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Abstract

A common and long-existing operational issue of wastewater denitrification is the
unexpected accumulation of nitrite (NO;") that could suppress the activity of various
microorganisms involved in biological wastewater treatment process and nitrous oxide
(N,0) that could emit as a potent greenhouse gas. Recently, it has been confirmed that the
accumulation of these denitrification intermediates in biological wastewater treatment
process is greatly influenced by the electron competition between the four denitrification
steps. However, little is known about this in biofilm systems. In this work, we applied a
mathematical model that links carbon oxidation and nitrogen reduction processes through
a pool of electron carriers, to assess electron competition in denitrifying biofilms.
Simulations were performed comprehensively at seven combinations of electron acceptor
addition scheme (i.e., simultaneous addition of one, two or three among nitrate (NO; ),
NO;, and N,O) to compare the effect of electron competition on NO; , NO, and N,O
reduction. Overall, the effects of substrate loading, biofilm thickness and effective
diffusion coefficients on electron competition are not always intuitive. Model simulations
show that electron competition was intensified due to the substrate load limitation (from
120 to 20 mg COD/L) and increasing biofilm thicknesses (from 0.1 to 1.6 mm) in most
cases, where electrons were prioritized to nitrite reductase because of the insufficient
electron donor availability in the biofilm. In contrast, increasing effective diffusion
coefficients did not pose a significant effect on electron competition and only increased

electrons distributed to nitrite reductase when both NO, ™ and N,O are added.
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1. Introduction

Dentitrification is a widely used process in wastewater treatment plant to achieve nitrogen
removal. The complete denitrification process consists of NO5™ reduction to nitrogen gas
(N,), with NO,-, nitric oxide (NO) and N,O as inevitable intermediates !. A common
operational issue of wastewater denitrification is the unexpected accumulation of NO,",
which could suppress the activity of various microorganisms involved in biological
wastewater treatment process and thus deteriorate the effluent quality 2. Recently, the
accumulation and emission of another inevitable denitrification intermediate, N,O, has
aroused great concern and attention, as N,O is a potent greenhouse gas with a global
warming effect of ca. 300 times of carbon dioxide 3 and the dominant ozone-depleting

substance emitted in the 215 century 4.

Recently, it has been confirmed that the accumulation of these denitrification
intermediates is greatly influenced by the electron competition between the four
denitrification steps, i.e. NO3™ to NO,", NO,™ to NO, NO to N,O and N,O to N, 3. This is
because the four denitrification steps take electrons from a common electron source, and
therefore the relative ability of each denitrification step to compete for electrons would
regulate the electron distribution among the four denitrification steps and thus the
accumulation of the denitrification intermediate 8. Further, other environmental factors,
such as pH, may exert differential effect on the activity of denitrification enzymes and
lead to changes of their ability to compete for electrons ° !0, Therefore, a better

understanding of the electron competition process would give insights to the mechanisms

Page 4 of 32



Page 5 of 32

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

of denitrification intermediates accumulation, and help to develop better operational

strategy of wastewater denitrification.

Up to date, the reported investigations of electron competition have been focused on the
suspended-growth (including both pure and mixed culture) system such as activated
sludge process > !-12, There is still a lack of knowledge about the attached-growth system,
such as the moving bed biofilm reactor (MBBR), integrated fixed-film activated sludge
(IFAS), denitrifying filters, and granular sludge, which possess a large wastewater
treatment market. A noteworthy process feature of biofilm processes compared to
activated sludge processes is the fact that the performance of biofilm processes is often
diffusion limited, while the process kinetics for the activated sludge process are generally
characterized by the bulk liquid concentrations. Thus, biofilm processes may behave
differently with respect to electron competition and denitrification intermediates
accumulation in contrast to suspended-growth systems. In particular, the diffusion of
intermediates from one zone of the biofilm to another would lead to zones of certain
intermediates (e.g., NO,™ or N,O) formation or consumption transformations that would

not exist in suspended growth systems.

To investigate the electron competition process in biofilms, the experimental work
require measuring NO3-, NO,and N,O reduction at multiple points at different layers in
biofilms, this could be quite challenging considering the structure complexity of the real
biofilm system. Mathematical models are widely applied in biofilm systems and

denitrification systems '3, and have been proved to be useful tools to study new process
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and provide strong support for the understanding and optimization of new technologies as
already demonstrated previously '4 13, Recently, we have developed and validated a
model, namely Activated Sludge Model for Indirect Coupling of Electrons (ASM-ICE) 6
to describe the electron competition process in denitrification systems, which has been
successfully applied to reveal the mechanisms of N,O formation and reduction in
denitrifying biofilms !7. However, the detailed electron competition process in

denitrifying biofilms is still not fully understood.

Therefore, the main objective of this work is to perform a model-based assessment of
electron competition process during wastewater denitrification in biofilm systems,
through implementing ASM-ICE model in biofilms. In this study, we limit the biofilm
system to denitrification biofilm so that the electron competition process is evident. The
impacts of key operational parameters, including influent surface loading, biofilm
thickness and mass transfer coefficient on the electron competition process and N,O

accumulation are investigated.

2. Materials and Methods

2.1 Analysis of ASM-ICE model

The ASM-ICE model was developed and validated to describe the electron competition
process using suspended-growth culture in bulk liquid systems !¢, The key difference
between ASM-ICE and the previous denitrification models, e.g., ASMN 18, is that the

proposed model links carbon oxidation and nitrogen reduction processes through a pool
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of electron carriers, while the previous denitrification models directly couple the two

Processes.

The ASM-ICE model includes five reactions, rl- r5 (Figure 1), with rl describing the
carbon oxidation process and 12 - r5 describing the nitrogen oxides (NO3-, NO,", NO and
N,O) reduction processes. Electron carriers, with Mox representing oxidized from of
electron carriers and Mred (Mred =Mox + 2e + 2H™) representing reduced form of
electron carriers, are used in ASM-ICE model to link the carbon oxidation process and
the nitrogen oxides reduction processes. The carbon oxidation process (rl) provide the
electrons to Mox and reduce it back to Mred, while the nitrogen reduction process (12 to
r5) draw electrons from Mred and oxidize Mred back to Mox. The four nitrogen oxides
reduction steps possess different abilities to compete for Mred, which is mainly affected
by their affinity constants for Mred. It is believed that NO reductase has the highest
affinity constants, mainly due to NO reduction is usually prioritized by bacteria to avoid
its toxicity 3. Hence, the NO concentrations and rates will not be specifically addressed
in detail in this work due to the fact that NO would be quickly consumed and maintain at
near-zero concentrations. Experimental results also suggested that nitrite reductase has
higher ability to compete for electrons than nitrate and N,O reductase. Model
components are shown in Table S1 in Supporting Information (SI). Table S3 in the SI

shows the model matrices with kinetics and stoichiometrics.

2.2 Denitrifying biofilm model
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In this work the electron competition during denitrification process is incorporated into
biofilm system, with the ASM-ICE model being integrated into a biofilm compartment of
the software package (AQUASIM) for aquatic systems °. AQUASIM is a program, in
which the spatial configuration of a model system can be represented by compartments,
which are connected by links. The program allows the user to define an arbitrary number
of substances to be modelled and it is extremely flexible in the formulation of
transformation processes. It is a finite difference method (FDM)-based software.
Execution of a simulation is equivalent to numerically integrating a system of ordinary
and partial differential equations in time and simultaneously solving the algebraic
equations '°. The biofilm reactor was modelled through consisting of two different
compartments, namely the biofilm and bulk liquid. The bulk volume and biofilm surface
of the reactor is 4 L and 50 dm?, respectively. The influent flow rate was set at 4 L/day,
containing COD and nitrogen oxides. The biofilm compartment is limited to denitrifying
biofilms, so that the electron competitions between the nitrogen reductases are evident.
For simplicity, a one-dimensional stationary biofilm with fixed thickness was assumed in
all cases, without any biomass growth, attachment or detachment. Denitrifiers were
considered to be uniformly distributed throughout the biofilm, without diffusive mass
transport of biomass in the biofilm matrix. This approach has been well applied in
literature for describing biofilm systems !4 !7. The water fraction of the biofilm matrix is
kept constant at 0.8, while the biomass density is 50 g/L. Parameters regarding the mass
transfer coefficients for NOs", NO,,, NO, N,O and COD are adopted from Haynes 2°.
Twenty grid points in the biofilm were selected for calculation in specified compartment.

A simulation was defined for an active calculation with 2,000 steps of 1 day, which was
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long enough to assure steady-state conditions. The biofilm and mass transfer parameters

are shown in Table S2 in the SI.

2.3 Modeling approach and simulation scenarios

Previously well-established parameter values of electron competition during
denitrification in ASM-ICE model that have been verified with experimental data are
used in this simulation study. Therefore, we directly adapt these parameter values and
kinetic rates into the model and evaluate the substrate and microbial interactions in the
denitrification biofilm system, which has been demonstrated to be a valid method in
previous studies !7-21-23_ It should be noted that the applied set of parameters in this study
may not have a universal suitability for all denitrifiers due to the fact that the kinetic rates
may vary among different types of denitrifiers. However, the simulation results of this
work under different operational conditions are still useful for the understanding of
electron competition in denitrification biofilm due to the fact that the possible variation of
biodegradation rates would not alter the overall trends based on the applied model
structure. Table S2 in the SI shows the definitions, values, units and sources of all
parameters used in the biological reaction model. Model simulations are then performed
under different operational conditions, namely COD loading, biofilm thickness and
effective diffusion coefficients (i.e., Do/D, reduction factor of diffusion coefficients in the

biofilm compared to the aqueous phase).

Methanol and various nitrogen oxides are supplied to the mixed liquor in each test. The
COD concentration in the influent ranges from 20 to 120 mg/L. The nitrogen oxides are

supplied according to the electron acceptor addition scheme (as shown in Table 1), with
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the concentration in the influent being 20 mg N/L of each nitrogen oxide. Overall, seven
different electron acceptor addition method (i.e., simultaneous addition of one, two or
three among NO; , NO, , and N,0O) were applied, to provide data to compare the effect
of electron competition on NO;, NO, and N,O reduction. Simulations were then
performed at different combinations of electron acceptor addition scheme, influent COD
concentration, biofilm thickness and effective diffusion coefficients to investigate 1) the

effect of COD concentration on electron competition; the effect of biofilm thickness on

electron competition; and 3) the effect of mass transfer on electron competition in biofilm.

Four different scenarios are considered (Table 1). The standard simulation scenario
(Scenario 0 of Table 1) is firstly performed to assess the potential electron competition in
biofilm with the initial COD concentration at 90 mg/L, biofilm thickness at 1mm and
D./D at 0.5. Scenarios 1- 3 in Table 1 examine the effects of influent COD concentration
(varied between 20-120 mg/L), biofilm thickness (0.1-1.6 mm) and mass transfer (D./D
varied between 0.2-0.8) on electron competition in biofilms, respectively. In each
simulation, e.g., the influent COD concentration of 20 mg/L of Scenario 1, the simulation
were performed at seven different electron acceptor addition schemes, i.e. a) NO3- alone,
b) NO; alone, ¢) N,O alone, d) NOs~ and NO,", ¢) NO5 and N,0, f) NO,™ and N,O, and
finally g) NOs7, NO, and N,O, to evaluate the electron distribution between different

nitrogen reduction reaction.

3. Results

3.1 Electron competition in denitrifying biofilm
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With the surface loading, biofilm thickness and effective diffusion coefficient set as in
Scenario 0 (standard case), the model was first used to predict the nitrogen reduction in
the biofilm to establish an overall picture of the electron competition process in the

denitrifying biofilm.

In general, the nitrogen compounds gradually reduced in the biofilm. For example, as
shown in Figure 2-a, when only NOs~ was added, the NO;  concentration gradually
reduced from 20 mg N/L at surface of the biofilm to around 6 mg N/L at around 0.6 mm
of the biofilm and then gradually reduced to around 2 mg N/L at the bottom in the
biofilm. There were still some NOj;~ left at the bottom of the biofilm, since COD was
completely consumed at around 0.2 mm of the biofilm as shown in Figure 2-h. In
comparison, when NO, was added alone (Figure 2-b), the NO, concentration gradually
reduced from 20 mg N/L at the surface of the biofilm to around 0 mg N/L at 0.25 mm of

the biofilm, while COD was still in excess at 0.25 mm (Figure 2-h).

There were highly different accumulations of N,O in Figure 2-a, 2b and 2d. In Figure 2-a
(NO5™added alone), N,O only accumulated to around 0.005 mg N/L, while in Figure 2-b
(NO; added alone), N,O accumulated to around 0.015 mg N/L. The highest N,O
accumulation occurred in Case d (both NO3-and NO,” were added), up to almost 0.1 mg

N/L, which is 20 times higher than that of Case a (Figure 2).

One coherent observation was that the nitrogen oxide compound affects each other’s

reduction rate. Take NOj; reduction for example, NO5; were added in Case a (Figure 2-a),
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Case d (Figure 2-d) and Case g (Figure 2-g). The highest NO;- reduction rate was
observed in Case a when NO;- was added alone, with the NO;- concentration at around 2
mg N/L at the bottom of the biofilm. In comparison, the lowest NO;5™ reduction rate was
observed in Case g when three electron acceptors were all presented in the influent, with
the NOj3™ concentration at around 17 mg N/L at the bottom of the biofilm. Similar trend
also applies to NO,” and N,O reduction. This is not surprising, as the more electron
acceptors were presented, the more severe electron competition would occur 24, Therefore,
the rate of each denitrification step would be affected, clearly demonstrating the electron

competition in denitrifying biofilm.

3.2 Impact of COD loading on electron competition in denitrifying biofilm

Considering that the availability COD would affect the supply of electron donor, the
effect of COD concentration on electron distribution in denitrifying biofilm was
investigated in Scenario 1 (Table 1). In this scenario, the COD concentrations in the
influent were tested against 20, 40, 80, 90, 100, 110 and 120 mg/L. The simulation of
each COD concentration was performed at seven different electron acceptor addition
schemes, i.e. a) NO3~ alone, b) NO, alone, c) N,O alone, d) NO5 and NO;", ) NO5 and

N,O, ) NO;  and N,O, and finally g) NOs", NO,™ and N,O (as shown in Table 1).

Three electron acceptor addition schemes (Case a, b and d) were presented in detail in
Figure 3, including the simulation results of nitrogen oxides profile, COD profile and
electron distribution pattern, to reveal the effect of COD concentration on electron

distribution in the denitrifying biofilm system.
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Case a: When NO; was added alone as electron accepter, the electron distribution among
nitrate reductase (Nar), nitrite reductase (Nir) and N,O reductase (Nos) remained at a
constant level (Figure 3-1V). The corresponding COD consumption profile (Figure 3-1II)
reveals that COD was either in excess at the bottom of the biofilm or completely
consumed at outer layer of the biofilm. These results together suggest that when NO;  was

added alone, the electron distribution was not affect by the COD loading.

Case b: When only NO, was added as electron accepter, the electron distribution
presented two distinct patterns (Figure 3-iv). The electrons distributes to Nir accounted
for around 85%, when the influent COD was below 40 mg/L. Contrarily, when the
influent COD was above 80 mg/L, the electrons distributes to Nir only accounted for
around 65%. By analyzing the COD to N ratio, it is obvious that the COD was not
sufficient for complete nitrite denitrification when COD was below 40 mg/L and thus the
electron completion would be more severe than those tests with sufficient influent COD

for complete NO, reduction, i.e. COD concentration above 80 mg/L.

Case d: when both NO5; and NO,” were added as electron accepter, COD was not enough
for NO;~ and NO; reduction in all the cases (As shown in Figure 3-3). However, the
COD influent concentration would still affect the N,O accumulation. As shown in Figure
3-1 and Figure 3-2, the N,O accumulates to around 0.15 mg/L with influent COD at 20

mg/L. and only about 0.01 mg/L with influent COD at 120 mg/L. Similar to Case b
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(Figure 3-1v), less COD present in the influent would lead to more electrons distributed to

Nir (Figure 3-4)

The electron distribution patterns of the 7 electron additions schemes are summarized in
Figure S1 in the SI. In general, all the results suggested that the electron distribution was
significantly affected by the COD loading in most of the cases. A coherent trend is that
when COD loading reduced from 120 mg/L to 20 mg/L, the electrons distributed to
nitrite reductase would increase, except for Case e (adding NO3™ and N,O). This is likely
due to that the reduced COD loading would decrease the supply of electron donor, and
thus intensify the electron competition. Nitrite reductase (Nir), with affinity constant to
electrons of 0.00040 mmol/(mmol biomass), has higher ability to compete for electrons
than nitrate reductase (Nar) and N,O reductase (Nos) with their affinity constants being
0.0046 and 0.0032 mmol/(mmol biomass), respectively '°. Therefore, the electrons
distributed to NO, increased when COD loading gradually reduced. In Case e, NO, was
resulted from NOj™ reduction. The reduced COD loading led to more electrons to N,O

reduction and thus less electrons were distributed to Nir.

3.3 Impact of biofilm thickness on electron competition in denitrifying biofilm

Considering that the biofilm thickness would affect various aspects of substrate/product
distribution and diffusion in biofilm systems, the effect of biofilm thickness on electron
competition was explored in Scenario 2 (Table 1). In this scenario, with other parameters
(i.e., influent COD concentration and effective diffusion coefficients) kept constant, the

biofilm thicknesses were tested against 0.1, 0.4, 0.7, 1.0, 1.3 and 1.6 mm (Table 1). The
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simulation of each biofilm thickness was performed at seven different electron acceptor

addition schemes as shown in Table 1.

Three electron acceptor addition schemes (Case a, b and d) were presented in detail in
Figure 4, including the simulation results of nitrogen oxides profile, COD profile and
electron distribution pattern, to reveal the effect of biofilm thickness on electron

distribution in the denitrifying biofilm system.

Case a: Comparing the results from Figure 4-I, II and III, it is clear that the biofilm
thickness would affect the NO;~ and COD concentration profile. Greater biofilm
thicknesses resulted in steeper NO3; and COD concentration gradient in the biofilm,
which is probably due to better substrate penetration along the biofilm. For example,
when the biofilm thickness is 0.4 mm, the NO;5™ concentration only reduced by 4.5 mg/L
from 20 mg/L at 0.4 mm to 15.5 mg/L at 0 mm (Figure 4-I). In comparison, when the
biofilm thickness is 1.6mm, the NO; concentration reduced by 13.5 from 20 mg/L at
1.omm to 7 mg/L at 1.2mm (Figure 4-II). Figure 4-III reveal that COD was either in
excess at the bottom of the biofilm or completely consumed at the outer layer of the
biofilm. Figure 4-IV indicates that the biofilm thickness has no significant influence on

the electron distribution when only NO;-is added.

Case b: Similar to Case a, greater biofilm thicknesses had steeper NO, and COD
concentration gradient (Figure 4-i and ii). COD was in excess in all the biofilm ranges, as

indicated by Figure 4-iii. Figure 4-iv reveals that greater biofilm thicknesses led to less
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electrons distributed to Nir. Therefore, the trend is regardless of the COD concentration,

and only the biofilm thickness affects the electron distribution.

Case d: Similar to Cases a and b, greater biofilm thicknesses had steeper NO5~, NO,™ and
COD concentration gradient (Figure 4-1 and 2). The COD profile shows that when the
biofilm thickness is 1.6 mm, COD was completely consumed. However, when the
biofilm thickness is 0.4 mm, COD was in excess at the bottom of the biofilm. The results
of this case study suggest that the electron distribution is not only affected by the biofilm
thickness, but also by the COD availability which is also correlated to biofilm thickness.
Figure 4-4 suggests that greater biofilm thicknesses resulted in more electrons distributed

to Nir.

The electron distribution patterns of the 7 electron additions schemes are compared in
Figure S2 in the SI. In Case d (i.e., add NOs™ and NO, "), Case ¢ (i.e., add NO;~ and N,0)
and Case g (i.e., add NO;3, NO, and N,O), greater biofilm thicknesses led to more
electrons distributed to Nir, due to the insufficient COD availability in the thicker biofilm
that increased electron competition. In contrast, in Case b (add NO, alone) and Case f
(add NO, and N,O alone), greater biofilm thicknesses resulted in less electrons
distributed to Nir, as thicker biofilms had greater N,O reduction in the deeper layer of the

biofilm and more electrons were thus distributed to Nos.

3.4 Impact of mass transfer on electron competition in denitrifying biofilm
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The different biofilms might possess different mass transfer capabilities. Compact
biofilm may have lower mass transfer ability. Therefore, this section explores the effect
of mass transfer on the electron competition (Scenario 3 in Table 1). In this scenario, with
other parameters (i.e., influent COD concentration and biofilm thickness) kept constant,
D./D were tested against 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8 (Table 1). The simulation of
each D./D was performed at seven different electron acceptor addition schemes as shown

in Table 1.

Three electron acceptor addition schemes (Case d, f and g) were presented in detail in
Figure 5, including the simulation results of nitrogen oxides profile, COD profile and
electron distribution pattern, to reveal the effect of effective diffusion coefficient on

electron distribution in the denitrifying biofilm system.

Case d: when both NO; and NO,” were added as electron accepter, COD was sufficient
at a D/D of 0.8 (Figure 5-II1). When D./D was lower than 0.8, COD was insufficient for
nitrogen oxide reduction and higher accumulation of N,O was found in the biofilm, i.e.,
10 mg-N/L at a D/D of 0.3 vs 7 mg-N/L at a D./D of 0.8 (Figure 5-I and II), probably
due to the penetration limitation of COD. However, the electron distribution pattern was

not substantially affected by D./D in Case d (Figure 3-1V).

Case f: when both NO, and N,O were added as electron accepter, COD was not enough
for NO,~ and N,O reduction in all the cases (Figure 5-iii). Similar to Case d, NO,

concentration gradient decreased with the increased D./D (Figure 5-i and ii), i.e., NO;,
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became zero, at 0.4 mm at a D./D of 0.3, and at the bottom at a D./D of 0.8. The electron
distribution pattern was substantially affected by D./D in Case f, i.e., greater D./D

resulted in more electrons distributed to Nir.

Case g: Similar to Case d and f, lower D./D had steeper NO, and COD concentration
gradient (Figure 5-1 and 2). COD was limited in all the D./D ranges, as indicated by
Figure 5-3. In contrast to Case f, the electron distribution pattern was not substantially

affected by D./D (Figure 5-4).

The electron distribution patterns of the 7 electron additions schemes are compared in
Figure S3 in the SI. There is no significant change of the electron competition, except for
Case f when both NO, and N,O are added. In Case f, deeper penetration of NO, to the
bottom of the biofilm as a result of increased D./D would consume more electrons and

thus more electrons were distributed to Nir.

4. Discussion

Denitrification process is an important step during biological nitrogen removal. However,
the unbalance between the electron supply and consumption, particularly under a limited
electron supplying flux, would lead to deteriorated denitrification, i.e., accumulation of
NO, and N,O '¢, In this work, a previously-established approach that decouples the
carbon oxidation with four-step nitrogen oxides reduction processes through the

introduction of electron carriers was applied to describe electron competition in the
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different electron acceptors (i.e., simultaneous addition of one, two or three of NOs,

NO, and N,O) during denitrification in denitrifying biofilm.

The results clearly indicate that the mechanisms of electron competition in the
denitrifying biofilms are highly different from those in suspended-growth processes 23,
where NO, reduction was prioritized over the other denitrification steps when electron
supply became the limiting step. In a suspended-growth system without substrate
diffusion, the fractions of electrons distributed to nitrite reductase increased with the
decrease of electron supply rate, thus resulting in accumulation of other nitrogen oxide
intermediates. This could be attributed to a higher capacity of NO, reduction for electron
competition under electron limiting conditions (i.e., a low Sy,.s concentration),
specifically, Kyyreao (Swmreq affinity constant for Nir) has a value that is approximately ten
times lower than Kygeq1 (Sipeqs affinity constant for Nar) and Kwyreqs (Simeqs affinity

constant for Nos) .

A key difference between attached- and suspended-growth processes is that in a biofilm,
nitrogen oxide intermediates generated during denitrification can diffuse according to
substrate gradients !7. This can further impact electron competition during denitrification
in the biofilm. In particular, COD loading, biofilm thickness and effective diffusion
coefficients can affect the substrate diffusion in the biofilm and in turn impact electron
competition. With the increasing scarcity of electron donors in the biofilm (i.e., COD
loading from 120 mg/L to 20 mg/L), the electrons distributed to nitrite reductase

increased in most addition schemes in the biofilm, similar to the suspended-growth
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process. However, in Case e (adding NOs and N,0), it led to a contrary trend, which
could be explained by the fact that NO, was not present at the beginning and more
electrons were distributed to N,O reduction compared to NO;- reduction if electrons were

limited.

The inherent property of biofilm also altered the electron competition tendency compared
to that of the suspended-growth system. Increasing biofilm thicknesses had more
electrons distributed to NO, reduction in most addition schemes, due to the insufficient
electron donor availability in the thicker biofilm. In contrast, in Case b (add NO, alone)
and Case f (add NO, and N,O), less electrons distributed to Nir with the increase of
biofilm thicknesses, likely due to the stronger N,O sink as a result of greater biofilm
thicknesses. In comparison, increased effective diffusion coefficients only affected
electrons distributed to Nir in Case f when both NO, and N,O are added. The electrons
distributed to Nir increased with the increase of effective diffusion coefficients due to the

better penetration of NO, to the biofilm.

The biofilm processes have been widely used in wastewater treatment plants (WWTPs),
such as MBBR, IFAS, denitrifying filters, and granular sludge. Substrate diffusion
limitation is often observed in biofilm processes, which may behave differently in terms
of electron competition and denitrification intermediate accumulation in contrast to
activated sludge processes. This study would help to understand and develop the effective
strategies to reduce the accumulation of unfavorable denitrification intermediates,

particularly N,O. For a biofilm denitrifying system, alternating effective diffusion
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coefficients would not significantly affect electron competition and thus alleviate the N,O
accumulation except that only NO,™ and N,O are presented in the influent from nitrifying
reactor. In comparison, decreasing biofilm thickness would be a useful way to reduce
N,O accumulation in most cases. However, if NO,  alone or NO,~ with N,O is in the
influent, on the contrary, increasing biofilm thickness would alleviate N,O accumulation.
In addition, it should be revealed that, increasing COD loading, one common strategy
used to alleviate N,O accumulation in activated sludge processes, might not still work in

biofilm systems with NOj-alone or NO; and N,O in the influent.

The objective of this work is to provide insights into electron competition during
denitrification in biofilms. Ideally, the above goal in this study would be achieved if the
model could be calibrated using experimental data. This is unfortunately not possible at
present due to the lack of data. We have therefore chosen to conduct a simulation study
by integrating well-established models describing electron competition during
denitrification. We recognize that without being validated with data, the model
predictions are preliminary and remain to be verified. However, we believe the
preliminary results will already support our understanding in this process. Further efforts
should be devoted to conducting experimental work to support the hypotheses produced

by this modeling work in future.
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Table Caption

Table 1: An overview of the simulation scenarios and electron acceptor addition scheme

Figure Captions

Figure 1. Simplified representation of the biochemical reactions associated with electron

competition during denitrification.

Figure 2. Model simulation results of the nitrogen oxides reduction (a-g) and the COD
consumption in denitrification biofilm (h). Electron acceptor addition scheme: a) Add
NOs™ alone, b) add NO,™ alone, ¢) add N,O alone, d) add NO;- & NO;, e) add NO;- &
N,O, f) add NO, & N,O, and g) add NO5", NO,~ & N,O. The surface of the sediment was

defined as depth 1 mm.

Figure 3. The effect of COD concentration on nitrogen oxides reduction (I~II, i~ii and
1~2), COD consumption (III, iii and 3), and electron distribution between Nar, Nir and
Nos (IV, iv and 4). I~ IV show the simulation results of Case a, with only NO;
presenting in the influent. i~ iv show the simulation results of Case b, with only NO,"
presenting in the influent. 1~4 show the simulation results of Case d, with both NO;- and

NO; in the influent. The surface of the sediment was defined as depth 1 mm.

Figure 4. The effect of biofilm thickness on nitrogen oxides reduction (I~II, i~ii and 1~2),
COD consumption (III, iii and 3), and electron distribution between Nar, Nir and Nos (IV,

iv and 4). I~ IV show the simulation results of Case a, with only NO;™ presenting in the

25
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influent. i~ iv show the simulation results of Case b, with only NO, presenting in the
influent. 1~4 show the simulation results of Case d, with both NO;~ and NO, in the

influent. The bottom of the sediment was defined as depth 0 mm.

Figure 5. The effect of mass transfer on nitrogen oxides reduction (I~II, i~ii and 1~2),
COD consumption (III, iii and 3), and electron distribution between Nar, Nir and Nos (IV,
iv and 4). I~ IV show the simulation results of Case d, with NO5™ and NO, presenting in
the influent. i~ iv show the simulation results of Case f, with NO,~ and N,O presenting in
the influent. 1~4 show the simulation results of Case g, with NOs3~, NO, and N,O present

in the influent. The surface of the sediment was defined as depth 1 mm.
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577  Table 1: An overview of the simulation scenarios and electron acceptor addition scheme

Scenarios Standard conditions Variable conditions
Scenario 0 COD =90 mg/L
Standard simulation Le=1mm
. D./D=0.5
Scenario 1
Effect of COD Lf=1mm B
concentration on electron D./D=0.5 COD=20-120
competition
Scenario 2 -
Effect of biofilm thickness <00 — 20 Mg/l L=0.1-1.6
o D./D=0.5
on electron competition
Scenario 3
Effect of mass tr.a.nsfeir on CO_D =90 mg/L DD =0.2-0.8
electron competition in Li=1mm
biofilm
Electron acceptor addition scheme
a b ¢ d e f g
NO3_
~ R NO3' NO3' NO[ B
NO; NO, N,O NO» N,O N,O EOS
2
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Figure 1. Simplified representation of the biochemical reactions associated with electron competition during
denitrification.
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Figure 2. Model simulation results of the nitrogen oxides reduction (a-g) and the COD consumption in
denitrification biofilm (h). Electron acceptor addition scheme: a) Add NO3 alone, b) add NO2- alone, c¢) add
N20 alone, d) add NO3 & NO2-, e) add NO3 & N20O, f) add NO2- & N20, g) add NO3 , NO2- & N20. The
surface of the sediment was defined as depth 1 mm.
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Figure 3. The effect of COD concentration on nitrogen oxides reduction (I~II, i~ii and 1~2), COD
consumption (III, iii and 3), and electron distribution between Nar, Nir and Nos (IV, iv and 4). I~ IV show
the simulation results of Case a, with only NO3 presenting in the influent. i~ iv show the simulation results
of Case b, with only NO2— presenting in the influent. 1~4 show the simulation results of Case d, with both

NO3 and NO2- in the influent. The surface of the sediment was defined as depth 1 mm.
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Figure 4. The effect of biofilm thickness on nitrogen oxides reduction (I~II, i~ii and 1~2), COD consumption

(I11, iii and 3), and electron distribution between Nar, Nir and Nos (1V, iv and 4). I~ IV show the simulation

results of Case a, with only NO3 presenting in the influent. i~ iv show the simulation results of Case b, with

only NO2— presenting in the influent. 1~4 show the simulation results of Case d, with both NO3 and NO2-
in the influent. The bottom of the sediment was defined as depth 0 mm.
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Figure 5. The effect of mass transfer on nitrogen oxides reduction (I~II, i~ii and 1~2), COD consumption
(I11, iii and 3), and electron distribution between Nar, Nir and Nos (IV, iv and 4). I~ IV show the simulation
results of Case d, with NO3 and NO2 presenting in the influent. i~ iv show the simulation results of Case f,

with NO2 and N20 presenting in the influent. 1~4 show the simulation results of Case g, with NO3 , NO2

and N20 present in the influent. The surface of the sediment was defined as depth 1 mm.
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