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ABSTRACT

The inhibition of undesirable nitrite oxidizing bacteria (NOB) and desirable ammonium oxidizing
bacteria (AOB) by free ammonia (FA) and free nitrous acid (FNA) in partial nitritation (PN) is
crucially affected by the biomass growth mode (suspended sludge, biofilm, encapsulation). But,
the limitations of these modes towards less concentrated reject waters (<600 mg-NL™") are
unclear. Therefore, this work compares the start-up and stability of three PN sequencing batch
reactors (SBRs) with biomass grown in one of the three modes: suspended sludge, biofilm and
biomass encapsulated in polyvinyl alcohol (PVA) pellets. The SBRs were operated at 15°C with
influent total ammonium nitrogen (TAN) concentrations of 75-600 mg-TAN L™". PN start-up was
twice as fast in the biofilm and encapsulated biomass SBRs than in the suspended sludge SBR.
After start-up, PN in the biofilm and suspended sludge SBRs was stable at 150-600 mg-TAN L™".
But, at 75 mg-TAN L™, full nitrification gradually developed. In the encapsulated biomass SBR,
full nitrification occurred even at 600 mg-TAN L™', showing that NOB in this set-up can adapt
even to 4.3 mg-FA L™ and 0.27 mg-FNA L™". Thus, PN in the biofilm was best for the treatment
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of an influent containing 150-600 mg-TAN L™".

Introduction

Partial nitritation (PN) has recently gained attention in
the context of partial nitritation-anammox for the
removal of nitrogen from carbon-deprived wastewaters,
particularly nitrogen-rich streams [1,2] and anaerobically
pre-treated sewage [3]. Compared with conventional
nitrification-denitrification, this approach reduces the
consumption of oxygen for aeration, the requirement
for a denitrification electron donor and the production
of excess activated sludge [4,5]. For these beneficial
reasons, PN is currently applied to reject water and to
specific industrial streams with total ammonium nitro-
gen (TAN) concentrations higher than 600 mg-N L' at
temperatures above 25°C [6]. In sequencing-batch reac-
tors (SBRs), such high TAN concentrations and high pH
at cycle start selectively inhibit undesirable nitrite oxidiz-
ing bacteria (NOB) by free ammonia (FA). Subsequently,
the oxidation of ammonium to nitrite by ammonium oxi-
dizing bacteria (AOB) consumes alkalinity and reduces
pH, thus inhibiting NOB by free nitrous acid (FNA) [7-9].

However, NOB may be inhibited less efficiently by FA
and FNA in reject waters that are less concentrated
(<600 mg-TAN L") and colder (<25°C), both of which

they often are. The temperature of reject water decreases
primarily under storage in winter conditions in mild cli-
mates. And the concentration of TAN in reject water
decreases based on local conditions, such as the
content of dry matter in raw sludge, chemical compo-
sition of raw sludge, conditions applied during anaerobic
digestion, and efficiency of the anaerobic digestion
process. Also, some industrial wastewaters have TAN
concentrations in the range of 100-600 mg L™' (e.g. fer-
tilizer manufacturing [10] and food industry [11]). Fur-
thermore, new concepts of wastewater treatment, such
as direct anaerobic treatment in the main stream, can
increase TAN concentration in wastewater by releasing
TAN previously bound in proteins [3,12]. Under these
lower temperatures and at these concentrations, what
constitutes an approximate lower TAN threshold suitable
for PN in treated wastewater is not currently known.
The inhibition of bacteria is driven by their exposure
to inhibitors, which is strongly dependent on the
biomass growth mode used (e.g. suspended sludge,
biofilm and encapsulation) [13,14]. However, studies of
the inhibition/adaptability of AOB and NOB to FA and
FNA generally only assess one type of biomass growth
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mode: suspended sludge [7,15-23], biofilm [24-28],
granules [29-31] or encapsulated biomass [32,33]. In
some such studies, this assessment has been somewhat
clouded by the use of an additional mechanism for the
selective inhibition of NOB, such as dissolved oxygen
(DO) limitation [18] or real-time cycle control [34]. More-
over, it is well known that the resulting inhibition of AOB
and NOB can be affected by variations in the following
key factors: (i) important substrate characteristics (e.g.
C/N ratio [35], phosphorus [36] and trace elements
such as Cu [37] and Fe [38]); (ii) operational parameters,
such as SRT [35]; (iii) pre-exposure of the biomass to
inhibitors enabling adaptation; (iv) temperature-altering
AOB and NOB growth rate [39], as well as the speciation
of ammonium (NH3/NHI) and nitrite (HNO,/NO;) [40];
and (v) the bacterial species in the AOB and NOB
microbial communities [41]. Collectively, this all makes
it very difficult to draw firm conclusions from the existing
literature about the optimal biomass growth mode for
the selective inhibition of NOB by FA and FNA.

To enhance understanding of how biomass growth
mode affects the susceptibility of AOB and NOB to FA
and FNA inhibition, this study used nitrifying cultures cul-
tivated in the form of suspended sludge, biofilm and
biomass encapsulated in polyvinyl alcohol (PVA)
pellets. These cultures, operated in three separate SBRs,
received diluted reject water from anaerobic digestion.
The different biomass growth modes were assessed for
the sensitivity of AOB to FA during start-up and, with
the aim of identifying the lowest TAN concentration
enabling PN application, for the efficiency of NOB inhi-
bition by FA and FNA at gradually reduced influent
TAN concentrations (600-75 mg-N L™"). The SBRs were
operated under the same parameters, thereby minimiz-
ing the effect of other potential AOB and NOB inhibitors.
Furthermore, the potential growth rate of AOB and NOB
was equalized by setting the operational temperature to
15°C. These conditions enabled us to compare the three
biomass growth modes for the treatment of low-nitro-
gen-loaded cold reject water. The applicability of our
findings to the treatment of medium to low-strength
industrial wastewaters and of anaerobically pre-treated
sewage with limited alkalinity was also considered.

Materials and methods
Reactor setup

Experiments were performed in three fully automated
lab-scale SBRs (suspended sludge, biofilm and encapsu-
lated biomass; schematic displayed in Figure 1) operated
at 15°C. The suspended sludge and biofilm SBRs were
inoculated with fully nitrifying activated sludge from

; air
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N

Figure 1. Schematic of SBRs used in the present study.

decantation

=

waste

]

the central municipal wastewater treatment plant
(WWTP) in Prague. The activated sludge process at this
WWTP was operated as simultaneous nitrification-deni-
trification with a separate oxic regeneration tank receiv-
ing reject water and return activated sludge from the
clarifiers. The inoculation of the encapsulated biomass
is described below.

The SBR cycle comprised a filling phase followed by
an aerobic reaction phase. For each influent TAN concen-
tration, the length of the reaction phase was adjusted to
achieve a constant nitrogen loading rate of 0.2 kg-
TAN m~3 d™". The hydraulic retention times were 3, 1.5,
0.75 and 0.375 days for influent TAN concentrations of
600, 300, 150 and 75 mg-TAN L', respectively. The
length of the settling phase was 30 min for the sus-
pended sludge SBR and 10 min for the biofilm and
encapsulated biomass SBRs; in all cases, this was fol-
lowed by a decanting phase. Air supply was provided
by air diffusers placed at the bottom of the reactors. To
prevent the potential inhibition of AOB and NOB, the
DO concentration exceeded 3.0 mg-O, L™" throughout
the entire cycle in all SBRs [42]. The pH in the
reactors was not externally controlled, changes in pH
simply reflecting biochemical and/or physico-chemical
changes. The alkalinity of the influent water was not arti-
ficially improved. Certain differences in the volumes the
SBRs were caused by the different methods of biomass
cultivation.

To determine the lowest influent TAN concentration
necessary to induce efficient inhibition, the study
started with 600 mg-TAN L™". After achieving constant
TAN conversion (ca. 50%), stable operation of the SBRs
at 600 mg-TAN L' was initiated for a period of time.
Subsequently, the influent nitrogen concentrations in
the suspended sludge and biofilm SBRs were stepwise
reduced to 300, 150 and 75 mg-TAN L~". At each concen-
tration, these two reactors were operated for at least 35
days in order to verify the stability of the process under
the given conditions.



Suspended sludge SBR

This SBR had a working volume of 1.5 L. To ensure the
maximum amount of AOB in the system, no excess
sludge was withdrawn [43].

Biofilm SBR

As a biomass carrier, this SBR used biomass-free lens-
shaped PVA pellets (LentiKat's Biocatalyst) with a diam-
eter of 3-4 mm and a thickness of 0.2-0.3 mm. The
working volume of this SBR was 0.78 L [44].

Encapsulated biomass SBR

The working volume of this SBR was 1 L. PVA pellets (Len-
tiKat's Biocatalyst) with a diameter of 3-4 mm and a thick-
ness of 0.2-0.3 mm were used during the experiments up
to a total weight of 150 g. These pellets contained a
mixture of Nitrosomonas europea and Nitrobacter wino-
gradskyi. Inoculation to immobilize these bacteria was per-
formed by LentiKat's (Prague, Czech Republic). The pellets
were manufactured by mixing dissolved PVA with a
minimum amount of polyethylene glycol and bacterial
suspension. The mixture was dropped on an appropriate
surface and dried by airflow using a temperature gradient
of 40-30°C. During the drying, polymer gelation took
place and a porous structure was formed inside the
pellets. Subsequently, a solution of sodium sulfate was
added to stabilize the pellets and, thereby, strengthen
the PVA structure [45]. PVA MOWIOL 28-99 (Kuraray
America, Inc.) with a 99% degree of saponification and
relative molecular mass of 145,000 g mol~" was used for
immobilization [33]. The start-up of the encapsulated
biomass SBR was performed by adding the inoculated
pellets.

Wastewater

Reject water from anaerobic digestion was diluted with
tap water to obtain influent TAN concentrations of 600,
300, 150 and 75 mg-TAN L', and used as the media. In
this way, low-nitrogen-loaded reject water, specific indus-
trial wastewaters and anaerobically pre-treated municipal
wastewater were simulated. The reject water was
obtained from the full-scale digester of Prague’s central
WWTP operated at a stable temperature of 55°C as
shown in Jenicek et al. [46]. Each start-up was performed
with an influent TAN concentration of 600 mg-TAN L™".

The most important influent wastewater parameters
are displayed in Table 1. The key average parameters
of the raw reject water were as follows: 1.25 g-TAN L™';
alkalinity 64 mmol L™"; 2.3 g-COD L™"; soluble COD con-
centration of 1.1 g-CODL™"; total solids 3.6 g-TSL™';
and total suspended solids 1.15 g-TSS L™".
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Table 1. Parameters of influent wastewater fed into SBRs.

Parameter\Period

(mg-TAN L") 600 300 150 75
TAN (mg L™") 585+15 297+7 145+19 77+7
COD, total (mg L™) 12004300 8304220 410130 130431
COD, soluble (mg L™") 490419 28015 17021 75+32
pH 8.3+0.2

Alkalinity (mmol L") 32 14 8 44
Alkalinity/TAN 077 0.66 0.77 0.80
Analytical methods

The concentrations of N - NO5, N - NO3, TAN as the sum
of N - NH; and N - NH,, COD and volatile suspended
solids in samples of the bulk liquid, influent and effluent
were determined according to APHA [47]. Temperature
and pH were analyzed using an Inolab pH 730 probe
(WTW, Weilheim, Germany). The concentration of DO
was measured using a Oxi 340 probe (WTW, Weilheim,
Germany).

The kinetic tests used to assess the development of
nitrogen species and pH during the SBR cycles were
done by sampling the reactor liquid during regular
operation.

The concentrations of FA and FNA were calculated
according to Ford et al. using Equations (1) and (2),
respectively [40]:

c _17 CTAN~10pH (1)
FA_14'ex 6334 —|—10le
Pla7s ¢
_ 46 CNO,—N
CPNA =74 ~5300 X ()
expl —————| - 10°
273 +° C

The nitrite accumulation ratio (NAR) was calculated using
Equation (3):

CNO2—
NAR = — NO2ZN 3)
CNO3—N + CNO2-N

Results and discussion
Start-up of PN

During start-up, the TAN concentration in each reactor
was 370+ 120 mg L™, while pH ranged from 7.8 to 9.2
depending on actual AOB activity in the respective SBR
cycle. At a constant temperature of 15°C, the FA concen-
trations ranged from 5.3 to 180 mg-FA L™". In the start-
up period, such high FA content led to the stripping of
ammonia and, consequently, TAN losses between the
effluent and influent of 39 + 18% (Figure 2). The intensity
of AOB activity was an important factor in determining
the actual pH in the reactor and, in turn, the concen-
trations of FA and FNA. This activity is accompanied by
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Figure 2. Start-up and PN in suspended sludge (A), biofilm (B) and encapsulated biomass (C) SBRs for the influent TAN concentrations of 600,
300, 150 and 75 mg-TAN L™". Influent nitrogen concentration in encapsulated biomass SBR was 600 mg-TAN L™" during the entire experiment.
NAR is nitrite accumulation ratio (N - NO, /N — NO). Start-up period of SBRs is indicated by rectangle at the beginning of operation.

H* production and pH decrease. Therefore, during start-
up, AOB activity (as well as H™ production) was limited,
resulting in a high pH and a high FA concentration.
The gradual increase in AOB activity during start-up
resulted in a gradual decrease in both pH and FA. This
explains the wide range of FA up to extremely high
values (5.3-180 mg) obtained during start-up.

For suspended, biofilm and encapsulated biomass
SBRs, the respective representations of N - NOS in oxi-
dized nitrogen (NAR =N - NO; /N - NOy) were 92+

10%, 95+ 38% and 96 + 4%, showing that the activity
of NOB was successfully inhibited during start-up.

The main objective at start-up was to obtain a
maximum conversion of TAN to N-NO, of ~50%. The
achievement of this conversion was intrinsically limited
by the alkalinity available in the substrate, or more pre-
cisely, by the ratio alkalinity:TAN concentration (Table 1)
[20]. Such conversion was observed after one month for
the biofilm and encapsulated biomass SBRs, and after
two months for the suspended sludge SBR (Figure 2).



Considering the identical conditions in all SBRs and the
absence of conventional AOB inhibitors, such as DO limit-
ation, PN start-up was most likely limited by the inhibition
of AOB by high concentrations of FA.

The above-reported FA concentrations (5.3-180 mg-
FAL™ correspond to the conventional threshold (10—
100 mg-FA L™") for the inhibition of AOB in nitrifying
sludge reported by Anthonisen et al. [7]. Wang et al.
[30] reported that AOB in granular sludge adapted to
5-10 mg-FAL™" after 35 days. In contrast, Vadivelu
et al. [48] showed that neither the anabolic nor the-
catabolic process of enriched Nitrosomonas was inhib-
ited up to 16mg-NH;-NL™'. And interestingly,
numerous researchers have demonstrated that AOB
can adapt to much higher FA concentrations. For
example, Hellinga et al. [49] and Van Hulle et al. [50]
demonstrated that AOB cultivated in SHARON were not
inhibited by 70-300 mg-NH5-N L™

Given that the primary inhibitor of AOB was FA, our
results suggest that suspended sludge SBRs are more sus-
ceptible to such inhibition. This is very likely due to the
enhanced contact of AOB with FA in this SBR compared
with the biofilm or encapsulated biomass SBRs, in which
the FA inhibition of AOB is limited by diffusion [51].

Stability of PN

Stable PN in the biofilm and suspended sludge SBRs

at medium TAN concentration

At the medium TAN concentrations of 150-600 mg-
TAN L™, the PN in the biofilm and suspended sludge
SBRs was stable (NAR=80-99%) for 8 and 10 months,
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respectively (Figure 2). After start-up, the alkalinity:TAN
ratio (0.66-0.80), which determines the intensity of pH
decrease during PN, induced a stable 50% TAN conver-
sion to N - NO; (data not shown). This ratio remained
largely constant throughout all operational periods
(Table 1), thereby inducing relatively stable TAN conver-
sion efficiency. Simultaneously, this stable ratio meant
that the actual FA and FNA concentrations reached in
the biofilm and suspended sludge SBRs were influenced
much more strongly by the influent TAN concentration
than by the intensity of AOB activity (see Start-up of PN).

The TAN conversion efficiency achieved fits the
anammox stoichiometry presented by Lotti et al. [52].
However, the PN effluent pH (5.5-6.5) fell outside the
anammox ecological niche of 6.7-8.3, and was signifi-
cantly lower than the optimum of 8 [53]. Therefore, the
use of such PN effluent in subsequent anammox would
require pH adjustment. In contrast to the biofilm and sus-
pended sludge SBRs, the encapsulated biomass SBR
exhibited a gradual conversion of nitrite to nitrate that
reduced the NAR from 85% to 37% in the 24 days follow-
ing start-up.

In the absence of other NOB-inhibiting factors, such as
limited oxygen [42] or biomass retention time limitation
at high temperatures [39], it is clear that the sole NOB
inhibitors in our study were FA and FNA (Figure 3). This
is in accordance with Park and Bae [9], who modeled
the kinetics of biochemical ammonia and nitrite oxi-
dation simultaneously inhibited by FA and FNA. Their
model indicated that the complete removal of TAN can
be achieved by high nitrite accumulation in SBRs treating
high-nitrogen-loaded wastewater.

Biofilm Suspended sludge Encapsulated biomass
BFA ®FNA GFA mFNA FA ®FNA
10 - - 10 . 10 4 '
. AOB . AOB AOB !  AOB
AOB i 4 AoB Ly L
81 ' NOB 8 - 'NoB 81 . NOB
o ; 3 g o :
%p 6 - : EP 6 ; %o 6 i
< : < E < 5
Z 4 - : £ 4 - i Z 4
| : 7 :
] _—_ s ? ; s
7 7
7/ f :
0 T T T il 1 0 T T T 1 0
300 150 75 600 300 150 75 600.1  600.2
Influent TAN (mg L) Influent TAN (mg L1) Influent TAN (mg L1)

Figure 3. Concentrations of FA and FNA at the beginning and end of cycle in PN SBR, respectively, using biofilm (days 141, 183, 245 and
273), suspended sludge (days 126, 297, 346 and 463) and encapsulated biomass (days 33 and 53). Lower FA for biofilm SBR at 600
compared with 300 mg-TAN L™" is due to 1-h sampling delay in the test with 600 mg-TAN L™, first samples otherwise taken 2 min

after the start of new aerobic phase.
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FA and FNA toxicity in the SBR cycle

Compared with start-up, significantly lower FA concen-
trations were observed during the stable operation of
the reactors, due to AOB activity being relatively stable
(see above) by this point. The induction of FA and FNA
toxicity was based on a principle illustrated using the
biofilm SBR operated at an influent TAN concentration
of 150 mg-TAN L' (operational day 237) as an example.
At the start of the aerobic phase of its cycle, the combi-
nation of the influent TAN concentration (150 mg-
TAN L™ and average pH of 7.9 resulted in an FA concen-
tration of 2.8 mg-FAL™" (Figure 4). The conversion of
ammonium to nitrite decreased the pH to 5.8 and FA to
0.02mgL™", the latter being compensated by an
increased FNA of up to 1.21 mg-FNA L’ (Figure 4).

As shown in Figure 3, the influent TAN concentrations
of 150-600 mg-TAN L™ induced initial, in other words
highest FA concentrations in the ranges of 2.5-10 and
3.5-9.9 mg-FAL™" in the biofilm and suspended sludge
SBRs, respectively. In both cases, FA and FNA concen-
trations mostly increased with influent TAN, and the
inconsistencies can be attributed either to delayed
sampling or to the variations of influent pH (8.3+0.2).
The respective highest FNA concentrations were 1.0-2.7
and 0.16-23 mg-FNAL™'. These concentrations were
similar to or higher than the widely accepted NOB inhi-
bition thresholds for FA and FNA (1.5-10 mg-FA L~ and

A) -@-FA -@-FNA A-pH
39 A r8
—
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271 ’
= L4 B
Z
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Figure 4. Profiles of FA/FNA concentrations and pH value for
cycle of biofilm SBR cycle with 150 mg-TAN L™".

0.011 mg-FNA L, respectively) [23]. Therefore, it is not
surprising that at influent concentrations of 150-
600 mg-TAN L™, the production of nitrate was efficiently
suppressed (Figure 2).

When the influent TAN concentration was reduced
to 75 mg-TAN L_1, the maximum FA concentrations
reached during the cycle decreased to only 0.42 and
1.76 mg-FA L™ for the suspended sludge and biofilm
SBRs, respectively. Their respective FNA concentrations
at cycle end were 0.13 and 0.061 mg-FNA L™". Although
these FA concentrations were similar to and even lower
than the lowest inhibition thresholds, they were still
expected to inhibit NOB [23]. Instead, NOB proliferation
and activity was observed even at these FNA concen-
trations. This suggests that in our study the FNA
threshold for the inhibition of NOB was above the gener-
ally accepted value of 0.011 mg-HNO,-N L™ [23].

Slow NOB development in suspended sludge SBR at
TAN concentration of 75 mg-TAN L™’

For 50 days after the influent TAN concentration was
reduced to 75 mg-TAN L™, the suspended sludge SBR
continued to show stable PN. Over the following 100
days, NOB activity was gradually initiated (N - NO3 con-
centration reached 42.5 mg L™ on day 487 at NAR reach-
ing 0.3% (Figure 2). By comparison, full nitrification was
already taking place in the biofilm SBR 45 days after
reduction to 75 mg-TAN L™". The longer time needed
for NOB development in the suspended sludge SBR
can be explained by the more efficient exposure of
NOB to FA in suspended sludge [51].

Unstable PN in encapsulated biomass SBR
After the end of the start-up phase (day 33), nitrate
concentration in the effluent of the encapsulated
biomass SBR gradually increased (Figure 2). This indicates
that NOB activity increased despite the high influent
TAN concentration (600 mg-TAN L™"), which induced
maximum FA and FNA concentrations during SBR cycle
of 43mg-FAL™" and 0.27 mg-FNAL™', respectively
(Figure 3). Conversely, in the suspended sludge and
biofilm SBRs, NOB activity was fully inhibited even
under lower concentrations (2.36 and 3.47 mg-FA L
0.51 and 0.14 mg-FNAL™"; Figures 3 and 4). Because
the influent TAN remained at 600 mg-TAN L™ for the
whole period of the encapsulated biomass SBR exper-
iment, it is likely that NOB adapted to both FA and FNA.
Villaverde et al. [54] reported the adaptation of Nitro-
bacter sp. to FA in the biofilm. Over the course of six
months, they observed that the threshold for specific
inhibition increased from 0.2 to 0.7 mg-FA L™'. Under
the given conditions of our study, NOB adapted to
4.6 mg-FA L™" in a shorter period (two months). In a



more extreme example, Li et al. [26] reported NOB in the
biofilm adapted to even higher FA concentrations of 30-
32.5mg-FAL™".

In terms of adaptation to FNA, the literature reports
significantly lower inhibition thresholds than the
0.27 mg-FNAL™" obtained for NOB cultivated in our
encapsulated biomass SBR. Generally, Anthonisen et al.
[7] concluded that NOB in suspended sludge are inhib-
ited from 0.01 mg-FNAL™'. Prakasam and Loehr [55]
report a threshold value for NOB inhibition of 0.07 mg-
FNA L™". Even lower inhibition thresholds were reported
by Vadivelu et al. [56], who showed that 0.02 mg-HNO,-
N L™ totally inhibited the biosynthesis of enriched Nitro-
bacter suspended sludge, but did not affect its energy
production capabilities. Other experiments with NOB in
suspended sludge have suggested that the growth of
NOB starts to be inhibited at 0.01 mg-FNA L™ before
stopping at 0.02 mg-FNA L' [56]. Consequently, to our
best knowledge, the current study is the first to report
the adaptation of NOB to as much as 0.27 mg-FNA L™".

Compared to the biofilm and suspended sludge, NOB
washout from the PVA-gel pellets was less efficient. This
is because such pellets are specifically designed to retain
bacteria for the treatment of industrial wastewaters with
high concentrations of inhibitory compounds (e.g.
diphenylguanidine manufacturing, uranium mining resi-
dues). This retention is enhanced by a highly porous
carrier body and surface pore size of 4.8-10.5 um.
These factors ensure that while individual cells may
escape (the dimensions of Nitrobacter winogradskyi
range from 0.4 to 1.0 um [57]), the washout of bacterial
clusters [58] is prevented. In turn, this enables the
active NOB situated inside the pellets to survive even
when there are relatively high FA and FNA concen-
trations in the reactor.

Unstable suspended sludge SBR due to biomass
washout
While feeding influent with the highest TAN concen-
tration of 600 mg-TAN L™, the amount of biomass in
the suspended sludge SBR increased from 0.35 to
0.9 g-VSS L (Figure 5). At lower TAN concentrations of
300 and 150 mg-TAN L™" the biomass decreased to
0.40 and 0.23 g-VSS L™, respectively. This is due to the
lower hydraulic retention times necessary to maintain
stable nitrogen loading rates at these TAN concen-
trations. At 75 mg-TAN L™, the biomass concentration
in the liquid decreased to 0.07 g-VSS L™" while a signifi-
cant portion of the active biomass remained attached
to the reactor walls.

The dramatic reduction of suspended sludge was
most likely caused by unrestricted biomass washout. At
a stable temperature and nitrogen loading rate, the
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Figure 5. Concentration of VSS in suspended sludge SBR with
influent TAN of 600, 300, 150 and 75 mg-TAN L™".

lowest TAN of 75 mg-TAN L™ corresponded to the short-
est hydraulic retention time of 0.375 day [59]. In addition,
the heterotrophic floc-forming bacteria lacked the
carbon necessary to form compact flocs (loading rate
270+ 62 kg-CODm—>d™', removal rate 8126 kg-
CODm™d™"), due to the limited biodegradability of
organic carbon in diluted reject water. As a result, the
decomposed flocs were decanted in the effluent,
leading to the formation of biofilm on the reactor
walls. In the future, the separation properties could be
enhanced by adding FeCl; or organic polymer.

TAN conversion and its limitation by alkalinity

After start-up, a steady TAN conversion of around 50%
was achieved for suspended sludge and biofilm at the
TAN concentration ranges of 150, 300 and 600 mg-
NL (Figure 2A and B, Table 1). TAN conversion was
limited by the available alkalinity in diluted reject
water. PN consumed alkalinity, which resulted, by the
end of the suspended sludge and biofilm SBR cycles, in
a decrease of pH to 5.5-6.5 (Figure 4); in accordance
with Jenicek et al. [60], this stopped AOB activity.

Implications for PN applied to low-nitrogen-
loaded streams

Our results suggest that biofilm is the optimal biomass
growth mode for PN in SBRs operated at medium TAN
influent concentrations (150-600 mg L™" and low temp-
eratures. In this way, they can contribute to the design of
systems for removing nitrogen from low-nitrogen-
loaded cold reject waters. Simultaneously, they can be
used for the optimization of nitrogen removal from
specific industrial wastewater streams (e.g. food industry
90-120 mg L' of Total Kjeldahl's Nitrogen [11], fertilizer
production - 6-1700 mg-TAN L~' [10,61]) and poten-
tially even from anaerobically pre-treated municipal
wastewaters  with  TAN  concentrations  above
150 mg L™" and of limited alkalinity. Furthermore, these
results confirm that a long-term decrease in the feed
TAN concentration below 150 mg L™" may destroy the
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PN process and, thus, make it impossible to apply the
subsequent anammox process. In such cases, an
additional strategy for NOB inhibition, such as DO limit-
ation [18] or real-time cycle control [34], must be
applied. Another key factor affecting the efficiency of
FA and/or FNA inhibition is the buffering capacity of
the treated water, which determines not only the inten-
sity of pH fluctuation during the SBR cycle, but also the
FA and FNA concentrations actually achieved in the
reactor.

Under the given conditions of our experiments, the
suspended sludge tended to be washed out completely.
Although increased risk of NOB activity was observed for
the encapsulated biomass SBR, the stability of PN in such
an SBR could be improved by the immobilization of an
AOB enrichment culture without the presence of NOB.
Additional research is needed to confirm or disprove
this hypothesis.

Due to NOB adaptation to high levels of FA [54,62],
Vadivelu et al. [22] hypothesized that after using high
FA levels to wash out NOB at start-up, a high FNA con-
centration is the key to strengthening NOB inhibition.
Our study supports this hypothesis by demonstrating
the importance of FNA as an NOB inhibitor at the influent
TAN concentrations 150-600 mg-TAN L™ and low temp-
erature (15°C).

Conclusion

The present study has shown that the immobilization of
biomass (biofilm, encapsulation) accelerates the start-up
of PN in SBRs operated under the given conditions. It has
also demonstrated that suspended sludge and biofilm
can sustainably produce nitrite at influent TAN concen-
trations ranging from 150 to 600 mg-TANL™' even
without being limited by low DO or with other inhibiting
mechanism. On the other hand, biomass encapsulation
in PVA pellets dramatically increased the adaptability of
NOB to toxic nitrogen species (FA, FNA), thereby jeopar-
dizing the stability of PN even at 600 mg-TAN L™". This
makes clear the radical differences between AOB and
NOB activity in the biomass cultivated in different
growth modes (suspension, biofilm, encapsulated in
PVA pellets) in PN reactors applied as the preliminary
stage of the anammox process. Biofilm appears to be
the most stable growth mode for the treatment of cold
reject water and of specific industrial wastewaters
because it enables more efficient biomass retention in
the reactor. Conversely, because of the risk of NOB recov-
ery, no tested variant was able to ensure the application
of PN to the treatment of anaerobically pre-treated
municipal wastewaters or other streams with TAN con-
centrations of lower than approx. 150 mgL™". This

could only be achieved by applying additional inhibitory
effect such as limitation of NOB growth by low DO.
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