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Abstract

A long-term structured-bed reactor subjected to recirculation and intermittent aeration (SBRRIA) was operated to remove
chemical oxygen demand (COD) and total nitrogen (TN) from sanitary sewage using different operational strategies. Upflow
anaerobic sludge blanket (UASB) effluent has a low carbon to nitrogen (C/N) ratio, which is unfavorable for nitrogen removal.
Consequently, to attempt to solve this problem, the SBRRIA was fed with raw sewage (S1) combined with UASB efflu-
ent (S2) in the following proportions (v/v): 100:0; 75:25; 50:50; 25:75 and 0:100. The effects of hydraulic retention times
(HRT), of 12 and 8 h; internal recirculation of 300, 200 and 100%; and aeration periods of 180, 90 and 60 min in 180-min
cycles, were also evaluated. The influent COD in the SBRRIA ranged from 83 + 10 to 200+ 74 mg L ~!, and the total Kjel-
dahl nitrogen (TKN) content ranged from 35+7 to 60+ 18 mg L ~'. In Phase 2, with 8 h HRT and internal recirculation of
200%, the efficiencies in COD and TN removal were up to 91 and 78%, respectively. This study demonstrates the viability
of a SBRRIA to remove COD and TN from influent composed of raw sewage and/or UASB effluent, enabling an increase
in capacity of existing wastewater treatment plants (WWTP) or an adaption of the characteristics of effluent from anaerobic
reactors to the release standards required by Brazilian legislation.

Keywords Denitrification - Long-term operation - Low C/N - Nitrification - Polyurethane foam - Simultaneous nitrification
and denitrification

Introduction

Because of problems caused by excessive amounts of nutri-
ents discharged into water bodies, wastewater treatment
plants (WWTPs) have been remodeled to remove nitro-
gen from effluent. The majority of Brazilian WWTPs were
designed to remove COD but not nutrients, and Brazilian
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WWTPs that only have anaerobic processes are an example
of this. Chernicharo et al. (2018) carried out a survey of the
most used technologies for sewage treatment in the south,
southeast and central-west regions of Brazil. They found
that UASB reactors were used in approximately 40% of the
studied WWTPs. In the southern Brazilian state of Parana,
UASB reactors are operated in 89% of WWTPs (258 units),
which can be considered the largest UASB reactors park in
Brazil and probably the world (Chernicharo et al. 2018).

In conventional WWTPs that involve TN and COD
removal, the nitrification and denitrification phases take
place in separate units, which makes system implementation
and monitoring more expensive (Seifi and Fazaelipoor 2012;
Li et al. 2015; Iannacone et al. 2021; Souza et al. 2021).

Simultaneous nitrification and denitrification (SND) sys-
tems can simplify operations because they combine nitrifica-
tion and denitrification in a single reactor (Liu et al. 2010;
Guo et al. 2013; Moura et al. 2018b). Other advantages of
SND include: a low carbon and alkalinizing requirement;
reduced costs for the treatment and final disposal of sludge
due to a decrease in the generation of solids; and less energy
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consumption for aeration because part of the oxygen used to
stabilize organic matter is in the form of nitrite and nitrate
(Yoo et al. 1999; Chiu et al. 2007; Canto et al. 2008; He et al.
2009; Iannacone et al. 2019).

Studies of SBRRIA show that this technology is capable
of promoting the removal of COD and TN in a single unit
(Moura et al. 2012, 2018a, 2018b; Barana et al. 2013; Wosi-
ack et al. 2015; Santos et al. 2016; Leick et al. 2017; Silva
et al. 2018). SND occurs in this type of reactor due to the
oxygen concentration gradient in the support medium, which
is made of foam. This favors the formation of aerobic com-
munities on the outer layers, where the oxygen concentration
is high, and facultative communities in the inner layers, with
the absence of oxygen. Aerobic autotrophic bacteria, which
oxidize ammonium nitrogen, predominate on the biofilm
surface, and denitrifying heterotrophic facultative bacteria,
which use NO;™ or NO, ™ as final electron acceptors and con-
vert them into N,, predominate in the deeper layers (Munch
et al. 1996; Zeng et al. 2003; Seifi and Fazaelipoor 2012).

Some researchers have studied the use of SBRRIA for
sewage treatment. Silva et al. (2018) evaluated COD and
TN removal from UASB effluent, and Moura et al. (2018b)
studied the effect of aeration time and HRT on COD and
TN removal from raw sewage. Jenzura et al. (2018) evalu-
ated COD and TN removal from an influent composed of
a mixture of UASB effluent and raw sewage in the same
proportion.

As far as we are aware, there are no literature reports that
discuss the use of SBRRIA for treating a mixture of different
proportions of real untreated sewage and real UASB effluent.
Also, there are no literature reports that studied long-term
operation SBRRIA. The benefits of this combination are (a)
the availability of electron donors for denitrification from
raw sewage; and (b) the possibility of taking advantage of
the anaerobic process such as the reduction of energy con-
sumption and of sludge generation.

Considering the adaptation of existing WWTPs, which
use UASB as one of the treatment steps and the methane
generated as an energy source, this 453-day study aimed to
evaluate the effect of aeration, HRT, recirculation and differ-
ent proportions of UASB effluent and untreated sewage on
the efficiency of COD and TN removal. The data obtained
will be useful for WWTP managers to design strategies to
improve systems, aiming to remove nutrients and polishing
of effluent to comply with legislation.

Materials and methods
Influent

The SBRRIA was fed with a mixture of different proportions
of two substrates: raw sewage and UASB effluent. Both of
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these were collected from a WWTP located in the state of
Parana in southern Brazil that serves about 100,000 inhabit-
ants and has an average flow of 100L s~! on dry days and
200L s™! in the rainy season. The HRT of the WWTP UASB
is 8 h.

The raw sewage was collected after preliminary treat-
ment, bar screen and grift chamber and the UASB effluent
was collected at the exit of the reactor.

Prior to feeding, the alkalinity of the influent was cor-
rected with sodium bicarbonate in the proportion of 7.14 mg
CaCOj; to 1 mg TKN, to offer the necessary alkalinity for
nitrification to occur.

Start-up and bacteria adaptation

Before this experiment, the reactor had been successfully
operated without interruption for more than 300 days with
an HRT of 12 h, and intermittent aeration cycle to treat raw
sewage by the SND process by Leick et al. (2017), that inoc-
ulated the reactor following the methodology described by
Zaiat et al (1994), immersing the support material in a 1:1
mixture of aerobic sludge from an activated sludge reac-
tor rich in nitrifying bacteria, and anaerobic sludge from
a UASB; both of the reactors treated domestic sewage. To
adapt the existing bacteria to the new condition, the reactor
was operated with 12 h HRT, continuous aeration, and a
substrate composed of a mixture of 50% raw sewage and
50% UASB effluent. After 28 days in this condition, SND
occurred, with NH,* consumption, and NO;™ generation and
consumption.

Experimental setup and operation

This study used a cylindrical, acrylic SBRRIA reactor that
was 80.0 cm high, with an internal diameter of 14.5 cm and
a useful volume of 8.4 L. The reactor was filled with 13 cyl-
inders made of polyurethane (PU) foam, 2.0 cm in diameter
and 70.0 cm high, which were used as support for adherence
and biomass growth. The support material was arranged ver-
tically and fixed inside the reactor (Fig. 1).

This experiment was performed in two phases, which
differed in relation to operational conditions (Table 1). In
Phase 1, operated for 256 days, the operational variables of
aeration periods and recirculation rates were studied, main-
taining the HRT fixed at 12 hours, a 1:1 ratio of raw sewage
(S1), and UASB effluent (S2) for the influent. In Phase 2,
operated for 183 days, less aeration time was used, aiming
to save energy; the HRT was reduced to 8 h and recircula-
tion was fixed at 200%. Different proportions of S1 and S2
were also used to evaluate the different quantities of electron
donors in the denitrification process. The operational con-
ditions of each experimental phase were defined using the
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Fig.1 Schematic diagram of the SBRRIA (A: Inlet; B: Inlet recircu-
lation; C: Recirculation exit; D: Effluent discharge)

Table 1 Operational conditions and influent composition

Test Infl. composi- Internal recir-  Aeration (ON/ Time (day)
tion (%) culation (%) OFF) (min)
El E2
Phase 1I-HRT=12h
1 50 50 300 180/0 0-21
2 50 50 300 90/90 21-46
3 50 50 300 60/120 46-97
4 50 50 200 180/0 97-125
5 50 50 200 90/90 125-160
6 50 50 200 60/120 160-182
7 50 50 100 180/0 182-202
8 50 50 100 90/90 202-225
9 50 50 100 60/120 225-256
Phase 2-HRT=8 h
10 0 100 200 60/120 256-287
11 25 75 200 60/120 287-332
12 50 50 200 60/120 332-350
13 75 25 200 60/120 350-394
14 100 O 200 60/120 394439

El: untreated sewage; E2: UASB effluent

results from Moura et al. (2012), Leick et al. (2017), Moura

et al. (2018a), Moura et al. (2018b) and Silva et al. (2018).
The aeration system was formed of 3 aquarium air com-

pressors (AcquaFlux), with a flow rate of 35 L h™!, connected

to a timer that allowed intermittent aeration. Porous stones
were connected to the ends of the aeration hoses to allow air
to diffuse into the liquid in the form of small bubbles. Dur-
ing aerobic periods, the concentration of dissolved oxygen in
the reactor was maintained between 2.9 and 3.5 mg L ’1’ and
close to O when the aerators were turned off. The reactor was
fed continuously, and the system was maintained at 30+1 °C.

The influent was pumped into the reactor from the bottom
(A) using a peristaltic pump (Ismatec brand, Ecoline model).
The recirculation was performed using a Prominent Dosi-
ertechnik, GmbH model, membrane pump. The effluent left
at the top of the reactor (C) and its recirculation entered at the
bottom (B), favoring the mixing and dilution of the influent
with the effluent. The recirculation input (B) was 5 cm above
the inflow (A) to allow the sedimentation of solids. The out-
put of the treated effluent was located at the top of the reactor
(Fig. 1).

Table 1 shows the conditions of the tests that were per-
formed. E1 was defined as the concentration of raw sewage
(after preliminary treatment) and E2 was defined as the efflu-
ent from the UASB.

Physicochemical analysis

In order to analyze the reactor efficiency, the pH, alkalinity,
TKN, ammoniacal nitrogen (NH,*-N), nitrite (NO,-N),
nitrate (NO; -N) and COD parameters were monitored accord-
ing to the methods described in the APHA (2017). Alkalinity
was determined according to the method proposed by Ripley
et al. (1986).

All the analyses were performed in duplicate. In order to
analyze the efficiency of each test, samples were taken in a
steady state period. The reactor was considered to be in steady
state when the results of removing nitrite and nitrate effluent
did not differ by 10% from the average.

Balance of total alkalinity and nitrogen

Considering the conventional SND process as the main path-
way of each test, the balance of the theoretical and measured
alkalinity of the effluent was calculated based on the balance
of the influent and effluent nitrogen concentrations. Knowing
that for nitrification, 1 mg of NH,-N consumes 7.14 mg of
CaCO; and for denitrification, 3.57 mg of CaCO, is generated
for 1 mg of NO;-N, the theoretical alkalinity was calculated
using the results presented in Table 4 and the equations shown
below Table 4.

@ Springer
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Results and discussion

The concentrations of all the parameters were expressed as
averages for all the tests. The presented results refer to the
continuous operation of the reactor over 439 days.

Long-term performance of the SBRRIA

The influent COD concentration varied from 83 + 10 to
237+123 mg L ~!, depending on the variation of the char-
acteristics of the sewage influent to the WWTP and the E1/
E2 proportions. The TKN influent concentration did not vary
much because there was no removal of TN during anaerobic
treatment (Table 2).

In Phase 1, operated with 12-h HRT and influent com-
posed of a S1:S2 mixture of 1:1, independently of the recir-
culation and aeration conditions it was possible to meet
the COD and NH,-N discharge standards in all of the con-
ditions. The effluent COD values ranged from 27 +30 to
68+22 mg L !, and the local regulation is 150 mg L ~!
(Grant Ordinance 488/2018-Parana Water and Soil Institute).
The NH,-N concentration reached a maximum value of
7.1+3 mg L ~!, which is less than the value permitted by
Brazilian federal legislation, i.e., 20 mg NH4+—N L! (Bra-
sil 2011). Effluent NO,-N concentrations were also found
in low concentrations in Phase 1, up to 3.2+0.7 in all the
tests. Nitrification efficiency varied from 68 + 13 to 98 +3%
(Table 3), which explains the low effluent nitrite concen-
trations. The lowest effluent NO;-N concentrations were

observed in tests 4, 5 and 6, with 200% internal recircula-
tion, and they varied from 4.9 +2.6 to 13.3 +0.4 (Table 2).
In addition, these tests presented the highest denitrification
rates, from 62 +3 to 87 + 1%, in Phase 1 (Table 3).

After studying the aeration and internal recirculation
parameters, the lowest aeration time and 200% of internal
recirculation were chosen for Phase 2, where different influ-
ent proportions of S1 and S2 were evaluated (Tests 10 to 14).

It can be observed that the nitrification efficiency in Phase
2 decreased from 85+ 11 to 69 +13%, tests 10 to 14, when
the influent concentration COD increased from 83 + 10 to
200+ 74 mg L ~! (Tables 2 and 3). The highest TN removal
(78%) took place in test 10, while the lowest (50%) occurred
in test 14, whose removal of influent COD was the high-
est. The same behavior was observed by Fu et al. (2009),
Santos et al. (2016) and Moura et al. (2018b). In the pres-
ence of oxygen and the availability of excess organic matter,
aerobic heterotrophic bacteria compete with aerobic auto-
trophic nitrifiers for the electron acceptor, O,. As aerobic
heterotrophic bacteria are more energy efficient than nitrify-
ing autotrophic bacteria, they prevail, occupying space and
consuming oxygen (Schmidt et al. 2003; Kulikowska et al.
2010; Ding et al. 2012; Wu et al. 2012; Santos et al. 2016;
He et al. 2018; Iannacone et al. 2019; Iannacone et al. 2020).
Although the COD/TKN ratios in most of the tests evalu-
ated in Phase 2 were below 4.0, a value considered as the
minimum adequate for the occurrence of heterotrophic deni-
trification, the denitrification efficiency ranged from 74 + 18
to 86+ 14% (Table 3), resulting in low levels of nitrite and
nitrate in the reactor effluent (Table 2).

Table2 Average

e . Test Influent (mg LY
characterization of the influent

Effluent (mg L)

and effluent of each test of the TKN NH,-N COD

COD/TKN TKN  NH,/*N NO,-N NO;"-N  COD

two evaluated phases
Phase 1-HRT=12h

1 5244  46+4  134+21
2 47+5 47+3 203+128
3 47+3 47+3  237+123
4 46+4 30+10 148+26
5 47+4  39+5 143+26
6 40+0 32+4 14720
7 45+3 28+7 155+30
8 45+11 26+7 148+29
9 42+5  27+5 175+45
Phase 2-HRT=8h
10 37+8 3245 83+10
11 35+7 27+4 14717
12 36+2 32+3 134+52
13 41+11 27+8 168+12
14 60+18 46+8 200+74

2.6 09+08 0.7+1 1.0+£0.8 14.0+0.8 34+19
4.3 1.8+1.1 15+2 32+0.7 167+32 43+35
5.0 1.7+1.4 1.1+1 0.7+0.6 13.5+£2.7 27+30
32 46+26 71+3 03+04 49+2.6 39+10
3.0 89+9.6 41+10 09+02 95+43 40=+18
37 34403 28+04 08+03 133+04 41x16
34 53425 46+5 25+08 153+1.1 33+20
33 45+16 42+2 24+05 138+15 60+15
4.2 50+1.1 4.6+1 26+1.6 13.5+14 68+22
2.3 6+6 3+1 3+1 2+0.12 14+5
4.2 8+6 6+4 5+3 2+0.10 36 +£27
3.7 12+1 10+2 4+1 2+0.04 18+9
4.2 13+2 4+4 2+1 2+0.06 16+8
33 19+9 22+2 5+2 2+0.13 25+13

El: untreated sewage; E2: UASB effluent

Values represent the mean + standard deviation

]
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?g}'; 3 Efficiencies in Test E1/E2 CoD Nitrif. (%) Denitrif TNrem NLR (kg N
‘ .remo.val, nitrification, m=3 d—l)

denitrification and TN removal,
TN loading rate (NLR) Phase 1 HRT=12h

1 50/50 74 98+3 71+11 70+4 0.103

2 50/50 78 96+2 56+9 5443 0.090

3 50/50 88 95+10 54+6 52+10 0.090

4 50/50 73 89+ 87+1 78+3 0.091

5 50/50 71 81+8 73+2 59+8 0.090

6 50/50 70 91+10 62+3 56+11 0.080

7 50/50 78 89+12 56+12 50+10 0.090

8 50/50 59 90+ 60+3 54+9 0.090

9 50/50 60 88+6 56+38 507 0.083

Phase 2-HRT=8 h

10 0/100 83 85+11 865 7811 0.097

11 25/75 76 79+11 74+18 63+16 0.082

12 50/50 86 68+3 76+4 56+4 0.095

13 7525 91 70+17 8614 64+18 0.081

14 100/0 84 68+13 83+11 50+15 0.139

Values represent the mean =+ standard deviation. E1: raw sewage; E2: UASB effluent
Table 4 Balance of total alkalinity consumed and generated in each test
Test Oxidized  Ammonified Denitrated Alkalinity influ- Theoretical alka-  Total theoretical Theoretical efflu- Measured
nitrogen ® nitrogen ®  nitrogen € ent measured ®  linity consumed £ alkalinity gener- ent alkalinity ©  effluent alka-
ated F linity
(mgN.L™h (mgCaCO, L™

10 31 2 29 264 +57 221 110 153 86+39
11 27 6 25 249+49 192 110 188 109+53
12 24 2 22 257+14 171 85 171 168 £82
13 28 5 26 292+78 199 110 203 84+59
14 37 13 35 428 +129 264 171 335 221114

Values represent the mean + standard deviation

A= TKNinﬁuent'TKNeﬁiuent
B= (TKNinﬂuem_NH4_Ninﬂuem)_(TKNefﬂuem_NHéfNefﬂuem)
C= (TKNinﬂucnt'TKchﬂucnt)'NO3'chﬂucnt'NOZ'Ncﬁ1ucnt

E=Ax7.14 mgCaCO; L™!
F=Cx3.57 mgCaCO; L' + Bx3.57 mgCaCO; L™
G=D+F-E

Systems with immobilized biomass can produce
increased efficiency in terms of nitrogen removal. This is
because they ensure the retention of nitrifying bacteria,
whose growth is slow due to low energy usage, so that the
cell retention time does not depend on the HRT, increas-
ing the stability and performance of the system (Wijffels
and Tramper 1995; Rostron et al. 2001; Almeida et al.
2018; Chen et al. 2018). Iannacone et al. (2019) operated a
moving-bed biofilm reactor (MBBR) with micro-aeration;
after a long operation period (227 days) they evaluated the
nitrification and denitrification activities on the biofilm.

The nitrifying and denitrifying activities for the C/N ratio
of 5.6 were 81 and 66 mg N g VSS~! d~!, respectively,
while for a C/N ratio of 2.7 these activities were, respec-
tively, 3.9 and 2.3 times larger. In the present study, it can
be assumed that in test 10, with a lower concentration of
influent COD, the development of heterotrophic aerobic
bacteria was lower, which resulted in a better balance of
oxygen and space for the growth of nitrifying autotrophs,
justifying the higher nitrification rate. It is noteworthy that
the influent of test 10 consisted only of the UASB efflu-
ent, since it had already undergone a treatment process.

o’
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The remaining organic matter was difficult to degrade,
which probably reduced the speed of its use by aerobic
heterotrophic bacteria, making it available for denitrify-
ing organisms.

The fact that this reactor had been operated for a long
time, more than 400 days, promoted the stability of the sys-
tem due to the adaptation of the bacteria to the operational
conditions. Iannacone et al. (2019) operated a MBBR for
more than 200 days and observed that changes in operational
conditions produced both short- and long-term effects. They
concluded that the longer the operation, the more efficient
the nitrification and denitrification process at C/N ratio 4.2

In the present study, the rate of TN removal was also
explained by the high retention of solids in the reac-
tor. This was due to the characteristics of the foam used
as support, which allowed the retention of solids. In this
experiment, the average retention of total solids was 59%
(data not shown). The retained solids may have been used
as a source of organic matter for denitrifying heterotrophic
bacteria. Almeida et al. (2018) and Silva et al. (2018) have
highlighted the fact that when there is little COD availa-
bility part of the biomass can also be used as a source of
endogenous carbon for heterotrophic denitrification. After
having studied SND in a reactor with a long cell retention
time to treat sewage with a C/N ratio between 2.5 and 4.0,
Gong et al. (2012) observed high efficiency in TN removal,
which they attributed to endogenous denitrification. After
analyzing SND with a low DO concentration and a C/N ratio
below 3.5, Wang et al. (2015) achieved good rates for TN
removal, which was also attributed to endogenous denitrifi-
cation. After operating the same type of reactor used in the
present study (SBRRIA) to treat different effluents with a
C/N ratio below 3, Barana et al. (2013), Santos et al. (2016)
and Almeida et al. (2018) observed the occurrence of the
anammox process in all the experiments. The anammox pro-
cess takes place in this type of reactor because the biomass
immobilizes in the foam due to the oxygen gradient. This
allows the development of communities in aerobic, anoxic
and anaerobic conditions, enabling the removal of various
forms of nitrogen by different metabolic pathways.

To confirm the occurrence of the SND process (nitrifica-
tion from ammonium to nitrate, and heterotrophic denitrifi-
cation) in Phase 2, the mass balance of the measured influent
alkalinity and theoretical and measured effluent alkalinity
was performed (Table 4). Lower values for measured efflu-
ent alkalinity when compared with theoretical values, Test
10, 11, 13 and 14, suggest the presence of anammox bacte-
ria that consume alkalinity (Moura et al., 2018a), but more
investigations must be doing to confirm this occurrence.
Moura et al. (2018a) evaluated raw sewage treatment in a
SBRRIA and also found real effluent alkalinity value lower
than the theoretical one, but they did not find bacterial genus
related to anammox.

* @ Springer

Conclusion

The operation of the SBRRIA for a long period of time
(more than 400 days) showed it was efficient regarding
COD and TN removal without the need for an external car-
bon source. The SBRRIA was operated with 8§ h HRT, 60
aerated minutes followed by 120 min of no aeration (180-
min cycles) and was fed with a mixture of raw sewage and
UASB effluent (proportions of 0:100, 25:75, 50:50, 75:25
and 100:0). It reached effluent concentrations of COD in
a range from 14+ 5 to 68 +22 mg L ~'; of NH,-N from
3+1to12+2mgL ‘1; and maximum concentrations of
NO,-N and NO;-N of 5+3mgL ~'and 2+0.13 mg L 7/,
respectively.

Thus, it can be concluded that using a SBRRIA repre-
sents an alternative for the treatment of raw sewage, and
for the polishing of UASB effluent or of a mixture of this
effluent with raw sewage, which will also allow WWTPs to
increase levels of treated flow. In addition, the use of a SBR-
RIA should ensure that effluent reaches legal requirements
for effluent discharge standards.

Acknowledgements The authors would like to thank CAPES (Coorde-
nagdo de Aperfeicoamento de Pessoal de Nivel Superior) for the fel-
lowship of A.C.W and N.T.J. (Finance Code 01), to SANEPAR and
FUNDACAO ARAUCARIA for the financial support.

Author contributions All authors contributed to the study conception
and design. Material preparation, data collection and analysis were
performed by Ana Claudia Wendling, Nathanna Tessari Jenzura and
Jodo Guilherme Baggio Oliveira. The first draft of the manuscript was
written by Ana Claudia Wendling, Joao Guilherme Baggio Oliveira
and Ana Claudia Barana and all the authors commented on previous
versions of the manuscript. All authors read and approved the final
manuscript.

Funding This research was supported by SANEPAR and Fundagio
Araucidria (Project 18/2013).

Declarations

Conflict of interest The authors declare that they have no competing
financial interests.

Consent to Participate The authors agree to participate in this article.

Consent for Publication The authors agree to publish this article.

References

Almeida RGB, Santos CED, Luders TC, Del Nery V, Leal CD, Pereira
AD, Araujo JC, Davenport RJ, Barana AC, Lopes DD, Dami-
anovic MHRZ (2018) Nitrogen removal by simultaneous partial
nitrification, anammox and denitrification (SNAD) in a structured-
bed reactor treating animal feed processing wastewater: Inhibi-
tory effects and bacterial community. Int Biodeterior Biodegrad
133:108-115. https://doi.org/10.1016/j.ibiod.2018.06.019


https://doi.org/10.1016/j.ibiod.2018.06.019

International Journal of Environmental Science and Technology (2023) 20:1793-1800 1799

Apha — American Public Health Association (2017) Standard Methods
for the Examination of Water and Wastewater. 23rd ed. Washing-
ton: American Public Health Association

Barana AC, Lopes DD, Martins TH, Pozzi E, Damianovic MHRZ, Del
Nery V, Foresti E (2013) Nitrogen and organic matter removal in
an intermittently aerated fixed-bed reactor for post-treatment of
anaerobic effluent from a slaughterhouse wastewater treatment
plant. J Environ Chem Eng 1(3):453-459. https://doi.org/10.
1016/j.jece.2013.06.015

Brasil (2011) Resolu¢io CONAMA N° 430, de 13 de maio de 2011.
Dispde sobre as condi¢des e padrdes de langamento de efluentes,
complementa e altera a Resolugdo n 357, de 17 de margo de 2005,
do Conselho Nacional do Meio Ambiente-CONAMA.

Canto CSA, Rodrigues JAD, Ratusznei SM, Zaiat M, Foresti E (2008)
Feasibility of nitrification/denitrification in a sequencing batch
biofilm reactor with liquid circulation applied to post-treatment.
Bioresour Technol 99:644-654. https://doi.org/10.1016/].biortech.
2006.12.040

Chen H, Li A, Wang Q, Cui D, Cui C, Ma F (2018) Nitrogen removal
performance and microbial community of an enhanced multistage
biofilm reactor treating low strength domestic wastewater. Biode-
grad. 29(3):285-299

Chernicharo CAL, Ribeiro TB, Garcia GB, Lermontov A, Possetti
GRF, Rosseto MALLR (2018) Overview of sewage treatment
in the South, Southeast and Midwest regions of Brazil: most
employed technologies. Rev DAE 66:5-19. https://doi.org/10.
4322/dae.2018.028

Chiu Y, Lee L, Chang C, Chao AC (2007) Control of carbon and
ammonium ratio for simultaneous nitrification and denitrifica-
tion in a sequencing batch bioreactor. Int Biodeterior Biodegrad
59(1):1-7. https://doi.org/10.1016/j.ibiod.2006.08.001

Ding Y, Song X, Wang Y, Yan D (2012) Effects of dissolved oxygen
and influent COD/N ratios on nitrogen removal in horizontal sub-
surface flow constructed wetland. Ecol Eng 46:107—111. https://
doi.org/10.1016/j.ecoleng.2012.06.002

FuZ, Yang F, Zhou F, Xue X (2009) Control of COD/N ratio for nutri-
ent removal in a modified membrane bioreactor (MBR) treating
high strength wastewater. Bioresour Technol 100:136-141. https://
doi.org/10.1016/j.biortech.2008.06.006

Gong L, Jun L, Yang Q, Wang S, Ma B, Peng Y (2012) Biomass char-
acteristics and simultaneous nitrification-denitrification under
long sludge retention time in an integrated reactor treating rural
domestic sewage. Bioresour Technol 119:277-284. https://doi.org/
10.1016/j.biortech.2012.05.067

Guo J, Zhang L, Chen W, Ma F, Liu H, Tian Y (2013) The regulation
and control strategies of a sequencing batch reactor for simulta-
neous nitrification and denitrification at different temperatures.
Bioresour Technol 133:59-67. https://doi.org/10.1016/j.biortech.
2013.01.026

He S, Xue G, Wang B (2009) Factors affecting simultaneous nitrifica-
tion and de-nitrification (SND) and its kinetics model in mem-
brane bioreactor. J] Hazard Mater 168(2-3):704-710. https://doi.
org/10.1016/j.jhazmat.2009.02.099

He Q, Song Q, Zhang S, Zhang W (2018) Simultaneous nitrification,
denitrification and phosphorus removal in an aerobic granular
sequencing batch reactor with mixed carbon sources: reactor
performance, extracellular polymeric substances and microbial
sucessions. Chem Eng J 331:841-849. https://doi.org/10.1016/j.
¢ej.2017.09.060

Tannacone F, Di Capua F, Granata F, Gargano R, Pirozzi F, Esposito G
(2019) Effect of carbon-to-nitrogen ratio on simultaneous nitrifi-
cation denitrification and phosphorus removal in a microaerobic
moving bed biofilm reactor. J Environ Managem 250:109518.
https://doi.org/10.1016/j.jenvman.2019.109518

Tannacone F, Di Capua F, Granata F, Gargano R, Esposito G (2020)
Simultaneous nitrification, denitrification and phosphorus

removal in a continuous-flow moving bed biofilm reactor alter-
nating microaerobic and aerobic conditions. Bioresour Technol
310:123453. https://doi.org/10.1016/j.biortech.2020.123453

Tannacone F, Di Capua F, Granata F, Gargano R, Esposito G (2021)
Shortcut nitrification-denitrification and biological phosphorus
removal in acetate- and ethanos-fed moving bed biofilm reac-
tors under microaerobic/aerobic conditions. Bioresour Technol
330:124958. https://doi.org/10.1016/j.biortech.2021.124958

Jenzura NT, Wendling AC, Zielinski A, Damianovic MHRZ, Barana
AC (2018) Prediction of total nitrogen removal in a structured bed
reactor for secondary and tertiary treatment of sanitary sewage.
Desalin Water Treat 126:144—150. https://doi.org/10.5004/dwt.
2018.22909

Kulikowska D, Jozwiak T, Kowal P, Ciesielski S (2010) Municipal
landfill leachate nitrification in RBC biofilm-process efficiency
and molecular analysis of microbial structure. Bioresour Technol
101(10):3400-3405. https://doi.org/10.1016/j.biortech.2009.12.
050

Leick SA, Oliveira JGB, Antunes K, Lopes DD, Barana AC (2017)
Effect of aeration and recirculation in the removal of nitrogen and
chemical oxygen demand from sanitary sewage in a structured
bed reactor. Rev Eng Agric 37(6):1236-1246. https://doi.org/10.
1590/1809-4430

LiC, YangJ, Wang X, Wang E, Li B, He R, Yuan H (2015) Removal of
nitrogen by heterotrophic nitrification-aerobic denitrification of a
phosphate accumulating bacterium Pseudomonas stutzeri YG-24.
Bioresour Technol 182:18-25. https://doi.org/10.1016/j.biortech.
2015.01.100

Liu 'Y, Shi H, Xia L, Shi H, Shen T, Wang Z, Wang G, Wang Y (2010)
Study of operational conditions of simultaneous nitrification and
denitrification in a Carrousel oxidation ditch for domestic waste-
water treatment. Bioresour Technol 101(3):901-906. https://doi.
org/10.1016/j.biortech.2009.09.015

Moura RB, Damianovic MHRZ, Foresti E (2012) Nitrogen and carbon
removal from synthetic wastewater in a vertical structured-bed
reactor under intermittent aeration. J Environ Manage 98:163—
167. https://doi.org/10.1016/j.jenvman.2012.01.009

Moura RB, Damasceno LHS, Damianovic MHRZ, Zaiat M, Foresti E
(2018) Hydrodynamic characteristics of a structured bed reactor
subjected to recirculation and intermittent aeration (SBRRIA).
Braz ] Chem Eng 35(2):641-648. https://doi.org/10.1590/0104-
6632.20180352520160516

Moura RB, Santos CED, Okada DY, Martins TH, Junior ADNF, Dami-
anovic MHRZ, Foresti E (2018) Carbon-nitrogen removal in a
structured-bed reactor (SBRRIA) treating sewage: Operating con-
ditions and metabolic perspectives. J Environ Manage 224:19-28.
https://doi.org/10.1016/j.jenvman.2018.07.014

Munch EV, Lant P, Keller J (1996) Simultaneous nitrification and deni-
trification in bench-scale sequencing batch reactors. Water Res
30(2):277-284. https://doi.org/10.1016/0043-1354(95)00174-3

Peng C, Peng Y, Li L, Wang S, Ma Y (2012) Effect of wastewater
COD/N ratio on aerobic nitrifying sludge granulation and micro-
bial population shift. J Environ Sci 24(2):234-241. https://doi.org/
10.1016/s1001-0742(11)60719-5

Ripley LE, Boyle WC, Converse JC (1986) Improved alkalimetric mon-
itoring for anaerobic digestion of high-strength wastes. J Water
Pollut Control Fed 58(5):406-411

Rostron WM, Stuckey DC, Young AA (2001) Nitrification of high
strength ammonia wastewaters: comparative study of immobiliza-
tion media. Water Res 35(5):1169-1178. https://doi.org/10.1016/
S0043-1354(00)00365-1

Santos CED, Moura RB, Damianovic MHRZ, Foresti E (2016) Influ-
ence of COD/N ratio and carbon source on nitrogen removal in a
structured-bed reactor subjected to recirculation and intermittent
aeration (SBRRIA). J Environ Manage 166:519-524. https://doi.
org/10.1016/j.jenvman.2015.10.054

=

’r @ Springer


https://doi.org/10.1016/j.jece.2013.06.015
https://doi.org/10.1016/j.jece.2013.06.015
https://doi.org/10.1016/j.biortech.2006.12.040
https://doi.org/10.1016/j.biortech.2006.12.040
https://doi.org/10.4322/dae.2018.028
https://doi.org/10.4322/dae.2018.028
https://doi.org/10.1016/j.ibiod.2006.08.001
https://doi.org/10.1016/j.ecoleng.2012.06.002
https://doi.org/10.1016/j.ecoleng.2012.06.002
https://doi.org/10.1016/j.biortech.2008.06.006
https://doi.org/10.1016/j.biortech.2008.06.006
https://doi.org/10.1016/j.biortech.2012.05.067
https://doi.org/10.1016/j.biortech.2012.05.067
https://doi.org/10.1016/j.biortech.2013.01.026
https://doi.org/10.1016/j.biortech.2013.01.026
https://doi.org/10.1016/j.jhazmat.2009.02.099
https://doi.org/10.1016/j.jhazmat.2009.02.099
https://doi.org/10.1016/j.cej.2017.09.060
https://doi.org/10.1016/j.cej.2017.09.060
https://doi.org/10.1016/j.jenvman.2019.109518
https://doi.org/10.1016/j.biortech.2020.123453
https://doi.org/10.1016/j.biortech.2021.124958
https://doi.org/10.5004/dwt.2018.22909
https://doi.org/10.5004/dwt.2018.22909
https://doi.org/10.1016/j.biortech.2009.12.050
https://doi.org/10.1016/j.biortech.2009.12.050
https://doi.org/10.1590/1809-4430
https://doi.org/10.1590/1809-4430
https://doi.org/10.1016/j.biortech.2015.01.100
https://doi.org/10.1016/j.biortech.2015.01.100
https://doi.org/10.1016/j.biortech.2009.09.015
https://doi.org/10.1016/j.biortech.2009.09.015
https://doi.org/10.1016/j.jenvman.2012.01.009
https://doi.org/10.1590/0104-6632.20180352s20160516
https://doi.org/10.1590/0104-6632.20180352s20160516
https://doi.org/10.1016/j.jenvman.2018.07.014
https://doi.org/10.1016/0043-1354(95)00174-3
https://doi.org/10.1016/s1001-0742(11)60719-5
https://doi.org/10.1016/s1001-0742(11)60719-5
https://doi.org/10.1016/S0043-1354(00)00365-1
https://doi.org/10.1016/S0043-1354(00)00365-1
https://doi.org/10.1016/j.jenvman.2015.10.054
https://doi.org/10.1016/j.jenvman.2015.10.054

1800 International Journal of Environmental Science and Technology (2023) 20:1793-1800

Sarti A, Vieira LGT, Foresti E, Zaiat M (2001) Influence of the liquid-
phase mass transfer on the performance of a packed-bed bioreac-
tor for wastewater treatment. Bioresour Technol 78(3):231-238.
https://doi.org/10.1016/S0960-8524(01)00025-6

Schmidt I, Sliekers O, Schmid M, Bock E, Fuerst J, Kuenen JG, Jetten
MSM, Strous M (2003) New concepts of microbial treatment
processes for the nitrogen removal in wastewater. FEMS Micro-
biol Rev 27(4):481-492. https://doi.org/10.1016/S0168-6445(03)
00039-1

Seifi M, Fazaelipoor M (2012) Modeling simultaneous nitrification
and denitrification (SND) in a fluidized bed biofilm reactor. Appl
Math Modell 36(11):5603-5613. https://doi.org/10.1016/j.apm.
2012.01.004

Silva BG, Damianovic MHRZ, Foresti E (2018) Effects of intermit-
tent aeration periods on a structured-bed reactor continuously
fed on the post-treatment of sewage anaerobic effluent. Bio-
process Biosyst Eng 41(8):1115-1120. https://doi.org/10.1007/
s00449-018-1940-1

Souza JVR, Silva BG, Santos CED, Souza TSO, Moura RB (2021)
Simultaneous carbon and nitrogen removal in a structured bed
reactor subjected to intermittent aeration (SBRIA): effect of sup-
port material diameter and bed porosity. ] Chem Technol Biotech-
nol. https://doi.org/10.1002/jctb.6936

"
n @ Springer

Wang X, Wang S, Xue T, Li B, Dai X, Peng Y (2015) Treating low
carbon/nitrogen (C/N) wastewater in simultaneous nitrification-
endogenous denitrification and phosphorous removal (SNDPR)
systems by strengthening anaerobic intracellular carbon storage.
Water Res 7:191-200. https://doi.org/10.1016/j.watres.2015.03.
019

Wijffels RH, Tramper J (1995) Nitrification by immobilized cells.
Enzyme Microb Technol 17(6):482—492. https://doi.org/10.1016/
0141-0229(94)00099-D

Wosiack PA, Lopes DD, Damianovic MHRZ, Foresti E, Granato D,
Barana AC (2015) Removal of COD and nitrogen from animal
food plant wastewater in an intermittently-aerated structured-bed
reactor. J Environ Manage 154:145-150. https://doi.org/10.1016/j.
jenvman.2015.02.026

Yoo H, Ahn K, Lee H, Lee K, Kwak Y, Song K (1999) Nitrogen
removal from synthetic wastewater by simultaneous nitrification
and denitrification (SND) via nitrite in an intermittently aerated
reactor. Water Res 33(1):146-154. https://doi.org/10.1016/S0043-
1354(98)00159-6

Zeng RJ, Lemaire R, Yuan Z, Keller J (2003) Simultaneous nitrification
denitrification and phosphorus removal in a lab-scale sequencing
batch reactor. Biotechnol Bioeng 84(2):170-178. https://doi.org/
10.1002/bit.10744


https://doi.org/10.1016/S0960-8524(01)00025-6
https://doi.org/10.1016/S0168-6445(03)00039-1
https://doi.org/10.1016/S0168-6445(03)00039-1
https://doi.org/10.1016/j.apm.2012.01.004
https://doi.org/10.1016/j.apm.2012.01.004
https://doi.org/10.1007/s00449-018-1940-1
https://doi.org/10.1007/s00449-018-1940-1
https://doi.org/10.1002/jctb.6936
https://doi.org/10.1016/j.watres.2015.03.019
https://doi.org/10.1016/j.watres.2015.03.019
https://doi.org/10.1016/0141-0229(94)00099-D
https://doi.org/10.1016/0141-0229(94)00099-D
https://doi.org/10.1016/j.jenvman.2015.02.026
https://doi.org/10.1016/j.jenvman.2015.02.026
https://doi.org/10.1016/S0043-1354(98)00159-6
https://doi.org/10.1016/S0043-1354(98)00159-6
https://doi.org/10.1002/bit.10744
https://doi.org/10.1002/bit.10744

	Structured-bed reactor with intermittent aeration and recirculation (SBRRIA) for treating UASB effluent combined with raw sewage
	Abstract
	Introduction
	Materials and methods
	Influent
	Start-up and bacteria adaptation
	Experimental setup and operation
	Physicochemical analysis
	Balance of total alkalinity and nitrogen

	Results and discussion
	Long-term performance of the SBRRIA

	Conclusion
	Acknowledgements 
	References




