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1. Introduction

Biological removal of nitrogen is achieved via two steps: nitrification 
and denitrification. In the nitrification step, nitrifying bacteria pro-
duce nitrite and nitrate, which are reduced to dinitrogen gas in 
the subsequent denitrification step. Nitrifying bacteria of ammo-
nia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) 
are sensitive to environmental conditions such as pH, temperature, 
free ammonia, free nitric acid, and inorganic carbon limitations 
[1-3]. Moreover, due to the slow growth rate of nitrifiers, the 
start-up of the nitrification process requires a long stabilization 
period in sewage and industrial wastewater treatment plants [4, 
5]. When the AOB is negatively affected by toxic elements, biomass 
washout is one of the most critical problems that lead to the 
failure of the nitrification process [6, 7]. Regardless, the poor 

settleability of the nitrifying biomass worsens the decrease in 
the biomass concentration in the nitrifying bioreactor [8]. To solve 
these problems, entrapment technology has been introduced in 
the nitrifying process. The moving bed biofilm reactor (MBBR) 
retains the biomass in biomass carriers without any recycle unit 
to maintain the high concentration of mixed liquor suspended 
solids (MLSS). The volumetric ammonia-oxidation rate is also 
greatly increased (up to 2~3 kg-N/m3-d) using whole-cell entrap-
ment in poly (vinyl alcohol) (PVA) hydrogels [9, 10]. It was proven 
that the resistance of AOB to toxic chemicals can be improved 
when they are immobilized in polymeric substances, such as 
alginate, chitosan, PVA, poly (ethylene glycol) (PEG), gluta-
raldehyde, etc. [11-13].

Entrapment technology using PVA was recently applied to the 
combined partial nitritation (PN) and anaerobic ammonium oxida-
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ABSTRACT
The single-stage configuration of the partial nitritation (PN)–anaerobic ammonium oxidation (AMX) process is preferred due to low pH fluctuation 
and the low concentration of inhibitory NO2

-. The novel core-shell structure integrates ammonia-oxidizing reaction in the outer layer to protect 
AMX bacteria in the core gel bead from oxygen inhibition and provide NO2

-. Here, the initial activity of ammonia-oxidizing bacteria (AOB) in 
the outer layer was assessed by the specific oxygen uptake rate (OUR). AOB activity was positively correlated with biomass loading in the outer 
layer. A maximum OUR of 10.5 mg-DO/L∙h was achieved with AOB loading of 0.23 mg-VSS per bead. During AOB enrichment, the NO2

- production 
rate was linearly increased up to 0.65 kg-N/m3-d for 17 days (PVA hydrogel packing ratio=17%). The maximum oxygen penetration depth (OPD) 
was reduced from 966.7±52.3 μm before enrichment to 333.3±36.4 μm after the AOB enrichment. The liable bacteria were observed within a 
range of 165 μm of the outer layer using the live and dead cell staining. Based on the OPD and liable cell distribution results, a minimal outer 
layer thickness of approximately 350 μm was suggested to facilitate a successful PN–AMX process.
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tion (AMX) process [14]. The conversion of half of the NH4
+ to 

NO2
- by AOB is the first step, followed by the production of nitrogen 

gas by the AMX bacteria. The combined PN–AMX process can 
theoretically reduce 60% of the aeration consumption, 100% of 
the carbon source demand, and 90% of sludge production, compared 
to the conventional biological nitrogen removal (BNR) process 
[15-17]. More than a hundred full-scale PN–AMX plants have been 
installed worldwide [18]. This PN–AMX process can be operated 
in two-stage reactors using separate oxic and anoxic reactors. 
Alternatively, the different configuration of the single-stage process 
utilizes the co-cultivation of AOB and AMX bacteria in aerobic 
conditions with a low level of dissolved oxygen (DO) at theoretical 
total nitrogen (TN) removal efficiency of 89% (Eq. (1)). The sin-
gle-stage type is preferred over the two-stage type due to its lower 
pH fluctuations and relatively low concentrations of the inhibitory 
substance NO2

- [19-21]. The entrapment of AOB and AMX bacteria 
in the outer layer and the core bead of the core-shell structured 
PVA hydrogel, respectively, showed successful TN removal in a 
single-stage bioreactor [9].

NH3 + 0.85 O2 →
0.44 N2 + 0.11 NO3¯ + 0.14 H+ + 1.42 H2O (1)

The single-stage PN–AMX process is based on the biofilm system 
of heterogeneously distributed AOB and AMX bacteria. In general, 
AMX bacteria are reversibly and irreversibly inhibited with the 
DO concentrations of 2.5 mg/L and 5.0 mg/L [22-24]. In a previous 
study on the effects of the concentration of DO on the PN–AMX 
process, TN removal efficiency of 88.9% was achieved at a DO 
concentration of 1.21 mg/L but TN removal was reduced at a higher 
DO level [25]. As an optimum condition, a DO concentration of 
1.1–1.7 mg/L is favorable for the single-stage PN–AMX process 
[26]. The AOB of the outer layer acts as a protector of the AMX 
bacteria from oxygen inhibition. Hence, the DO profile in the entrap-
ment system for the single-stage PN–AMX should be precisely 
characterized to identify the possible inhibition of AMX activity 
by oxygen penetration.

In our previous study, the novel entrapment technology using 
core-shell structured PVA hydrogel for PN-AMX was investigated 
in terms of design factor [14]. However, the minimization of the 
thickness of the outer layer of the core-shell structured PVA hydrogel 
was not considered. The mass transportation efficiency can be 
maximized with the minimum thickness to shorten the distance 
between AOB and AMX bacteria. To minimize the thickness of 
the outer layer, the fundamental knowledge on the distribution 
of oxygen and the liable cell is required. The excessively thin 
outer layer causes oxygen penetration into the core bead and 
the failure of AMX reaction due to the oxygen inhibition. Also, 
the thin outer layer restricts the AOB growth due to the limited 
space for the entrapment. Therefore, the thickness can be mini-
mized until DO is completely depleted and sufficient space is 
provided for the liable nitrifying bacterial community. Therefore, 
in this study, the distribution of DO and bacterial viability were 
investigated in the micro-scale during the continuous operation 
of ammonia-oxidation as the basic information to design the thick-
ness of the outer layer. Also, the special concerns were taken 
to the initial concentration of the nitrifying activated sludge used 

for the PVA hydrogel fabrication to maintain the high activity 
of ammonia-oxidation for the best DO depletion for the successful 
start-up. 

2. Materials and Methods

2.1. Fabrication of PVA Hydrogel Entrapping Nitrifying 
Vacteria

The outer layer of the double-layered gel beads was fabricated 
using prepared blank core PVA/alginate gel beads using an inter-
facial cross-linking reaction [27]. First, the cross-linking agents 
of B(OH)3 and CaCl2 were diffused into 100 blank core beads in 
250 mL of saturated B(OH)3 and 1% CaCl2 (w/v) for 5 min. To 
construct the PVA/alginate outer layer, the 100 blank beads were 
immersed in 250 mL/L of 15% PVA (with a polymerization degree 
of 2000, Wako, Japan) and 2.0% of sodium alginate (w/v) (Showa, 
Japan) mixed with the nitrifying biomass at a designated concentration. 
The nitrifying activated sludge was obtained from the bioreactor 
with moving bed biofilm showing selective NO2

- production over 
NO3

- with an ammonia loading rate of 1.0 kg-N/m3-day [28]. By 
the molecular detection of the bacterial community, the relative 
abundance of AOB was about 80% for the nitrifying biofilm on 
the moving bed in a continuous mode [29]. However, the hetero-
trophic bacteria and NOB were also found. Thus, the volatile sus-
pended solids (VSS) is defined as the mixture of the various func-
tional bacterial group for organic carbon, ammonia, and nitrite 
in this study. By the diffusion of the cross-linking agents toward 
the bulk phase of the PVA/alginate with the nitrifying biomass, 
interfacial cross-linking for the outer layer occurred. Then, the 
beads were maintained in the newly prepared B(OH)3-CaCl2 solution 
at the same concentration for 1 h for hardening. Finally, the fab-
ricated core-shell structured PVA/alginate gel beads were thor-
oughly washed with a large amount of distilled water and stored 
at 4°C until use. To measure the thickness of the outer layer according 
to the fabrication conditions, the beads were stored at -70°C for 
30 min and cut into two pieces along the center. The concentration 
of PVA in the outer layer was differentiated as 7.5%, 10%, and 
12.5% to identify the effect on the oxygen uptake rate (OUR). For 
the best activity of nitrifying bacteria, a range of biomass concen-
trations from 765 ± 9 to 4,219 ± 34 mg-VSS/L were tested. 

2.2. Measurement of Nitrifying Activity

The activity of AOB was measured based on the OUR test using 
a DO probe (YSI Model-58, USA). The culture medium for AOB 
consisted of 100 mg/L of NH4

+-N and 171 mg/L of HCO3
--C. The 

basal medium consisted of 6 mg-P/L of KH2PO4, 12 mg-Mg/L of 
MgSO4∙7H2O, 48 mg-Ca/L of CaCl2∙2H2O, 1 mL/L of trace element 
solution I, and 1 mL/L of trace element solution II. Trace element 
solution I consisted of 5 g/L EDTA and 5 g/L FeSO4∙7H2O. Trace 
element solution II consisted of 5 g/L EDTA, 0.43 g/L ZnSO4∙7H2O, 
0.24 g/L CoCl2∙6H2O, 0.99 g/L MnCl2∙4H2O, 0.25 g/L CuSO4∙5H2O, 
0.22 g/L Na2MoO4∙2H2O, 0.19 g/L NiCl2∙6H2O, 0.21 g/L Na2SeO4∙
10H2O, and 0.014 g/L H3BO3. Ammonia was added to the basal 
medium in the required amounts in the form of (NH4)2SO4. The 
solution for AOB was purged with ambient air to saturate DO 
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for 30 min. Then, 100 beads were added to the culture medium 
in a BOD bottle. The slope of the decrease in the DO concentration 
was calculated as an indicator of the AOB activity.

2.3. Operation of Ammonia-oxidation in Continuous Mode

A continuous bioreactor of 0.3-L was filled with the double-layered 
gel beads (17% packing ratio) and operated for 17 d to increase 
the ammonia-oxidizing activity of the immobilized nitrifying bac-
teria in the gel beads. The same biomass of section 2.1 was utilized 
for the continuous operation of the bioreactor. The outer layer 
performing ammonia-oxidation was inoculated with 3,437 ± 202 
mg-VSS/L of nitrifying activated sludge. The average thickness 
of the outer layer was 2.26 ± 0.28 mm, and the hydraulic retention 
time (HRT) was 2.6~2.9 h. The bioreactor was operated under 
dark conditions at 35°C, and the DO concentration was maintained 
at 2.0 mg/L. The basal medium was the same as that in Section 
2.2. The concentration of NH4

+-N was increased from 52.4 to 101.1 
mg/L in the influent. The molar ratio of HCO3

--C to NH4
+-N was 

maintained at 2:1 to prevent the sharp decrease in pH. The stable 
pH was maintained at 7.2~7.5 in the bioreactor. After the acclima-
tion of the ammonia-oxidizing activity in the outer layer, the gel 
beads were used to determine the DO penetration depth and liability 
distribution of the nitrifying bacteria in the PVA/alginate hydrogel.

2.4. Distribution of DO in The PVA/alginate Hydrogel

The oxygen microsensor (USOX-50, Unisense, Denmark) was load-
ed onto the micromanipulator (USMC-232, Unisense, Denmark) 
to measure the DO concentration in the outer layer with a step 
size of 2 or 3 μm. The holding unit fixes the bead at a certain 
position in the culture medium [14]. Before measurement, various 
DO concentrations (0.5, 2.0, 4.0, 6.0, and 8.0 mg/L) of the culture 
medium were adjusted by balancing the air and argon gas purging 
intensities. The DO concentrations were recorded for three beads 
by the logging software (SensorTrace PRO, version 3.1.3, Unisense, 
Denmark). The DO penetration depth was determined as the distance 
between the surface and the position exhibiting a DO of less than 
0.2 mg/L, which is the detection limit of the microelectrode system.

2.5. Bacterial Distribution in the PVA Hydrogel

After the acclimation of the ammonia-oxidizing activity in the outer 
layer, the cell density was measured using a live/dead bacterial 
viability staining kit (Molecular Probes, US) and a confocal laser 
scanning microscope (CLSM) (LSM 5 exciter, Carl-Zeiss, Germany). 
A double-layered gel bead was stained in a 0.3% (v/v) diluted 
solution of staining agents at a total volume of 50 mL for 30 min 
per three hydrogel beads. The stained gel bead was thoroughly 
washed in a 50 mL washing solution of 0.85% NaCl three times 
before measurement. For the live and dead cells, 530 nm for the 
green signal and 620 nm for the red signal were applied.

3. Results and Discussion

3.1. Initial Ammonia-oxidizing Activity

The initial ammonia-oxidizing activity was investigated to secure 

the effective protection of AMX bacteria from oxygen inhibition 
at the start-up stage of the single-stage nitrogen removal (Fig. 
S1). It was proven that PVA concentration is the most important 
factor that enhances the mechanical strength of the outer layer 
[14]. To assess the effect of the PVA concentration on the initial 
ammonia-oxidizing activity, the PVA concentration was adjusted 
to 7.5, 10.0, and 12.5% at a fixed nitrifying activated sludge concen-
tration of 1,514 ± 16 mg-VSS/L. A thick outer layer could load 
a higher amount of nitrifying activated sludge due to the larger 
volume available when the PVA concentration was increased. 
Nitrifying activated sludge of 0.02, 0.03, and 0.05 mg-VSS was 
immobilized per PVA/alginate gel bead as the thickness of the 
outer layer was increased to 2.68 ± 0.29, 2.96 ± 0.32, and 3.28 
± 0.29 mm, respectively (Fig. S2). The OUR was increased accord-
ing to the thickness (Fig. 1). Although the thick outer layer may 
inhibit the mass transfer efficiency, by constructing a thicker 
outer layer, the initial ammonia-oxidizing activity, as well as the 
mechanical strength, can be enhanced, due to the high PVA 
concentration. 

However, the strategy to increase the nitrifying activated sludge 
concentration in the cross-linking reaction was proven to be the 
most effective method to facilitate the initial nitrifying activity 
in this study. A change in the VSS concentration from 765 ± 
9 to 4,219 ± 34 mg-VSS/L was tested at a fixed PVA concentration 
of 12.5%. The nitrifying activated sludge concentration increase 
led to a thicker outer layer, as shown in Fig. 2, possibly due to 
the increased viscosity of the PVA/alginate solution [9]. The increase 
in the nitrifying activated sludge concentration resulted in a dramat-
ic increase in the initial ammonia-oxidizing activity, i.e., OUR, 
in comparison with the results of the PVA concentration control 
(Fig. 1). The highest OUR was 10.5 mg-DO/L·h, which corresponds 
to the highest VSS concentration of 4,219 mg-VSS/L. Interestingly, 
the excellent linearity between nitrifying activated sludge content 
and OUR was maintained within the range of 0.02 to 0.13 mg-VSS 
per bead (Fig. 1). Nevertheless, at a high nitrifying activated sludge 
content of 0.23 mg-VSS per bead, a retarded slope of the initial 

Fig. 1. The relationship between oxygen uptake rate and VSS content 
per bead when the PVA and VSS concentration were adjusted 
during the construction of the outer layer.
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Fig. 2. The increase in the thickness of the outer layer according to 
the VSS concentration.

ammonia-oxidizing activity was found. This implies that the AOB 
is not fully activated when a large amount of nitrifying activated 
sludge exceeding 0.13 mg-VSS per bead.

In the previous result, the AOB density was proven to decide 
the oxygen penetration depth (OPD) in the range of 200-300 μm 
for 106 cells of Nitrosomonas sp. [30]. Besides, the OPD could 
be differentiated depending on the respiration activity of various 
bacterial species. For example, a dominant ammonia-oxidizing bac-
terial community for saline nitrogenous wastewater was shown 
as Nitrosospira, Nitrosovibrio, and Nitrosococcus [31]. 

As a result, it was concluded that the nitrifying activated sludge 
concentration in the outer layer was the dominant factor for oxygen 
consumption by nitrifying activated sludge. The high nitrifying 
activated sludge loading is preferred for the protection of AMX 
bacteria from oxygen inhibition due to limited oxygen penetration. 
The oxygen penetration would be even more limited after the enrich-
ment of AOB in the outer layer. Thus, the vertical oxygen profile 
in the outer layer was analyzed before and after the AOB enrichment 
using a continuous MBBR.

3.2. Effect of AOB Enrichment on OPD

As the aeration cost is directly correlated with the operational 
costs and excessive DO concentration was not recommended 
[32-34]. The favorable DO level for the single-stage PN–AMX process 
is at a moderate level of 1~2 mg/L [35, 36]. The enrichment of 
AOB in the outer layer was conducted at a DO level of 2.0 mg/L, 
in this study. In our previous study, the OPD in the outer layer 
containing 2,441 ± 238 mg-VSS/L of AOB was determined to be 
83 to 1,250 μm, which was proportional to the DO concentration 
in the bulk phase of 0.5 to 8 mg/L [14]. However, the effect of 
enrichment on the OPD has not yet been investigated. In this study, 
it has been hypothesized that oxygen penetration is less effective 
after enrichment due to the enhanced. Fig. 3 showed the enrichment 
of AOB in the continuous nitrifying reactor. The nitrifying activated 
sludge exhibited a linear increase in the ammonia-oxidation rate 
from 0.17 to 0.65 kg-N/m3-d for 17 d with 52.4 and 101.1 mg- NH4

+-N/L 

Fig. 3. Nitrogen loading and conversion rates during the enrichment 
of AOB and the selectivity of NO2

- over NO3
-.

in the influent. The fact that the average selectivity for NO2
- over 

NO3
- was 97.4 ± 2.5% implied that the NOB activity was not sig-

nificant during the enrichment. The detailed nitrogen composition 
of the influent and effluent are shown in Fig. S3. It is known 
that the low DO selectively activated the AOB activity over NOB 
by promoting the competition between AOB and NOB for the com-
mon substrate of DO. AOB can outcompete NOB in the low DO 
condition due to the high affinity for dissolved oxygen [37]. It 
was expected that the acclimation of AOB activity using the con-
tinuous nitrifying bioreactor resulted in the intensified AOB pop-
ulation in the outer layer. This could lead to reduced OPD in 
the outer layer. In fact, before enrichment, the OPD was at 966.7 
± 52.3 to 66.7 ± 34.7 μm according to the different levels of DO 
(Fig. 4). After enrichment, the reduced OPD range was shown as 
75.0 ± 29.5 to 333.3 ± 36.4 μm, as expected. However, the insignif-
icant effect of enrichment was identified on the OPD at low DO 
levels of 2.0 and 0.5 mg/L. The reason for the insignificant OPD 
reduction is unclear. It was only speculated that low DO levels 
less than 2.0 mg/L result in insensitive variation of OPD, especially 
with the high initial concentration of nitrifying activated sludge 
in the outer layer (2,441 ± 238 mg-VSS/L in this study). Likely, 
the OPD range of 100~200 μm is frequently reported in various 
nitrifying and single-stage PN–AMX processes at limited DO levels 
less than 2.0 mg/L [38, 39].

For DO levels of 8 and 6 mg/L, the OPD was significantly reduced 
from 966.7 ± 52.3 to 333.3 ± 36.4 and 510.4 ± 14.6 to 286.7 
± 37.1 μm, respectively, after the enrichment. As a result, the 
slope of DO penetration, which had been at 113.3 μm/mg-DO·L 
for the initial nitrifying activated sludge, was reduced to 31.4 μ
m/mg-DO·L (Fig. 4). Thus, the enrichment can minimize the varia-
tion of OPD in the outer layer under the DO fluctuation in the 
single-stage PN–AMX process. Based on the OPD results, the mini-
mal outer layer thickness of approximately 350 μm is suggested, 
considering the maximum OPD of 333.3 ± 36.4 μm in this study. 
Various factors can control the OPD in the biofilm system. For 
example, a specific growth rate of Nitrosomonas sp. (r-strategist) 
could be faster than Nitrosospira sp. (i.e., K-strategist) with the 
same bulk phase substrate concentration depending on the different 
Monod’s kinetic parameters [40]. Thus, it is expected that the OPD 
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Fig. 4. Change in oxygen penetration depth through the outer layer 
before and after the enrichment of AOB.

is narrower for Nitrosomonas sp. Than that of Nitrosospira sp. to 
the dominant AOB according to their differentiated oxygen uptake 
kinetics even with the same environmental conditions. Also, the 
biofilm thickness of 300 μm was considered appropriate for the 
complete depletion of oxygen in the investigated relationship be-
tween OPD and biofilm thickness in a previous study [41]. As 
in the current study, the definition of oxygen penetration depth 
was based on the detect limitation of less than 0.2 mg/L of the 
microelectrode system. However, the active of Nitrosomonas euro-
paea lineage in the DO concentration as low as 0.12 mg/L was 
proved in the research of Park et al. [42]. Instead of promoting 
the adaptation mechanisms, the depletion of DO concentration 
in the operation of the chemostat reactor created the favor condition 
on the selection of AOB community. Thus, the relationship between 
liable bacterial distribution and ODP needs further study.

3.3. Bacterial Liability Distribution

Recently, the live and dead cell staining assay and CLSM monitoring 
have widely been applied to assess the bacteria distribution [43]. 
In addition, the determination of live and dead cells was proved 
to be appropriate for AOB [44, 45]. In this study, the OPD is critically 
correlated with bacterial liability distribution in the outer layer. 
It was expected that liable nitrifying activated sludge is concentrated 
on the surface of the outer layer due to easier access to substrates, 
NH4

+, and oxygen. The cross-section of the outer layer revealed 
that the live cells were dominant within 95 μm (Fig. S4 and S5). 
As shown in Fig. 5, the density of the dead cells was consistent 
at a fluorescence level of 105 across the depth of the gel bead. 
The death rates for AOB and NOB were calculated as 0.076 and 
0.054 d-1, respectively, by the live and death staining method in 
a previous study [44]. This implies that the acclimation of the 
grown AOB as dead cells is faster than NOB in the PVA/alginate 
matrix. The high sludge retention time, due to entrapment in the 
PVA gel, contributed to the acclimation of the dead cells by prevent-
ing washout. In contrast, the concentration of the live cells was 
gradually reduced with depth probably due to the limitation of 

Fig. 5. The intensity of fluorescence densities of live and dead cells, 
according to the depth of the outer layer after the AOB enrichment.

substrates (oxygen and ammonia). As shown in Fig. 5, the ob-
servation of live cells was limited within 165 μm. Based on this 
observation, the suggested minimal thickness of the outer layer 
at 350 μm would be feasible, without interrupting the required 
active zone for the ammonia-oxidation processes. The limited liable 
cell distribution was narrower than the maximum OPD of 333.3 
± 36.4 μm. The reason for the limited liable cell distribution is 
not clear. However, the nitrifying biofilm is clearly thin than those 
of previous results. For example, the active nitrifying biofilm thick-
ness is reported as ~400 μm in the case of the PN-AMX process 
[46]. Thus, it is considered that the nitrifying biofilm of this study 
was not fully developed and thinner than the matured nitrifying 
biofilm. As a result, the oxygen diffused over the barrier of thin 
liable nitrifying activated sludge cells which were condensed within 
95 μm at the high DO concentration of 8 mg/L. The oxygen between 
95 and 350 μm can be consumed by the respiration activity of 
a liable nitrifying bacterial community which shows marginal fluo-
rescence level.

4. Conclusions

To optimally design the outer layer of the core-shell structured 
PVA hydrogel beads for the single-stage PN–AMX process, the 
present study considered factors such as the PVA concentration, 
nitrifying activated sludge loading in the outer layer, and OPD. 
A high concentration of nitrifying activated sludge was entrapped 
in the outer layer for the rapid stabilization of the single-stage 
PN–AMX removal. The positive relationship between the initial 
oxygen consumption rate and the nitrifying activated sludge loading 
in the outer layer was revealed. At a low DO concentration of 
2.0 mg/L, the nitrogen removal rate was achieved at 0.65 kg-N/m3-d 
in the outer layer after 17 days of enrichment. The maximum 
OPD was significantly reduced from 966.7 ± 52.3 to 333.3 ± 36.4 
μm at a DO level of 8.0 mg/L after AOB enrichment. Besides, after 
enrichment, the OPD, according to the bulk phase DO, was less 
sensitive and limited to a shallow range, i.e., 75.0~333.3 μm. This 
implies that the effective protection of AMX bacteria from oxygen 
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inhibition is feasible after AOB enrichment. The live cells were 
observed within a range of 165 μm deep in the outer layer using 
both live and dead cell staining. Based on the results of the OPD 
and liable cell distribution, the minimal thickness of the outer 
layer was suggested to be approximately 350 μm, which secures 
the protection of the AMX bacteria given DO fluctuations.
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