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Abstract The deammonification process represents one
of the most convenient pathways for nitrogen removal
from wastewater. A great deal of scientific articles dwells
on the treatment of sidestream fluxes, whereas applica-
tions to mainstream waters represent a novel field.
Among the general challenges of deammonification,
one of the most important is the effective selection of
ammonia oxidizers (AOB) over nitrite oxidizers (NOB),
but also the typical slow start-up periods. In addition to
such issues, mainstream deammonification has to face
water temperatures and alkalinity reserves lower than
those of sidestream fluxes and higher content of organic
matter. An attempt was made to tackle such challenges by
employing a lab-scale plant; low dissolved oxygen (DO)
values (average 0.78 mg/L) and granular AOB-enriched
biomass were used in order to address exclusion of nitrite
oxidizers. The granules also allowed better biomass re-
tention. The hydraulic retention time (HRT) was
established initially at 24 h and later decreased to 12 h,
as to possibly enhance the performance of the reactor.
After 52 days of operation, Anammox biomass was also
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inoculated to the reactor. The results showed a maximum
nitrogen removal efficiency of 54%. Moreover, little
quantities of nitrates were observed throughout the ex-
periment (<5 mg N/L twice, under the limit of quantifi-
cation the rest of the sampling days), meaning that NOB
out-selection techniques worked properly. Retention of
biomass was also positively addressed and yielded a final
SRT value of 15.6 days. Therefore, the proposed solution
for mainstream deammonification was demonstrated to
be promising and more research would be necessary to
optimize it.

Keywords Anammox - DO control - Granular biomass -
Mainstream deammonification - Partial nitrification

1 Introduction

Deammonification techniques represent some of the
most interesting solutions in the field of wastewater
nitrogen removal: compared to traditional nitrification
and denitrification, they allow for about 60% reduction
in acration-related costs, while no organic carbon donor
is needed. Also, sludge handling and transportation
costs are cut down by 90%, and the emission of N,O
is reduced (Abbas et al. 2014). This technology is made
up of two steps, occurring in the same system: partial
nitrification takes place first, and consists of conversion
of ammonia to nitrites, and then the Anammox biomass
employs the nitrites as an electron acceptor for reduction
of ammonium ions to gaseous N,, which easily escapes
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the reaction environment by contact with the
atmosphere.

Most of the available research on deammonification
technologies deals with high N-strength waters, as in the
case of sidestream fluxes of municipal wastewater treat-
ment plants (WWTPs) (Lackner et al. 2014); on the
contrary, the implementation of such process to the
mainstream lines of municipal WWTPs, notably char-
acterized by lower temperatures, alkalinity reserves, and
N content, is still in its infancy (Frijns et al. 2013). This
is mainly related to a series of challenges that arise in
these cases: first of all, the typically high ratios between
organic matter (or equivalently, chemical oxygen de-
mand; COD) and nitrogen content, referred to as
CODI/N ratios, lead to inhibition of the Anammox bio-
mass (Jin etal. 2012) and subsequent out competition by
denitrifiers (Lackner et al. 2008). Secondly, Anammox
bacteria are hard to cultivate and retain due to their slow
maximum growth rate and large doubling time; this is
especially relevant since the N content of mainstream
fluxes is low, and the lack of substrate can further impair
the bacterial growth process. As a guideline, Table 1
reports the results of some experiments with mainstream
wastewater in terms of sludge retention time (SRT).
Table 2, instead, offers a brief overview of some avail-
able results in scientific literature, with regard to start-up
and first Anammox activity detection times for a num-
ber of different plant configurations operated close to
the optimum temperature. Another problem can be rep-
resented by the flow temperature, which can turn out to
be too low, thus entailing considerable heating costs. As
for alkalinity, this can represent an obstacle for the
partial nitrification reaction, as an efficient buffer system
is required to contrast abrupt pH changes. Other typical
challenges of deammonification include difficulties in
effectively retaining ammonia-oxidizing bacteria
(AOB) over nitrite-oxidizing bacteria (NOB); this is
particularly important as it allows for the process to stop
at the step of nitrites, avoiding further oxidation to
nitrates, which would result in unavailable substrate
for the Anammox bacteria. The typical low N content
of mainstream waters represents a further obstacle to the
effective exclusion of NOB, since the substrate for AOB
is limited. Finally, biodegradable organic matter can also
represent a problem for partial nitrification, as investi-
gated by Mosquera-Corral et al. (2005), who found that
CODI/N ratios bigger than 0.3 result in detrimental ef-
fects for AOB, due to a competition between autotro-
phic and heterotrophic bacterial groups; moreover, as
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mentioned above, Anammox bacteria are inhibited by
excessive concentration of organic matter.

The experiment presented in this article attempted to
address some of these hurdles; more specifically, keep-
ing low dissolved oxygen (DO) levels was regarded as a
means to favor AOB over NOB. The employment of
already AOB-enriched granular biomass, on the other
side, tentatively provided an answer to the normally
long start-up times for deammonification, also trying
to achieve satisfactory biomass retention values. As a
term of comparison, Table 3 includes some relevant
examples of nitrogen removal rates and efficiency
values for several nitrogen removal plant configurations
treating mainstream wastewater.

One of the most interesting solutions that have been
recently put forward in the field of municipal wastewa-
ter treatment is the possibility of converting most of the
biodegradable organic matter arriving to the plant into
energy (i.e., biogas), because that biodegradable COD is
not anymore necessary to denitrify. This is possible by
virtue of the autotrophic nature of nitrifying and
Anammox organisms; also, it exploits the fact that or-
ganic matter has to be removed in order to obtain lower
CODIN ratios and avoid competition between hetero-
troph denitrifiers and Anammox bacteria. Since the
reactor sections can operate independently, no more
complex trade-offs between N and COD contents are
required. Jetten et al. (1997) put forward a solution
involving primary coagulation of colloidal parts and
COD, only requiring the use of some flocculant agents,
in spite of aeration; besides, this step can provide effi-
cient phosphorus removal. Estimations show that up to
0.5 kg of CH4 can be produced per unit kilo of COD
sludge; apart from this major advantage, minimal energy
is required, and amounts to 0.2 kg instead of 0.6 kg of
O, per kilo of COD (Jetten et al. 1997). After this step,
two streams are identified as follows: the sludge treat-
ment effluent, consisting of a warm concentrated flux,
and the wastewater itself, featuring colder temperatures
and diluted ionic concentrations. The authors identified
the deammonification technique as a suitable solution
for further treatments of the effluents, only requiring
1.7 kg of O, per kilogram of NH,*-N removed, and no
external carbon source; on the other hand, traditional
nitrification and denitrification requires 4.6 kg of O, and
4.5 kg of COD per kilogram of NH4*-N (Jetten et al.
1997). In their research, Xu et al. (2015) consider 0.5 as
an upper limit for COD/N ratios; once again, the aim is
to avoid competition between Anammox and
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Table 1 SRT, DO, and T for different plant configurations in mainstream conditions

Reactor type SRT (d) DO level (mg/L) Temperature (°C) Source

PN: lab-scale SBR, An: UFBR 3040 2-7 12-27 Gao et al. 2014
PN: pilot-scale CSTR 6.5 1.6 25 Regmi et al. 2014
Full-scale step-feed PN/An 5 1.4-1.8 30 Cao et al. 2013
Pilot and full-scale PN/An 10 1.7 15-25 Wett et al. 2013

PN partial nitritation, An Anammox, SBR sequencing batch reactor, UFBR upflow fixed-bed biofilm reactor, CSTR continuously stirred tank

reactor

denitrifying bacteria. In this case, the technical possibil-
ities for organic matter removal are represented by
chemically enhanced primary treatment (CEPT) or
high-rate activated sludge (HRAS). Later on, the re-
moved and concentrated COD is sent to an anaerobic
digester (AD) for production of biogas. Finally, Gao
et al. (2014) investigated the possibility of carrying out
direct AD treatment at lower temperatures. As for the
AD step, in spite of a simpler configuration of the
system, and regardless of the fact that lower temperature
values corresponded to higher fractions of COD being
converted to soluble, unavailable methane rather than
gaseous methane, no significant variations in the per-
centage of total produced methane were observed. The
conditions in the partial nitrification reactor were not
optimal for growth rate control, since DO values were in
between 2 and 7 mg/L, and the influent NH4*-N was
lower than 60 mg/L, thus giving FA concentrations
lower than 1 mg/L at a pH level of 7.5. Temperature
management was not a viable solution either, since the
commonly accepted threshold for NOB exclusion is set
at 25 °C (van Hulle et al. 2010). Therefore, the applied
strategy consisted in defining different aeration patterns,
depending on the inlet soluble COD, temperature, and
content in NH,"-N. Generally speaking, higher NH,*-N
values or lower temperatures corresponded to longer
aeration times, accordingly to the Arrhenius’s equation.

Major attention had to be paid to the COD removal
efficiency of the reactor, since elevated COD/N ratios
can turn out to be inhibitory for the Anammox activity in
the last step. As a consequence, longer aeration times
might be required to contrast this competition, entailing
higher costs. Despite the maintenance of the Anammox
reactor at a temperature of about 12—15 °C, they report-
ed a relatively high N removal rate, with daily values of
0.83 kg/m’. The same authors refer that although related
studies have reported successful results for higher load-
ing rates and at modestly low temperatures, the majority
of them focused on high strength, and mainly synthetic
wastewater. Instead, their results prove that Anammox
bacteria can grow under low temperatures and low
nitrogen loads, as in the case of municipal mainstream
fluxes. Some relevant operational variables in the con-
text of deammonification plants are reported hereafter,
along with a brief explanation and suggested value
ranges.

1.1 Temperature

The importance of such parameter lies in its ability to
influence the reaction environment and bacterial growth
rates. As for AOB, their optimal range is included in
between 25 and 35 °C (Guo et al. 2010); while operation
at higher temperatures is seldom carried out, mainly

Table 2 First ANAMMOX activity and start-up times for different reactor configurations

Reactor type Process type First activity (d) Start-up time (d) Source

Lab-scale upflow ANAMMOX 16 50 Bietal 2014
Lab-scale MBR CANON 16 60 Wang et al. 2009(*)
Lab-scale MABR CANON Few days 40 Gong et al. 2007
Lab-scale SBR CANON 14 49 Sliekers et al. 2002

All the works carried out at temperatures close to the optimum. All the reaction systems employed enriched Anammox biomass, except in the

work marked with (*), started-up from activated sludge
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Table 3 Nitrogen removal rates and conversion percentages for plant configurations treating mainstream municipal wastewater

Reactor type Process type NRR (kg N/m® d) Conversion (%) Temperature (°C) Source

Pilot-scale MBBR CANON 0.04-0.13 1940 25 Malovanyy et al. 2015
Pilot-scale CSTR SHARON 0.15 57+25 25 Regmi et al. 2014
Lab-scale MBBR CANON 16+0.4 (g/m® d) 71.9+8.5 10-19 Sultana 2014

Full-scale WTTP CANON 0.13 76 30 Cao et al. 2013
Lab-scale RBC OLAND 35 14-15 De Clippeleir et al. 2013
Lab-scale SBR CANON 0.028 >90 12 Hu et al. 2013
Full-scale SBR CANON 1.1 90 15-25 Wett et al. 2013
Lab-scale RBC SNAD 0.48 70 35 Chen et al. 2009

because of increased operational costs, values lower than
5 °C normally correspond to complete inhibition of bac-
teria. On the other hand, the optimum range for
Anammox activity is reported to be in between 30 and
40 °C; temperatures higher than 45 °C trigger irreversible
reduction of the bacterial activity (Dosta et al. 2008). The
same authors suggest that a decrease in temperature can
lead to progressively lower nitrogen removal rates until a
value of 15 °C is met, at which nitrites start to accumulate
conducting to an ultimate loss of process stability. Con-
sidering that in their natural environment Anammox bac-
teria operate within a quite wide temperature range, with
measured activity at —2 °C (Gao et al. 2014), low-
temperature operation is probably possible through prop-
er acclimation. The main drawbacks to this possibility are
the reduced removal rates, along with the increased con-
centrations of free NH;. Maintenance of high tempera-
tures, specifically above 25 °C, can be an effective tech-
nique for NOB out selection, as in such conditions their
growth rate is lower than that of AOB. For a temperature
of 35 °C, the maximum growth rate of NOB is only half
of that of AOB, resulting in values of 0.5 and 1 dﬁl,
respectively (Khin and Annachatre 2004). However, this
technique is not possible at mainstream conditions with
wastewaters usually significantly colder than 35 °C. Re-
cently, Isanta et al. (2015) have reported that the com-
bined control of DO and ammonium concentration in the
reaction medium can be used as an alternative to keep
stable partial nitritation when the temperature of the
wastewater is relatively low.

1.2 DO Values

The operational choice of setting low DO levels may
seem counterproductive at first, since Anammox
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bacteria are strictly anaerobic. Reversible inhibition ef-
fects have been observed at values as low as 0.5 % of the
air saturation level (Strous et al. 1997); other authors,
like Egli et al. (2001), report similar threshold values,
specifically 1%. As for irreversible inhibition, this was
observed at levels of at least 18% (Jin et al. 2012). In
fact, setting low oxygen levels works as a technique for
NOB out selection because of the lower oxygen affinity
of NOB compared to AOB; this is also the one of the
key techniques for the whole experiment. Besides, it has
the advantage of cutting down aeration-related ex-
penses, which are among the main concerns whenever
dealing with nitrogen removal techniques. Values lower
than 0.5 mg/L have been shown beneficial in repressing
NOB and have successfully been applied to waters both
at low and high ammonium content (Fernandez et al.
2012; Blackburne et al. 2008; Ruiz et al. 2003). Higher
values, around 1.5 mg/L, still showed good results in the
treatment of mainstream wastewater, as reported by Cao
et al. (2013). Employing granular Anammox biomass
for the experiment is intended as a positive enhancement
on the process, as the structure itself of the granules
isolates bacteria from oxygen, preventing further
inhibition.

1.3 pH

A proper control of pH value is necessary for the pro-
cess: first of all, it should ensure that a proper reaction
environment is provided; secondly, appropriately inter-
mediate ranges avoid the production of toxic com-
pounds generated by nitrifiers, such as HNO,, which
would be maximum at pH values lower than 6.5
(Kampschreur et al. 2009), and NH;, which typically
appears for values above 8 (Anthonisen et al. 1976).
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Since the deammonification process unifies two differ-
ent steps in the same reaction environment, a quite
narrow variability range has to be set in order for the
process to be successful. While Nitrosomonas have an
optimum between 7.2 and 8, the desired range for
Anammox bacteria has been identified in between 6.7
and 8 (Strous et al. 1999). High pH values, specifically
around 7.5 and 8, are efficient in promoting out selection
of NOB; in fact, at such values, the concentration of
NH; increases while that of HNO, decreases, ultimately
supporting the activity of AOB over NOB. However, as
it was mentioned, such relatively high pH might con-
tribute to nitrous oxides and ammonia gas emissions.

2 Materials and Methods
2.1 Reactor and Biomass

The experiment lasted for about 4 months. The
employed reactor consisted of a SBR system; the main
reaction environment was a semi-open Pyrex glass hol-
low container, shaped like a cylinder and with a round-
ed, semi-spherical bottom. The total volume was 1.7 L,
whereas the amount of liquid retained in the system at
every cycle was 0.9 L; this means that 0.8 L were
expelled from the reactor at every step, giving a volume
exchange ratio close to 50% per cycle. The feeding and
the outflow system were devised using rubber pipes of
about 5 mm in diameter and peristaltic pumps, allowing
the flow to run as smooth as possible. The biomass for
the partial nitrification step was highly AOB-enriched
granular sludge obtained from a previous Ph.D. thesis
work, conducted by Lopez (2012), on a lab-scale SBR
plant. As for the Anammox biomass, this was obtained
from a full-scale plant located in the Netherlands. The
first inoculation of nitrifying granules took place on day
24, and accounted for a volume of 200 mL; new bio-
mass was added on day 52, in the form of 100 mL of
nitrifying granules and 200 mL of Anammox sludge.
Aecration of the system was provided by means of an
air pump, connected to a submerged stone diffuser,
ensuring isotropic conditions for DO levels and efficient
mixing of the reaction liquid. A second inlet tube pro-
vided gaseous N, to the system and helped maintain a
steady and appropriate volume percentage in DO. The
reactor was started with a planned hydraulic retention
time (HRT) of 24 h and a cycle time of 12 h, resulting in
two cycles per day. The HRT was then decreased to 12 h

on day 78, as to possibly enhance the reactor activity
and study its performance under more stressful condi-
tions. Aeration and feeding were continuous during the
reaction time, which lasted for the most part of the cycle
except the last 30 min, corresponding to settling and
effluent withdrawal (15 min each). Temperature control
was addressed by means of water at about 15 °C flowing
through a rubber pipe spiraling around the outer side of
the reactor.

The synthetic feeding solution was periodically
prepared in the laboratory, with the aim of efficient-
ly simulating the chemical composition of pretreated
municipal mainstream wastewater. Since this work
was focused on the effects of moderate temperatures
and low nitrogen loading rates, no biodegradable
organic matter was added to the feeding. More spe-
cifically, guideline concentration values were obtain-
ed from available technical literature (Table 4,
Mosquera-Corral et al. 2005). The concentration of
ammonium was lowered to adapt to the expected in
mainstream conditions. Besides, slight changes in
the concentrations of other components served as a
means to actively manipulate the process. More
specifically, NaHCO; was sometimes added to the
solution to contrast excessive changes in alkalinity
or to regulate too low pH values.

Effective control of the reaction environment relied
on the monitoring of some key parameters; this also
ensured optimal conditions for the employed bacteria.
Statistical analysis of the same data consisted of mean,
maximum, and minimum values identification; these
retrievals were useful for a comparison with literature
data referring to similar reactor configurations.

Table 4 Employed feeding solution simulating pretreated main-
stream municipal wastewater (adapted from Mosquera-Corral
et al. 2005)

Compound Concentration (mg/L)
NH,Cl 0.267

NaHCO;* 0.3

CaCl, - H,O 0.3

KH, - PO, 0.07

MgSO, - TH,O 0.02

FeSO, - TH,O 0.009

KH, - PO, 0.07

#The concentration was manipulated over time to contrast alka-
linity and pH changes
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2.2 Operational Conditions Analyses

Temperature was monitored because of its influence on
the reaction advancement and on bacterial growth rates;
levels were recorded daily, and the aim was to keep a
value roughly in between 20 and 25 °C. The online
measuring tool employed for temperature measurement
also served as a means to get information on the pH
levels; more specifically, a Crison pH 26 was chosen.
DO levels were measured continuously and registered
daily, always at the same time of cycle, both in the form
of oxygen concentration and saturation percentage; the
rationale here was to maintain a level as steady as
possible, including between 0.3 and 0.7 mg/L. A
WTW Oxi 340i measuring tool was employed. The
outflow volume of the reactor was recorded every day
in the first weeks of the experiment, as a means to
monitor and control the HRT of the system. Moreover,
the effluent samples allowed for the calculation of the
sludge retention time (SRT), which reflects the average
residence time of the biomass particles in the system.

2.3 Chemical Analyses

Chemical analyses were performed both on the inflow
solution, which was regularly prepared in the laboratory,
and the outflow, treated water; the monitoring activity
regarded not only the solution pH levels, alkalinity, and
electrical conductivity but also the content of relevant
dissolved ions. It has to be noticed that the alkalinity
measurements were conducted on the outflow only. First
of all, pH levels were measured daily, employing the
same online tool that was in use for temperature. Elec-
trical conductivity was measured in the effluent once per
week using a Crison CM 35 analyzer; ionic activity
expresses the ability of a solution to transmit current,
and it is directly influenced by the amount and valence
of ions, as well as by the solution temperature
(Szatkowska and Plaza 2005). As a consequence, the
progress of the reaction system can be studied by means
of electrical conductivity variations: higher values cor-
respond to an increased number of ions, whereas lower
ones are a symptom of a decreased amount of charged
particles. Total alkalinity (TA) was measured twice per
week, employing a Crison pH-Burette 24. The concen-
tration of nitrogen ionic species (NH4*, NO, , and
NO; ) apart from other ions, both in the influent and
effluent solutions, was analyzed about twice per week
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using a Metrohm 861 Compact lonic Chromatography
analyzer, coupled with an 863 Compact autosampler.

2.4 Suspended Solid Analyses

The procedure for these analyses was derived from the
Standard Methods for the Examination of Water and
Wastewater (APHA 2012). Two samples from the out-
flow were collected and analyzed weekly; the sample
volume was initially set at 50 mL, but later increased as
to minimize the effect of random errors. The first part of
the operation was carried out using a P Selecta oven,
operating at 105 °C; the second step employed a
Hobersal HD-230 oven, at an operating temperature of
550 °C. Weight analyses were conducted using a Sarto-
rius TE214S precision scale and employed to obtain the
amount of total suspended solids (TSS) and ultimately
volatile suspended solids (VSS) in the outflow. Such
data was employed to gain information on the biomass
retention capacity of the system; also, a sample collected
directly from the reactor allowed for the calculation of
the sludge retention time (SRT), reflecting the average
residence time of the biomass particles in the system.

3 Results

The studies reported in this article were carried out with
the aim of investigating partial nitrification and
Anammox techniques applied to mainstream municipal
water; in order to present the results as clearly as possi-
ble, it was chosen to group them into three separate
sections, depending on the examined parameters.

3.1 Operational Conditions

Fluctuations of temperature and pH levels were record-
ed throughout the whole experiment (Fig. 1); during the
partial nitrification step, they were coupled with a con-
sistent and almost immediate decrease in the alkalinity
levels. Although this was a symptom of correct progres-
sion of the reaction, attention was paid not to leave pH
values go below their optimal level; more specifically, a
threshold value of 7 was set. Apart from daily monitor-
ing the reactor, modification of the feeding solution and
direct correction of pH by addition of basic concentrates
to the reactor proved to be useful and practical ways of
keeping the system stability. Still, the advancement of
the nitritation reaction seemed to aggressively consume
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all sources of carbonate species, which had to be added
almost daily. The situation changed when the first clear
symptoms of Anammox activity were recorded; this
happened days after the inoculation of that biomass,
and brought to the levels back up, according to the
expected consumption of H* ions by the Anammox
bacteria. As it turned out, some variations of the pH
levels did not follow the degrading pattern related to
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stable level; minimum and maximum values were 0.09
and 1.44 mg/L, with an average of 0.78 mg/L. As for
electrical conductivity in the effluent, a steady increase
was observed in the first nitrification phase. Later on, a
slight and moderate decrease was noticed, which started
roughly at the moment when the Anammox biomass
was inserted into the system. The peak and trough
conductivity values in the effluent were 569 and
1720 uS, with an average of 1273 uS (Fig. 3). Alkalin-
ity levels were quite variable, with almost constant low
values and sudden peaks; the range spanned from 11.5
to 523.2 mg/L, with an average of 126 mg/L (Fig. 4).

3.2 Nitrogen lons

Figure 5 reports the temporal variability of the nitrogen
compounds related to NH,* ions for the inlet and the
outlet; also, the concentration pertaining to NO, ions in
the outflow is plotted. The concentration of ammonia
ions in the inflow averaged 57.5 mg N/L, with peak and
trough values of 73.6 and 28.7 mg N/L. As for the
outflow, the average value was 31.8 mg N/L, with a
minimum of 7.4 mg and a maximum of 49.8 mg N/L.
Nitrites yielded peak and trough values of 47.3 and 5.9,
with an average of 29.9 mg N/L; since the TN in the
outflow was observed to be slightly greater than in the
inflow for the peak point, it felt necessary to compute
the random error brought in at the chromatography step.

1800
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[wS]
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Fig. 3 Electrical conductivity level variation over time
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This was assessed at £6.9% by comparison of the inflow
and outflow TN values; furthermore, the overall conver-
sion percentage of NH4"-N to NO, -N for the same
point was calculated at 38%, with the same margin of
error. The choice of expressing the mentioned levels in
terms of nitrogen content allowed for the definition of
Fig. 6, reporting TN values for the inflow and the
outflow; besides, this made possible the assessment of
the overall nitrogen removal efficiency. More specifical-
ly, the average TN levels for the inflow and outflow,
respectively, were 67.4 and 61.5 mg N/L. The maximum
nitrogen removal efficiency was assessed at 55.2%; this
value was reached at the very last sampling point of the
experiment. As for nitrates, their levels in the outflow
were quantifiable only two times along the whole ex-
perimental period, but still quite low (<5 mg N/L);
hence, they were not reported in the above diagrams.
Lastly, information on the nitrogen loading rate was also
obtained by averaging the related chromatography re-
sults, giving about 0.06 g N/(L d) for a HRT value of
24 h and about 0.12 g N/(L d) for the second phase,
which had a HRT of 12 h.

3.3 Biomass Retention
Chemical analyses regarding the VSS content in the

effluent are available in Fig. 7. As it turned out, VSS
levels were not quantifiable in the first step of the

1A 1% ® ol o? AQ® AND
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experiment, but rose during the second part of it,
reaching 0.014% (w/v) of the total weight content.
The SRT for the last sampling point was evaluated
after measuring the VSS content in the reactor envi-
ronment, which yielded a value of 0.046%, obtained
by averaging the results given by two different sam-
ples; subsequently, the final SRT was assessed at
15.6 days.
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4 Discussion

Monitoring of the presented operational values for the
reactor proved that the reaction system efficiently
progressed in the desired direction. pH levels were
consistent with both the partial nitrification and
Anammox reaction equations; in fact, the former con-
sumes protons, while the latter features them as
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products. The temperature in the reaction environment
rose over time, demonstrating that the thermostatic sys-
tem devised for the experiment was not able to cope
with the intense changes in atmospheric temperature
conditions; however, the values were kept moderate
and close to the range expected in the mainstream flow
of a WWTP located in the Mediterranean coast of Spain
during the spring or summer. Anyway, except for the

last period of operation, the temperature of operation
was lower than the optimum for partial nitrification (30—
40 °C; van Dongen et al. 2001) and Anammox (35—
40 °C; Dosta et al. 2008). Maintenance of a steady DO
value was achieved within values close to those reported
in other works (Table 1), yet in the first part of the
experiment, a wide variability was clearly noticeable,
and probably due to the operational difficulty of
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regulating the inlet faucet for N,. The variation of elec-
trical conductivity levels in the effluent accommodated
the advance in the reaction system. An increase was
observed in the first part of the experiment. At least
the first part of that increase could be related to the
increase of combined concentration of ionic nitrogenous
species in the effluent (Figs. 5 and 6). Later on, after day
78 of operation, the conductivity values decreased. Ac-
cording to the literature (Szatkowska and Plaza 2005), it
was expected that when the Anammox reaction was
established and the ionic nitrogen species converted into
nitrogen gas, conductivity in the effluent was decreas-
ing, so we could attribute the behavior to the start-up of
the Anammox reaction. Alkalinity levels generally
showed to be low, as it was expected from mainstream
municipal wastewater. Regular addition of carbonate
was necessary in order for the partial nitrification not
to stop; this is also the reason for the sudden changes
and shifts in the alkalinity diagram. As expected, the low
alkalinity levels could be one of the limitations of this
application.

The theoretical nitrogen load that was devised for the
system was about 0.14 g/(L d); this value was approx-
imately reached when the HRT time was changed to
12 h. Average values obtained by chromatography test
gave a load about 0.12 g/(L d) for that HRT. This means
that the influent TN was slightly lower than planned
according to the feeding composition in Table 4, as a
consequence of imprecision in weighting the feeding
compounds but also of oxidation of NH,* from NH,Cl
by contact with the atmosphere in the feeding storage
tanks. Anyway, the applied loading rate was comparable
(i.e., the same order of magnitude) with the removal
rates reported in Table 3. It was also lower but compa-
rable to the nitrogen removal rate reported (0.3-0.4 g
N/(L d)) by Isanta et al. (2015) for an airlift granular
reactor performing partial nitrification at mainstream
conditions. Chromatography results proved that good
accumulation of NO, was achieved. Nitrite concentra-
tions rose over the partial nitrification step, according to
the stoichiometric equation; on the other hand, the
Anammox reaction lead to a decrease in this value,
due to the steady consumption for the reduction reac-
tion. NO;3  concentrations values were almost always
too low to be noticed, suggesting that the choice of
setting low DO values can be appropriate for NOB out
selection. Besides, the use of a highly AOB-enriched
biomass seems to be a suitable strategy. Still, other
parameters could have a role in determining unsuitable

conditions for nitrite oxidizers and would require further
study. For example, the rising operational temperatures
observed throughout the second half of the experiment,
above 25 °C, may have had a role in favoring the
activity of ammonia oxidizers. Diagrams derived from
chromatography results showed that the NH,":NO, ra-
tio was close to the desirable target of 1:1 before the
inoculation of the Anammox biomass. In fact, such a
ratio is intended to avoid nitrite excess and subsequent
inhibition of the Anammox activity. Still, it is frequent
for full-scale plants to follow a ratio dictated by the
Anammox stoichiometry, to avoid having unreacted
ammonium in the effluent. Activity of the Anammox
bacteria was detected about 1 month after the inocula-
tion; this value is almost double compared to literature
results (at near optimum conditions) reported in Table 2.
This could be explained by the lower temperatures
employed in the present work, compared to the works
in the table. Another possible contribution can come
from the early decrease of the HRT, which probably also
happened too abruptly; also the nitrogen loading rate
(NLR) was too low and did not allow for proper growth
and development of the bacteria. In any case, taking into
account, these limitations due to the operation under low
nitrogen load and moderate temperature and a detection
time which is the double of the corresponding to near
optimum conditions seems a promising value. Besides,
the experiment was conducted for a period of time not
long enough to reach steady-state conditions for
Anammox nitrogen removal; however, it seems that
extending the experiment further in time could have
probably led to constant TN removal efficiency level,
as suggested by the overall degrading trend in Fig. 6.

Tests on the content of VSS lead to the definition of
Fig. 7; the evident shift in the values is attributed to the
insertion of Anammox biomass and confirms the ex-
pected difficulty in retaining this kind of bacteria. Still, a
SRT of 15.6 days was calculated for the last sampling
point. Such value was considered to be a symptom of
efficient biomass retention, when compared to other
values retrieved in scientific literature (Table 1).

Apart from allowing for the evaluation of the process
feasibility, the experiment gave rise to a series of re-
marks that could be considered for further research. For
instance, more research should dwell on the possibility
of speeding up the start-up phase for industrial
Anammox-related technologies; oxygen affinities of
AOB and NOB should be studied in detail, along with
oxygen diffusion mechanisms, as they could play a
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bigger part in NOB out-selection solutions. Finally,
studies about possible emissions of N,O from
Anammox-based systems should be undertaken in order
to reduce the impact of greenhouse gasses. More spe-
cifically, aeration and gas circulation techniques should
be focused on.

5 Conclusions

The experiment featured in this article suggests that
deammonification techniques applied to municipal
mainstream wastewater can be feasible, pinpointing
the possibility of applying low DO values combined
with highly NOB-enriched granular biomass as a means
to avoid nitrite oxidation and achieve good bacterial
retention. It is clear that an efficient process has to be
met by fine tuning of some key operational parameters:
temperature, pH, and DO levels. Using a lab-scale reac-
tor, a final TN removal efficiency of 54% was reached
on day 126, along with very low yield of nitrates and
high accumulation of nitrites peaking at 38 +6.9% of
total NH4" conversion. The use of granular biomass also
proved to be successful in enhancing the bacterial reten-
tion capacity of the system, yielding a final SRT value of
15.4 days. Still, the first signs of Anammox activity
were detected about 1 month after the inoculation of
the biomass, requiring double the time if compared to
other similar experiments.

Based on the obtained results, it seems that some the
typical issues of biomass retention and NOB out selec-
tion for mainstream deammonification can be
approached by employing granular biomass and operat-
ing at low DO values. Still, some other demanding
aspects of the process, like long start-up times and
possible influence of toxic agents, were not dealt with
in this experiment and call for further research, possibly
addressing all the presented issues and studying their
correlation.

The conducted literature review also highlighted the
feasibility of conducting mainstream deammonification
in the perspective of saving organic carbon to convert it
into usable energy, also at low temperatures.
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