the
biofilm thickness. Furthermore, the nitrite oxidization (Fig. 7(c))
was identified and the N,O production (Fig. 6) was lowered for
MAB of 600 um. The nitrate production was gradually improved
(Fig. 7(d) and Fig. 7(e)). Though the reduced availability of ammo-
nia due to the transfer limitation, certain amounts of slow-degrad-
able organics from AOB decay enhanced the growth activity of
aerobic HB to further inhibit the ammonia conversion. Accord-
ing to the concentration profile of N,O along the biofilm (Fig. 7)
and the distribution profile of microbial communities within the

MAB (Fig. 8), it could be speculated that both the hydroxylamine
oxidization and HB denitrification contributed to the N,O pro-
duction. For the MABs of 200 pum, 400 pm and 600 pm, it is evi-
dent that the nitrite oxidization and the subsequent transfer limitation
were both restricted and higher activity of the denitrification region
would be identified (Fig. 8(a), Fig. 8(b) and Fig. 8(c)). Conse-
quently, the feasibility of short-cut nitrogen removal via nitrite
could be observed. However, with the MAB further thickening to
800 um (Fig. 8(d)) and 1,000 um (Fig. 8(e)), the AOB growth was
greatly inhibited due to the ammonia limitation, and the NOB
activity could be detected to oxidize nitrite into nitrate. Active bio-
mass was significantly reduced with the prolonged SRT. Inside the

Korean J. Chem. Eng.(Vol. 37, No. 3)
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biofilm, the activity of aerobic HB was reduced gradually due to
the limited transport of soluble organics and insufficient hydro-
lyzed decayed-biomass with the biofilm thickness. The mass trans-
fer of nitrite and nitrate were both affected by the biofilm thickness
to decrease the denitrification activity around the biofilm surface
and then the removal of total nitrogen. The regulation of N,O
production would be relevant to the total nitrogen removal [30].
Consequently, the N,O and N, production both decreased (Fig.
7(d) and Fig. 7(e)). Hence the complete denitrification in accor-
dance with the ASMN was the major pathway of nitrogen removal
with insignificant N,O production due to the sufficient supply of
organic substances. Above all, the short-cut SND would be the
major nitrogen removal pathway within the thinner MAB and more
N,O production originated from the HB denitrification than the
hydroxylamine oxidization (3.58% for 200 um, 3.32% for 400 pm
and 2.15% for 600 pm, respectively). Operational parameters would
significantly affect the key microbes and then the nitrogen removal
pathway [3]. During operation, measures should be taken to regu-
late the biofilm thickness and further avoid the mass transfer and
to particularly control the N,O production from the thinner MAB
performing the short-cut nitrogen removal, e.g. supplementing the
carbon source.
5. Sensitivity Analysis

With the built-in algorithms of AQUASIM [34], a sensitivity anal-
ysis was conducted to evaluate the model robustness and deter-
mine the key parameters on the nitrogen removal performance
(ie., the dissolved nitrogen and nitric oxide concentrations in the
effluent) for MAB of 400 um attached on the membrane with oxy-
gen transfer coefficient of 1.5m/d under the intra-membrane aer-
ation pressure of 0.20 atm and the influent COD/N ratio of 0.67.

From Fig. S2, the nitrogen removal of MAB was closely associ-
ated with the yield coefficient of HB and AOB, indicating the
potential competition between nitrite accumulation and consump-
tion and then the NOB affinity for oxygen. N,O production was
closely related to the anaerobic growth of HB on nitrite and NO,
suggesting the significance of dynamics of nitrite accumulation
and reduction via denitrification as indicated in Fig. S3. Hence, the
solid model structure was reliable to predict nitrogen conversion
and removal, including the N,O production and consumption
during the short-cut pathway, of the constructed MAB system
during the BNR process.

CONCLUSION

A one-dimensional multi-substrate and multi-population bio-
film mathematical model was constructed and implemented to
illustrate effects of membrane oxygen transfer coefficient, intra-
membrane aeration pressure and influent COD/N ratio on the
nitrogen conversion and removal and then the production of main
nitrogenous intermediates of MAB. It is not applicable for the
membrane with inferior aeration characteristics to sustain biofilm
while performing the BNR process, especially for the treatment of
higher influent COD/N ratios. Though the removal performance
could be enhanced under increasing the aeration pressure for the
lower influent COD/N ratios, distinct N,O production was observ-
able. For MABs on the membranes with oxygen transfer coeffi-
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cients of 7.5 m/d and 1.5 m/d, the N,O production was detectable
for the insufficient carbon source. Both the removal performance
of total nitrogen would be greatly improved with the short-cut
nitrogen removal pathway feasibly achieved in the latter MAB.
Nitrite accumulation, however, promoted N,O production, and
the nitrite in the effluent should be further removed by supplement-
ing the carbon source. Then heterotrophic denitrification would
contribute to the N,O production. Biofilm thickness should be con-
trolled to inhibit the deteriorated nitrogen removal due to the lim-
itation of mass transfer. Inside the thinner heterogeneous MAB,
the short-cut SND via nitrite might be the major pathway for nitro-
gen removal with distinguished N,O production, which could be
mitigated through supplementing the carbon source. The results
potentially provide a better understanding of nitrogen conversion
and removal and then the intermediate production of counter-dif-
fusional biofilm containing autotrophic nitrifiers and heterotro-
phic denitrifiers to further improve the design and operation of
MAB system for BNR process. Model-based mitigation strategies
should be further conducted and validated during the practical
application to sustain the validity and applicability.
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Table S1. Dissolved and particulate components defined in the model

Component Definition Unit

Ss Readily-degradable organic substrate g COD/m’
Snen Ammonia g N/ m’
Snmon Hydroxylamine g N/ m’
Snoz Nitrite g N/ m’
Snos Nitrate g N/m’
Svno Nitric oxide g N/m’
Sneo Nitrous oxide g N/m’

Sna Nitrogen g N/m’

Soz Oxygen g O/m’
X0 Ammonium-oxidizing bacteria g COD/m’
Xyos Nitrite-oxidizing bacteria g COD/m’
Xup Heterotrophic bacteria g COD/m’
Xs Slowly-degradable organics g COD/m’

X Inert, non-biodegradable organics g COD/m’
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Table S3. Kinetic rate expressions of the membrane-aerated biofilm

Process Kinetic rate expression (g COD/ny’-d)

S S
Ammonium oxidation to NH,OH by AOB 14405 apo0X o2 X NH2 x X408
Kyos, 0217502 Kaos, nua+Snms

S S

NH,OH oxidation to NO by AOB M08, HAO, 1% GR X L0 x X 08

Kaos, 02,2+ 502 Kaop, nmont Snmzon

e .. Soz Sno
NO oxidation to nitrite by AOB X X x X
oridation To ey Haom. 40,2 Ko, 02,2502 Kyo nvot+Sno 408
S S
NO reduction to N,O by AOB 1 a0B* HA0B, HAO, 1% 20 X AL xX 408
Kaos, not+Snvo  Kaos, nmon+ Snmaon
Decay of AOB baos* X408
S S
Growth of NOB Hyop ¥ o2 x NO2 xX
nos Knos, 02+S02 Knos, o2+ Snoz nos
Decay of NOB bryos* Xyos
Xs
X S K Snost+Snoa+Sno+S
Hydrolysis Ky HB [ 02 +77,% ( HB, 02, 1 No3 TON02 1 ONo T ONn0 D):| XXy
Ko+ Xs  LKgp 02,1+ S0z Kip, 02,1702 Kiig, no3 +Snos+Snoa+Snvo+Sna
R
Aerobic growth of HB Ly ¥ Sor 5
e Kup, 02,17 502 Kyp, s, 1+ Ss e

Anoxic growth of HB on nitrate Tas, 1 X Hpp X Kiin. 02,2 Snos S5 X Xpp

Kup, 02,2 +S02 Kup nostSnos Kug,s,2+Ss
Anoxic growth of HB on nitrite M, » % Mg ¥ Kirm, 2.5 S 55 Kimyon Xz

HB, 02, 3 02 HB, NO2 NO2 HB, S, 3 S HB, NO, I1 NO
K +S,5, K +S K +Sy K +S
77 x # x KHB, 02,4 SNO x SS x X
Anoxic growth of HB on NO HE3ZPHE K s 02,4 +S0s (Sxo)” K s,4tSs He
Kup, notSyot 77—
Kus, nvo, 12
Anoxi Kus, 02,5 Sn20 Ss K, no, 13
oxic growth of HB on N,0 Mg, 4% M ¥ X X X X Xy

Kup, 02,5 tS02 Kp, n20tSn20 Kus,s,5+Ss Kus, vo, 13+ Svo
Decay of HB b x Xy

Table S4. Values of key parameters for the simulation

Parameter  Definition Unit Value Reference
AOB

HA0B, AMO Maximum specific growth rate of AOB for ammonium oxidation to NH,OH 1/h 0.205 (1]
Haos a0 Maximum specific growth rate of AOB for NH,OH oxidation to NO or NO 1/h 0.085 (1]

reduction to N,O

Haos a0, ~ Maximum specific growth rate of AOB for NO oxidation to N,O 1/h 0.567 (1]
baos Decay rate coefficient of AOB 1/h 0.0054 (2]
Kaos 02,1 Half saturation constant of AOB for oxygen g DO/m’ 0.4 (1]
Koz 02,2 Half saturation constant of AOB for oxygen g DO/m’ 0.073 (1]
Ko Nt Half saturation constant of AOB for ammonia g N/m’ 24 (1]
Ko nmon  Half saturation constant of AOB for hydroxylamine g N/m’ 2.4 (1]
Koz, N0 Half saturation constant of AOB for nitric oxide g N/m’ 0.0084 (1]
a0 Reduction factor - 0.285 [1]
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NOB

Lnos Maximum specific growth rate of NOB 1/h 0.06 (3]
byos Decay rate coefficient of NOB 1/h 0.0025 (3]
Kyos, noa Half saturation constant of NOB for oxygen g DO/m’ 2.2 (3]
Kyos, noz Half saturation constant of NOB for nitrite g N/m’ 55 (3]
HB

7. Maximum specific growth rate of HB 1/h 0.26 (4]
e Reduction factor for HB growth - 0.28 (4]
78,2 Reduction factor for HB growth - 0.16 (4]
TB,3 Reduction factor for HB growth - 0.35 (4]
TIB,4 Reduction factor for HB growth - 0.35 (4]
bys Decay rate coefficient of HB 1/h 0.017 (4]
Ky 0.1 Half saturation constant of HB for oxygen g DO/m’ 0.1 [4]
Ky 02,2 Half saturation constant of HB for oxygen g DO/m’ 0.1 [4]
Kus 0.3 Half saturation constant of HB for oxygen g DO/m’ 0.1 (4]
K 00,4 Half saturation constant of HB for oxygen g DO/m’ 0.1 (4]
Kus 0.5 Half saturation constant of HB for oxygen g DO/m’ 0.1 (4]
Kups1 Half saturation constant of HB for soluble organics gCOD/m’ 20 (4]
Kupso Half saturation constant of HB for soluble organics gCOD/m’ 20 (4]
Kups s Half saturation constant of HB for soluble organics gCOD/m’ 20 (4]
Kz s.4 Half saturation constant of HB for soluble organics gCOD/m’ 20 (4]
Kizss Half saturation constant of HB for soluble organics gCOD/m’ 40 (4]
Kis nos Half saturation constant of HB for nitrate g N/m’ 0.2 [4]
Kyis no2 Half saturation constant of HB for nitrite g N/m’ 0.2 [4]
Kz no Half saturation constant of HB for nitric oxide g N/m’ 0.05 (4]
Kz nvo Half saturation constant of HB for nitrous oxide g N/m’ 0.05 (4]
Kus non Inhibitory coefficient of NO g N/m’ 0.5 (4]
Kus no Inhibitory coefficient of NO g N/m’ 0.3 (4]
Kus noi Inhibitory coefficient of NO g N/m’ 0.075 (4]
Ny Anoxic yield factor - 0.9 [4]
T Reduction factor for anaerobic Xy growth - 04 (4]
k;, Hydrolysis rate constant 1/h 0.125 (5]
Ky Hydrolysis saturation constant g COD/gCOD 1.0 (5]
Stoichiometric parameters

Y05 Yield coefficient for X,z g COD/g N 0.15 (6]
Yros Yield coefficient for Xyop g COD/g N 0.041 (3]
Y Yield coefficient for X g COD/g COD 0.6 (4]
inxs Nitrogen content in biomass g N/g COD 0.07 (5]
iny Nitrogen content in X; g N/g COD 0.02 (5]
f; X, fraction in biomass decay g COD/g COD 0.1 [5]
Mass transfer coefficients

Dy Diffusion coefficient of NH; in water m’/d 1.5x10™ (7]
Dyos Diffusion coefficient of NO; in water m’/d 1.4x10™ (7]
Dyos Diffusion coefficient of NOj in water m’/d 1.4x10™ (7]
Dy Diffusion coefficient of COD in water m?*d 1.0x107* [8]
Dy, Diffusion coefficient of N, in water m’/d 1.73x107* [9]
Do» Diffusion coefficient of O, in water m’/d 1.99x10™* [9]
Dynon Diftusion coefficient of hydroxylamine in water m?/d 1.03x10°° [10]
Do Diffusion coefficient of nitric oxide in water m%/d 7.52x107° [11]
Do Diffusion coefficient of nitrous oxide in water m?/d 1.82x10™ [12]
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Biofilm

L;

rho

Biofilm thickness

Biofilm density
Biofilm porosity

m 2.0x107*
4.0x10™*
6.0x10™*
8.0x107*
1.0x107°

g COD/m’ 5.0x10°

m’/m’ 0.80

This study

(13]
(14]

Fig. S1. Removal performance of total nitrogen and soluble organics of MAB on the membrane with different oxygen transfer coefficients:
(a), (b) for 7.5 m/d, (c), (d) for 1.5 m/d and (e), (f) for 0.3 m/d.
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Fig. $2. Mean abs. of sensitivity function for the total nitrogen re-
moval of MAB on the membrane with oxygen transfer coef-
ficient of 1.5 m/d under influent COD/N ratio of 0.67 and
intra-membrane aeration pressure of 0.20 atm (L;=400 um).
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Fig. $3. Mean abs. of sensitivity function for the nitrous oxide pro-
duction of MAB on the membrane with oxygen transfer co-
efficient of 1.5 m/d under influent COD/N ratio of 0.67 and
intra-membrane aeration pressure of 0.20 atm (L;=400 um).
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