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Abstract The use of nitrification inhibition as a
concentrating step for ammonium (NH,*), for the
purpose of increasing the potential for simultane-
ous recovery of phosphate (PO,*) and NH,* from
effluent streams of an aerobic sequencing batch reac-
tor (SBR) system, has never been investigated in
the literature. Therefore, the present study aimed to
determine the effect of the inhibition of nitrification
on both the reactor performance and effluent quality
in a laboratory scale aerobic SBR system. In order
to compare the observed results, a separate reactor,
where the inhibition was not applied, was operated
as a control reactor (CR) under the identical opera-
tional conditions used for the inhibitory reactor (IR).
Experimental results for the reactor performance
showed that effluents with low total suspended solids
(<50 mg/L) and chemical oxygen demand concen-
trations (>90% of removal efficiency based on the
influent concentration of 500 mg/L) were achieved
for both SBRs by obtaining an activated sludge with a
sludge volume index <60 mL/g after the acclimation
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period. In the same period, the effluent PO43_, NH4+,
and nitrate (NO;™) concentrations were found to be
17.0+£4.0, 1.26+0.84, and 21.5+39 mg/L for the
CR and 10.0+4.4, 3.9+2.4, and 9.2+ 1.5 mg/L for
the IR, respectively. During this period, 94% of the
removed NH,* (NH,* ) was converted to NO;~
in the CR, indicating almost complete nitrification
occurred in the reactor. However, only 47% of the
NH,* .., was converted to NO;™ in the IR as a result
of the inhibition of nitrification, meaning a partial
inhibition (53%) occurred due to the inhibition treat-
ment. These results clearly demonstrated that the
inhibition of nitrification allowed the effluent NH,*
concentrations to increase by suppressing the for-
mation of NO;™ ions. Based on the results, it can be
concluded that inhibition of nitrification in an aero-
bic SBR system creates a potential for conserving the
effluent NH,* concentration and increasing consecu-
tive recovery of PO,’~ together with NH,* from the
effluent discharges.

Keywords Sequencing batch reactor - Activated
sludge - Nitrification - Inhibition - Reactor
performance - Effluent quality

Introduction

Primary nutrients such as nitrogen (N) and phospho-

rus (P) are the most essential elements that are cru-
cial to all known forms of life (Ahmed et al., 2019;
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Jiaying et al., 2022; Jupp et al., 2021). Despite their
positive effects in water habitats such as supporting
fish and shellfish production, these nutrients cause
several negative impacts due to chemical fertiliz-
ers or discharged wastewaters (Kim & Chae, 2016;
Wurtsbaugh et al., 2019). In terms of the discharged
wastewaters, the excess volume of stormwater and
wastewater received in wastewater treatment plants
(WWTPs) is released into aquatic environments as
untreated sewer overflow due to the limited capacity
of WWTPs (Sojobi & Zayed, 2022). Increases in such
anthropogenic inputs of N and P to aquatic environ-
ments trigger rapid growth of algae and higher forms
of plant life, causing increased consumption of oxy-
gen and often leading to declining water quality along
the freshwater to coastal areas (Malone & Newton,
2020; Manav, 2006). As a result, rapid spikes in nutri-
tive substances in aquatic ecosystems cause various
environmental problems including red tides, eutrophi-
cation, and other environmental damage (Alvarez
et al., 2017; Chen et al., 2022; Kim & Chae, 2016;
Wang et al., 2018). Eutrophication creates multiple
problems such as releasing greenhouse gases, limi-
tation of cultural and social values of waters, crea-
tion of hypoxic “dead zones” that reduce fish and
shellfish production, and formation of harmful algal
blooms that create taste and odor problems and
threaten the aquatic food supplies and safety of drink-
ing water (Wurtsbaugh et al., 2019). Thus, N- and/or
P-rich untreated wastewaters pose a significant risk
to human health and the environment (Chen et al.,
2022). Therefore, N and P removal from wastewaters
by effective treatment technologies is crucial to meet
the strict discharge standards and limits the environ-
mental problems caused by the discharge of nutrients
to aquatic environments (Emparan et al., 2019; Rout
et al., 2021).

To overcome the abovementioned environmental
problems in receiving water bodies, water quality legisla-
tions have increased the standards for removal of nutri-
ents (Pastor et al., 2008). In the last two decades, scien-
tists around the world have made many improvements
to conventional processes and have developed many
new technologies that exceed the current treatment level
with a low operating cost potential (Oleszkiewicz et al.,
2015). Before disposing the effluents to the environment,
the removal of carbonaceous organic matter, total sus-
pended solids (TSS), chemical pollutants, excess nutri-
ents, and pathogens have been the principal objective of
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wastewater treatment (Chrispim et al., 2019). Transform-
ing the WWTPs, which are traditionally energy intensive
and expensive, with resource recovery mechanisms, is an
emerging objective due to environmental and economic
benefits, such as reducing nutrient discharges to the envi-
ronment and reducing a considerable amount of energy
required for clean drinking water consumption (Ahmed
et al., 2015; Chrispim et al., 2019; Mehta et al., 2015;
Oyegoke et al., 2012; Rao et al., 2017; Sojobi, 2016).

In a conventional biological treatment plant,
P recovery can occur using several technologies
designed for its recovery from untreated wastewa-
ter, plant effluents, liquid phases, sewage sludge, and
sewage sludge ash (Egle et al., 2016; Urdalen, 2013).
Considering that high P concentrations are gener-
ated after enhanced biological P removal (EBPR)
and sludge digestion, often causing problems in the
sludge stream, P recovery from the side streams of
WWTPs (the reject water created from the separation
of liquids and solids, typically involving dewatering
and thickening processes) was assigned a higher pri-
ority than the recovery from the effluent stream. On
the other hand, most of the contaminants existing in
wastewater are removed in the effluent stream, mak-
ing it a valuable nutrient resource, especially for agri-
cultural applications in terms of its potential use as
irrigation water. However, only a small proportion of
the P compared to the initial concentration in waste-
water can be recovered, since it is eliminated from
the effluent stream in all larger WWTPs. To increase
the potential of P recovery from the effluent, it should
not be eliminated from the effluent stream (Sartorius
etal., 2012).

N removal techniques transit ammonium (NH,*)
ions existing in the wastewaters to N gas (Ny,)) that
is ultimately lost to the atmosphere. Through biologi-
cal N removal (nitrification—denitrification), there is
also an increased potential for NO, emissions due to
the reactive intermediates in the process, the impact
of which can reach up to 80% of the total operational
carbon footprint of the treatment plant (Desloover
et al., 2012; Shenk, 2021). This energy intensive
step is important in returning the water quality to an
appropriate level and also represents a lost opportu-
nity for resource recovery by allowing the removed
N to escape to the atmosphere (Shenk, 2021). There-
fore, examining more sustainable pathways for N,
such as the direct recovery of N from wastewater and
its reuse, becomes a relevant issue. Unfortunately,
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studies showing the recovery of N from wastewa-
ter that was combined with its reuse at full scale are
limited (van der Hoek et al., 2018). Precipitation
of NH,-N as struvite has been applied in practice,
but the focus of this process was the recovery of P
(van der Hoek et al., 2017). By taking the increasing
anthropogenic sources of N into consideration, sev-
eral studies have attempted to shift the focus towards
the recovery of N in addition to P, to not only prevent
eutrophication, but to also minimize the energy con-
sumption and save natural resources (Beckinghausen
et al., 2020). Considering the ongoing growing ten-
dency of local crop production and the treatment of
large volumes of wastewater in WWTPs, the recov-
ery of N and P as struvite has become especially
attractive for urban areas (Rufi-Salis et al., 2020).
Several studies have proven that fertilizer quality of
struvite is comparable to that of conventional ferti-
lizers (Latifian et al., 2012; Liu et al., 2011; Peeva
et al., 2021; Siciliano, 2016; Szymanska et al., 2020).
Moreover, the struvite recovered from dewatered fil-
trate of anaerobic sludge digestion and commercially
produced in Japan was sold to fertilizer companies
(Ueno & Fujii, 2001).

Currently, several methods have been investigated
for their effectiveness in nutrient recovery, including
traditional methods such as chemical precipitation
and adsorption, and more advanced approaches such
as bioelectrochemical systems and osmotic membrane
bioreactors (Ye et al., 2020). Among these, the recov-
ery of nutrients from wastewater by struvite precipi-
tation has gained increasing interest in recent years
(Siciliano et al., 2020). This approach was also sup-
ported during a study by Saliu and Oladoja (2021),
which outlined primary research studies examining
the recovery of P and N by analyzing several recov-
ery methods from different nutrient-rich wastewaters
originating from agricultural, industrial, and munici-
pal sources. Most of the methods reported in the stud-
ies were relying on struvite precipitation.

Hallas et al. (2019) reported P recovery from
aerobically digested municipal wastewater. The
study noted that struvite formation is favored in the
large WWTPs when expensive technologies, such as
anaerobic processing, are being used because small
WWTPs are relying on aerobic treatment, which is
often lacking in capital, economic scale, operational
staffing, and physical operational area. In addition,
converting smaller WWTPs to anaerobic treatment

(more conducive to struvite formation) is typically
cost prohibitive. Therefore, it is not surprising that
large WWTPs have been targeted for developing stru-
vite recovery strategies, leaving the smaller WWTPs
behind. For such small aerobic WWTPs, concerns
over how to improve the quality of effluents in terms
of N and P parameters come to the forefront.

Inlet wastewater streams are characterized by high
volumes but low concentrations and are difficult to
recover nutrients from without a concentrating step
(Beckinghausen et al., 2020). This aspect might also
be valid for effluent streams of WWTPs. By consid-
ering that biological removal of phosphate (PO,*")
requires an anaerobic selector (Oehmen et al., 2007),
which is not involved in aerobic treatment, and NH4Jr
ions are oxidized to NO, ions through nitrification in
aerobic treatment (Rodriguez-Goémez et al., 2021),
a concentrating step may inevitably be required for
NH, " ions rather than PO,*~ ions in aerobic WWTPs,
if the nutrient recovery from effluent streams through
struvite precipitation is targeted. This means that
the nitrification needs to be suppressed or, if possi-
ble, completely prevented in the aerobic treatment in
order to maximize NH,* concentrations in the efflu-
ents for its recovery. However, due to the requirement
of a concentrating step for NH,* ions, the recovery
of NH,* together with PO,*~ from effluent streams of
aerobic treatment systems has not yet been examined
until now, to the current knowledge of the authors.

Ammonia oxidation is the first rate-limiting step of
nitrification (Lehtovirta-Morley et al., 2013). Nitrifica-
tion inhibitors can inhibit the activities of the respon-
sible ammonia-oxidizing microorganisms and related
enzymes, effectively delaying the oxidation of NH,*
to NO;™, thereby alleviating NO;~ accumulation and
leaching loss and maintaining a high NH,* content
(Wang et al., 2021). In agricultural fields, these inhibi-
tors have frequently been found to prolong the reten-
tion time of NH, " in the soil, thereby increasing the N
use efficiency of fertilizers, and reducing the impact of
serious environmental problems, including NO;™ pol-
lution, air quality degradation, and greenhouse gas
emissions (Guo et al., 2021; Nardi et al., 2020; Ruser
& Schulz, 2015; Wang et al., 2021). In environmental
studies, the inhibition of nitrification by adding inhibi-
tory agents (e.g. N-allylthiourea, ATU) into the inlet
streams has also been applied in EBPR studies using
sequencing batch reactors (SBRs) (Flowers et al.,
2009; Ge et al., 2013; Pacheco, 2018; Rubio-Rincon
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et al., 2017; Yazic1 & Kilig, 2016), in order to prevent
the deterioration of EBPR resulting from the presence
of nitrite (NO,)/(NO;™) or oxygen in the anaerobic
zone (Rey-Martinez et al., 2021). A variety of com-
pounds have been used to inhibit nitrifying prokary-
otes, including aliphatic and aromatic n-alkynes, plant-
derived molecules, and statins, and many of these are
used as selective inhibitors in laboratory cultures, soil
microcosms, or slurries. Unfortunately, these are not
suitable due to their rapid degradation in soil or appli-
cation in a gaseous state (Papadopoulou et al., 2020).
Among the most frequently used commercial nitrifica-
tion inhibitors, ATU was used as an inhibitory agent
in the present study because it is a known specific
inhibitor for NH,* oxidizers, suppressing the oxygen
uptake (Lin et al., 2021; Liu et al., 2018), and has been
frequently used in nitrification research (Lehtovirta-
Morley et al., 2013; Tatari et al., 2017).

The effect of several operational parameters on
the treatment performance of aerobic SBRs has been
investigated comprehensively in the literature. On
the other hand, recovery of N and/or P from differ-
ent waste streams using various techniques has also
received much attention in recent years. In this study,
an attempt was made to investigate whether inhibiting
the nitrification step could be applied as a concentrat-
ing step for NH,* ions and used as a strategy to sup-
press the formation of NO,™ or NO;™ ions, thus con-
serving the NH,* concentration in the effluent stream of
a laboratory-scale aerobic SBR system. To the authors’
best knowledge, in order to maximize the effluent NH4Jr
concentration for a potential nutrient recovery process,
the effect of inhibiting the nitrification step on the reac-
tor performance and effluent quality of a SBR system
has not been investigated in the literature until now.
Therefore, the present study aimed to determine the
effect of the inhibition of nitrification on both the reac-
tor performance and effluent quality in laboratory scale
aerobic SBR systems. The main objectives of the study
were to (i) determine the reactor performance according
to chemical oxygen demand (COD) removal efficiency,
sludge settleability, and effluent TSS concentration
under certain operational conditions, (ii) to determine
the effluent quality based on the NO,™, NO;~, NH4+,
and PO43_ concentration in the effluent, and (iii) to
compare the observed results for the the inhibitory reac-
tor (IR) with those of the control reactor (CR), in which
the inhibition was not applied under the identical opera-
tional conditions.

@ Springer

Materials and methods
Reactor operation

In this study, the operation of aerobic SBR systems
was designed (i) to remove COD and TSS at a high
removal efficiency, and (ii) to increase the effluent
NH,* concentration by suppressing the formation
of NO;™ ions using a nitrification inhibitor. For this
purpose, synthetic wastewater solutions represent-
ing the characteristics of inlet wastewater of a typical
domestic WWTP (Fig. 1) were treated in the SBRs
under certain operational conditions. The SBRs
with a working volume of 5 L were operated simul-
taneously under the identical operational conditions,
except for the inhibition of nitrification applied in
the IR. In the CR, the nitrification was not inhibited
during the entire operational period. The SBRs were
operated for 32 days, including an acclimation period
of 15 days. The inoculum was supplied from the oxic
zone of an activated sludge (AS) unit at the Lara
Advanced WWTP (Antalya, Turkey).

The cycle times, synthetic wastewater solution
volume, and calculated values for hydraulic reten-
tion time (HRT) and organic loading rate (OLR) are
given in Table 1. In order to improve the reactor per-
formance, the acclimation period was divided into
three operational phases of 5 days each. For this pur-
pose, each of the phases (phases 1 to 3) consisted of
different operational strategies, such as reducing the
HRT by decreasing the cycle times, shortening the
time dedicated for settling of the AS in the SBRs, and
increasing the OLR by increasing the volume of the
feeding solution (volume exchange ratio, VER). A
cycle of 12 h per day was applied as a longer cycle
(famine phase) during the entire operational period.
Starting from the 6th day of the acclimation period,
one of the 12-h cycles was applied as two 6-h cycles
per day for the next 5 days (phase 2), and from the
11th day as three 4-h cycles per day (feast phase) for
the next 5 days (phase 3).

During the entire reactor operation, the filling
phase was completed in the first 10 min of the cycle
while the reaction mixture was aerated but not mixed
externally. Sludge settling was performed for 19 min
on the 1st day, and the duration was decreased to
10 min at the end of the 10th day by decreasing it for
1 min daily during phases 1 and 2. In phases 3 and
4, the settling time was applied as 10 min until the
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Fig.1 Schematic diagram of a typical domestic WWTP (1:
Inlet wastewater; 2: Coarse and fine screens; 3: Aerated grit
chamber; 4: Primary settling tank; 5: Settled sludge; 6: Acti-
vated sludge unit; 7: Secondary settling tank; 8: Waste acti-
vated sludge; 9: Disinfection and final treatment unit; 10:

reactor operation was completed. Since the settling
time was decreased by 1 min each day, the duration
of the aeration cycle was correspondingly increased
from 691 to 695 min between the days 1 and 5 (phase
1). Between the days 6 and 10 (phase 2), the time
for aeration was increased from 696 to 700 min in
the 12-h cycle and from 336 to 340 min in the 6-h
cycle. For the remaining operational period (phases 3
and 4), it was set to 700 min in the 12-h cycle and
220 min for the 4-h cycle (Table 1).

Effluent; 11: Return activated sludge; 12: Gravity thickener;
13: Anaerobic digester; 14: Digested sludge; 15: Biogas; 16:
Biogas storage tank; 17: Cogeneration system; 18: Decanter
centrifuge; 19: Dewatered sludge; 20: Reject water. The loca-
tion focused in the present study)

The volume of the synthetic wastewater solution
was 2.5 L per cycle (50% of VER) in the first 5 days
of the acclimation period (phase 1), and then it was
increased to 3 L per cycle (60% of VER) for the fol-
lowing operation phases (Table 1). At the beginning
of each cycle, a fresh synthetic wastewater solution
was fed to the reactors as the same volume of the
effluent discharged at the end of each cycle. For fill-
ing of the synthetic wastewater and discharging of the
effluent, two peristaltic pumps, which were operated

Table 1 Cycle times and

, o Acclimation period After
operational conditions of acclimation
the SBRs period

0-5 days 6-10 days 11-15 days (phase 4)
(phase 1) (phase 2) (phase 3)
Cycle time (hour) per day 12/12 12/6/6 12/4/4/4 12/4/4/4
Phases of a cycle
(time, minute)
Filling and aeration 691-695 696-700/336-340 700/220 700/220
Settli 19to 15 14to 10 10 10
AHRT value corresponding ¢ .1ng ot ©
to 12-h cycle between the Effluent withdrawal 10 10 10 10
days 6 and 10 HRT (hour) 24 20* 20* 202
PHRT value corresponding 0P 6.66° 6.66°
to 6-h cycle between days Mean HRT (hour) 24 15 13.33 13.33
6 and 10 Volume of feeding solution 2.5 3 3 3
“HRT value corresponding (liter per cycle)
to 4-h cycle between days OLR (kg COD/m’.day) 0.5 0.9 12 12

11 and 32
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by both clockwise and anticlockwise directions, were
used for each SBR. During the aerobic phases, mix-
ing was carried out from the bottom side of the reac-
tor at a constant speed of 900 rpm through a magnetic
stirrer (Fig. 2). The SBRs were operated without
adjusting the sludge retention time (SRT) to a con-
stant value. In both SBRs, a certain volume of mixed
liquor was wasted from the SBRs at the end of each
cycle just before the settling period (a total volume
of 200 mL daily). The corresponding SRT value was
calculated based on the measured concentration of
the mixed liquor suspended solids (MLSS) and efflu-
ent TSS concentration.

Aeration was done through a rod-shaped flexible
aquarium diffuser that circled around the bottom side
of the reactor. An aquarium aerator, which allowed
the air flow to be adjusted to the desired value, was
used as the air supply. The flow rate of the air was
controlled with an air flow meter by supplying the air
at a flow rate of 1 L/min so that the dissolved oxy-
gen concentration measured in the mixed liquor was
kept around 5 mg/L. When the air flow rate decreased
below 1 L/min, or an obvious biofilm formed on the
wall of the reactor vessel, the diffuser and the interior
parts of the reactor were cleaned manually. Before
and after cleaning of the reactor, the dissolved oxy-
gen concentration in the mixed liquor was measured
using a portable oxygen meter (Milwaukee MW600).
The pH in the SBRs was not controlled during the
entire operation period, but instead was measured
at the beginning and end of each cycle using a port-
able pH meter (Milwaukee Mil50). Whenever the
pH value was measured below 7.0, after the synthetic
wastewater solution was fed into the reactor, it was
adjusted to a desired value of 7.0-7.2 with 1 N NaOH

solution. The temperature of the mixed liquor was not
controlled, but the actual temperature was routinely
monitored together with pH measurements.

Synthetic wastewater

Synthetic wastewater solution was prepared as a four-
cycle stock solution as required. The solution was fed
to the reactor as three separate solutions named Solu-
tion A, Solution B, and NH,Cl solution. At the begin-
ning of each cycle, 0.75 L of Solution A, 2 L of Solu-
tion B, and 0.25 L of NH,CI solution was fed to the
reactors sequentially to form the final feeding solu-
tion. Since the total volume of the feeding solution
was 2.5 L during the first 5 days of the acclimation
period, Solution A, Solution B, and NH,CI solutions
were prepared by proportioning their respective vol-
umes into 3 L of total volume. Solution B contained
4 mL of a trace element solution per liter. The trace
element solution was prepared as 1 L stock solution,
as described in Lu et al. (2006), and was added to
Solution B as required after the stock Solution B was
prepared. In the IR, where nitrification was inhibited,
ATU (C,HgN,S) was included in Solution B at a con-
centration of 0.07 mM (Tatari et al., 2017).
Composition of the synthetic wastewater solu-
tions added to both reactors is outlined in Table 2.
The required amounts of each compound in the feed-
ing solution were calculated according to the follow-
ing conditions that were applied to ensure the desired
concentration balance between the compounds was
achieved (Yazic1 & Kilig, 2016): (i) C/N/P: 100/10/5,
(>i1) XM/ZD: 1.5, indicating the ratio of the total mono-
valent cation concentration (XM, meq/L) resulting
from NH,* and K" ions to the total divalent cation

Fig. 2 Photo of the reactor
setup

Feeding solutions

\

.': 4
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Table 2 Composition of synthetic wastewater solution

Concentration Concentration
H,Cl solution (0.25 L, 71.4 mg/L Solution B (2 L/cycle) MgSO,.7H,0 89.1 mg/L
cycle) (N: 18.7 mg/L) (magnesium source) (Mg?*: 0.724 meq/L)
NH,CI (nitrogen source) (NH,*: 24.1 mg/L) CaCl,.2H,0 53.1 mg/L
(NH,*: 1.33 meq/L) (calcium source) (Ca®*: 0.724 meq/L)
lution A (0.75 L, 516 mg/L KCl 40.0 mg/L
cycle) (COD: 500 mg/L) (potassium source) (K*: 0.536 meq/L)
C()leo6 H20 (carbon (C: 187 mg/L) . ATU (inhibitor) 70 uM (per liter)
source) 41.0 mg/L Trace element solution 4 mL/L
KH,PO, (phosphorus (P:9.35 mg/L)
source) (PO,: 28.6 mg/L)

(K*: 0.301 megq/L)

*Trace element solution was added on the following trace elements (mg/L): CuSO,.5H,0: 30, FeCl;.6H,0: 1500, ZnSO,.7H,0: 120,
KI: 180, H;BO;: 150, MnCl,.2H,0: 120, Na,Mo00,.2H,0: 60, CoCl,.6H,0: 150, EDTA: 10.000

concentration (D, meq/L) resulting from Mg>* and
Ca** ions, and (iii) Mg?*/Ca®*: 1/1 (Higgins & Novak,
1997), indicating the ratio of the Mg?* concentration
(in meq/L) to the Ca’* concentration (in meq/L).

Sampling and analytical procedures

Analyses were carried out every 2 days during all reac-
tor operational phases, including the acclimation period.
Samples were taken at the end of both 12-h cycle and
4- or 6-h cycles. Samples of 50 mL were taken at the
end of the cycle while the reactor was mixing. Depend-
ing on the analytical procedures applied, analyses were
carried out either on mixed liquor samples or on filtrate
samples obtained by filtration of the mixed liquor. TSS
analyses were performed only for effluent samples of
50 mL. Samples were analyzed according to the rel-
evant analysis procedure immediately after they were
taken. MLSS, mixed liquor volatile suspended sol-
ids (MLVSS), and sludge volume index (SVI) analy-
ses were performed on mixed liquor samples, while
COD, NH,*, NO;~, NO,™, and PO,’" analyses were
performed on filtrate samples. For SVI analysis, 1 L
of mixed liquor samples were taken at the end of the
sampling cycle while the reactor was mixing. After the
settling procedure was completed in the Imhoff cone,
the supernatant was drained, and the remaining sludge
was added back into the reactor before the next cycle
started, thus attempting to prevent possible biomass
losses due to the sampling for SVI analysis.
TSS-MLSS and MLVSS analyses were per-
formed according to the APHA 2540D and 2540E
method, respectively (APHA, 1999). For the 2540D

method, samples were filtered through Millipore
AP40 filter paper, and drying was carried out in an
oven (Niive FN500). For the 2540E method, filter
papers were ignited in a furnace (Protherm PLF
110/6). Tare of filter papers and the weights after
drying and ignition procedures were determined by
a microbalance (Radwag AS220/C12). SVI analy-
ses were performed according to the APHA 2710D
method (APHA, 1999). For this method, the volume
of settleable solids was determined according to the
volumetric test procedure (2540F.3a). Determina-
tion of COD concentrations was carried out through
calibration curves, prepared by measuring absorb-
ances and plotting the values against the reference
solutions at 600 nm (for the solutions having COD
concentration greater than 90 mg/L) and 420 nm
(for the solutions having COD concentration less
than 90 mg/L) wavelengths in a spectrophotometer
(WTW, SpektroFlex 6100 VIS) according to the
closed reflux colorimetric method as described in
the APHA 5220D method (APHA, 1999). In this
method, the digestion procedure was carried out on
a thermoreactor (WTW, CR2200). Concentration
of PO,*", NH,*, NO,” and NO,~ were measured
colorimetrically in the spectrophotometer by using
Merck Spektroquant test kits.

Data evaluation
The collected data were analyzed using GrapdPad

Prism version 9.1.2 (GraphPad Software). Means
were compared using the Student’s T test between
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the SBRs, with the level of significant differ-
ence defined as P <0.05. The correlation structure
between the reactor performance parameters and
effluent quality parameters was determined using
Pearson’s correlation (r) coefficient with statisti-
cal significance set at P<0.05. The r values for
the IR and CR were represented in a single matrix
and interpreted using the following classifications
(Mukaka, 2012): very strong positive (negative)
correlation: 0.90 to 1.00 (—0.90 to—1.00), strong
positive (negative) correlation: 0.70 to 0.90 (—0.70
to —0.90), moderate positive (negative) correlation:
0.50 to 0.70 (—0.50 to—0.70), low positive (nega-
tive) correlation: 0.30 to 0.50 (—-0.30 to—0.50),
negligible positive (negative) correlation: 0.00 to
0.30 (0.00 to —0.30).

Results and discussions
Evaluation of the reactor performance

The main design criteria for SBR systems are to
obtain a granular sludge with higher settling veloc-
ity, by washing-out floccular sludges from the sys-
tem, which are less dense and have a lower settling
velocity than granular sludge. The time allocated
for settling the sludge is a key design parameter to
ensure granular sludge formation by washing-out
the floccular biomass, and also that the settling time
is optimally short enough to provide selectivity
for biomass particles that can ultimately settle in a
short time (Beun et al., 1999). In the current study,
the performance of the reactors was mainly evalu-
ated according to sludge settleability, effluent TSS
concentration, and COD removal efficiency. MLSS,
SRT, MLVSS, and food to mass (F/M) parameters
were also evaluated to guide the interpretation of
the reactor performance.

MLSS and SVI profile of the SBRs

The data was analyzed to determine the MLSS con-
centrations and SVI values, and the results are pre-
sented in Fig. 3. According to the results obtained
for the IR, the MLSS concentration in the first
5 days of the reactor operation (phase 1) decreased
to 1073 mg/L from an initial value of 2584 mg/L
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(Fig. 3a). This decrease was the result of biomass loss
during the discharge of effluent at the end of the cycle
depending on the decrease in the settling performance
of the sludge during the first 5 days (SVI increased
from 190 to 280 mL/g). At the end of the follow-
ing 10-day period (on the 15th day), the SVI value
decreased to 108 mL/g and the MLSS concentration
increased to 3148 mg/L.

The results obtained for the CR indicated that the
change in MLSS concentration and the SVI during
the acclimation period showed a similar trend as com-
pared to the IR (Fig. 3b). According to the results, the
MLSS concentration decreased to 1160 mg/L and the
SVI value increased to 232 mL/g at the end of the
first 5 days (phase 1). As a result of the changes in the
operational conditions (as applied in the IR, gradually
decreasing the HRT value and daily shortening of the
settling time) applied on the 6th day, the SVI value
decreased to 99 mL/g, and the MLSS concentration
increased to 3211 mg/L on the 15th day.

In both reactors, further increase in MLSS con-
centrations and further decrease in SVI values were
observed during the 17 days of operation after the
acclimation period (phase 4). At the end of the reac-
tor operation, the MLSS concentration increased to
5600 mg/L and SVI value decreased to 37.6 mL/g
for the IR. In the CR, these parameters were recorded
as 4512 mg/L and 47.3 mL/g for the MLSS and SVI,
respectively.

As shown in Fig. 3, the changes in the MLSS
concentration and the SVI exhibited similar trends
during each of the phases in both reactors. A similar
finding was also observed by Solomon et al. (2019).
The result of the T test analysis revealed that the
variations for both of the MLSS and SVI parameters
in each phase did not show significant differences
(P>0.05) between the SBRs (Table 3). Accord-
ing to the results of Pearson correlation analysis
(Table 4), there was a very strong significant nega-
tive correlation between MLSS and SVI for the IR
(r=-0.92; P<0.01) and a strong significant nega-
tive correlation for the CR (r= -0.78; P <0.05)
during the acclimation period. These results sug-
gested that the fluctuating settling performance of
the sludge during the acclimation period (especially
in phases 1 and 2) was the driving force, causing the
change in the MLSS concentration in both reactors.
In phase 4, MLSS showed a moderate significant
negative correlation with SVI (r= —0.65, P <0.01)
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Fig. 3 Variations of MLSS
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for the IR. However, interestingly, no significant
correlation (r= —0.36) was recorded for the CR
although the variation in MLSS and SVI showed a
similar trend as compared to the IR (Fig. 3). Very
strong significant positive correlations between the
MLSS and MLVSS parameters (r=0.97 to 0.99;
P <0.01) were also observed for both reactors dur-
ing the entire operational period.

Effluent TSS concentration and SRT profiles
of the SBRs

Effluent TSS concentrations and the corresponding
SRT values are presented in Fig. 4. According to the
results obtained for the IR (Fig. 4a), the effluent TSS
concentration fluctuated during the acclimation period

10 12 14 16 18 20 22 24 26 28 30 32 34

Runtime (Day)

depending on the change in the SVI value and the
increase in OLR. Although the MLSS concentration
increased gradually between days 16 and 32 (phase
4), there was no remarkable biomass loss during the
discharge of the effluent in the IR due to the increase
in the sludge settling performance. Thus, the effluent
TSS concentration remained below 75 mg/L (mean
value 48.6+15.2 mg/L) during phase 4. The high-
est effluent TSS concentration measured for the IR in
phase 4 was 74 mg/L on the 22nd day. It can be seen
that the SRT value decreased when the TSS concen-
tration increased, because the SRT value is inversely
correlated with effluent TSS concentration. This cor-
relation was confirmed by the results of the correla-
tion analysis (Table 4). According to the results, a
strong significant negative correlation was observed
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Table 3 Results of the T test analysis for the reactor perfor-
mance parameters

Phase  Reactor performance parameters  Significance (P
value)
IR CR
SVI (mL/g)
1 194.6 +62.0 190.3+56.4 Non-significant
(P>0.05)
2 149.1+£55.3 126.1+18.3  Non-significant
(P>0.05)
3 112.1+5.2 107.3+6.9  Non-significant
(P>0.05)
4 51.1+17.0 57.4+129 Non-significant
(P>0.05)
TSS (mg/L)
1 152.7+£254.1 14.0+17.4  Non-significant
(P>0.05)
2 16.6+5.0 12.0+£4.0  Non-significant
(P>0.05)
3 208.7+£145.3 42.6+13.3  Non-significant
(P>0.05)
4 48.6+15.2 33.1+19.2 Significant
(P=0.017)

COD removal (%)

1 923+1.4 95.5+2.4  Non-significant
(P>0.05)
2 91.6+0.6 95.5+1.0 Significant
(P=0.005)
3 95.0+1.7 98.9+0.6 Significant
(P=0.021)
4 92.5+3.5 98.2+1.1 Significant
(P<0.0001)

between the SRT and TSS parameters for the IR dur-
ing the acclimation period (r= —0.88; P <0.01) and in
phase 4 (r=—-0.72; P<0.01). Considering the MLSS
concentration increased from 3588 to 5600 mg/L,
it should be noteworthy to mention that the SRT
value did not change remarkably after the acclima-
tion period. Even though the biomass concentration
increased, and a certain volume of the biomass was
routinely wasted from the reactor on a daily basis, the
reactor operation was accomplished under a SRT con-
dition ranging between 5.7 and 19.7 days (mean value
14.1+3.7 days) in phase 4.

The experimental results obtained for the CR
revealed that trends for the effluent TSS concentration
and SRT value during the acclimation period were
quite similar with that of the IR (Fig. 4b). Analysis
between the TSS and SRT parameters showed that
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a very strong (r=—0.95; P<0.01) and moderate
(r=-0.59; P<0.05) significant negative correla-
tion was observed for the CR during the acclima-
tion period and in phase 4, respectively. The result of
the T test revealed that the variations for both of the
TSS and SRT parameters in each phase (phases 1 to
3) and the variations for the SRT parameter in phase
4 were not significantly different (P>0.05) between
the SBRs. However, there was a slight difference
(P=0.017) between the SBRs in terms of the TSS
parameter in phase 4, which could be attributed to the
difference between the mean values. During phase
4, the effluent TSS concentration remained below
70 mg/L (mean value 33.1+19.2 mg/L), while the
SRT value ranged between 7.5 and 23.0 (mean value
16.0+4.5 days).

Jadhao and Dawanse (2013) reported that mem-
brane bioreactor (MBR) systems, which can be oper-
ated under longer SRT conditions compared to con-
ventional biological treatment systems, allow for
more increase in treatment efficiency due to the high
biomass concentration, and that some MBR systems
can be operated under infinite SRT conditions due
to this advantage. In our preliminary study (Yazici
& Uslu, 2020), an aerobic SBR system was oper-
ated under an infinite SRT condition, meaning that
no AS was wasted during the entire operation period
of 52 days. In that study, the results showed that the
SRT value ranged between 15 and 53 days during
the acclimation period of 15 days and it increased
up to 173 days after the following operation period
of 21 days, with the increasing MLSS concentration
and sludge settling performance up to 3148 mg/L
and 35 mL/g, respectively. However, due to such an
increase in the SRT, there occurred a deflocculation
in the sludge and, consecutively, deterioration in the
treatment performance of the SBR (e.g., decrease
in MLSS, sludge settling performance, and COD
removal and an increase in effluent TSS concentra-
tion) in the following operation period of 17 days.
Tsilogeorgis et al. (2008) studied the effect of differ-
ent operational conditions on the treatment of land-
fill leachate in a membrane SBR system operated
for 4 months under the infinite SRT condition. The
results showed that the MLSS concentration increased
from 7000 to 15,300 mg/L, but the COD removal effi-
ciency could only be achieved in the range of 40-60%
during the study period. The apparent failure of the
reactor to achieve higher COD removal efficiency
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Table 4 Pearson correlation coefficients (r) between the reactor performance parameters and effluent quality parameters for the IR

and CR
Acclimation period (phases 1-2-3)
IR

Parameter ~ MLSS  MLVSS SVI TSS SRT FM COD PO~ NH,® NO;~

CR MLSS 1 0.99"  —0.92" 0.19 —0.40 -0.53  —0.68" 037 052 005

MLVSS 0.99" 1 -0.93™ 0.20 —-0.41 —-0.52 —-0.65 0.38 046  0.12
SVI -0.78"  —0.77" 1 —-0.17 0.42 0.36 0.50 -051  —034 -020
TSS 0.67" 0.66 —-0.19 1 -0.88"  -022 -0.06 —0.15 009 —0.07

SRT -0.63 —0.63 0.18 -0.95™ 1 0.00 0.36 -021 -0.03 001

F/M 0.04 0.08 -0.07 0.10 -0.33 1 0.09 048  —0.63 0.1

COoD -0.72"  -0.68" 0.64 -0.63 0.61 -0.04 1 -042 —056 032

PO~ -0.18 -0.15 0.65 0.37 -0.40 0.24 0.36 1 —-0.10  0.06
NH,* 0.63 0.61 -0.59 0.55 -0.51 -0.01 -0.61  —0.37 1 -0.57

NO;~ 0.42 0.41 0.09 0.54 -0.59 -0.08 021 0.58 0.25 1
After acclimation period (phase 4)
IR

Parameter ~ MLSS  MLVSS SVI TSS SRT F/M COD PO/~ NH,* NO;~
CR MLSS 1 099"  —0.65™ 0.06 0.36 -0.99™  0.82" —044 —0.03 —0.29
MLVSS 0.97" 1 —-0.66™ 0.08 0.35 -0.99"™  0.84" —048 —0.07 —0.28

SVI -0.36 —-0.45 1 —-0.53 0.04 0.62 -048 034 035 0.1

TSS -0.10 -0.05 0.09 1 -0.72"  -0.05 007  —051 —0.11 045
SRT 0.09 0.06 -0.11 -0.59" 1 -0.37 0.28 012  —029 -0.46

F/M —0.97" —0.99" 0.40 0.09 —0.06 1 —-0.41 0.46 0.07 030
CoD 0.30 0.20 -0.15 0.12 -0.02 -0.23 1 -038 —0.13 -0.26
PO~ -0.12 -0.07 0.33 -0.29 0.06 0.06 -0.23 1 049  -0.07

NH,* 0.34 0.33 -0.11 -0.04 0.13 -0.31 -0.11  —0.06 1 0.18

NO;~ -0.26 -0.20 -0.04 -0.08 0.40 0.20 -0.13 005 -0.53" 1

*Significance at 0.05 level and

*significance at 0.01 level

was associated with the high sludge age as well as
the degradability of some compounds such as humic
and fulvic acid present in the leachate. On the other
hand, Hajiabadi et al. (2009), who carried out the
study using four identical SBRs operated under SRT
conditions of 5-10-15-20 days, found out that the
COD removal efficiencies, MLSS concentrations, and
sludge settling performances of the reactors increased
and the effluent TSS concentrations decreased as the
SRT value increased. As suggested by Tsilogeorgis
et al. (2008), an appropriate amount of sludge should
be wasted from the reactor, and its operation should
be carried out under an appropriate SRT value in
order to control the activity of the microbial commu-
nity. Morgenroth et al. (1997) found out that the SRT
value changed as a result of the settling velocity of

the sludge particles. In that study, it was concluded
that the slow-settling flocs were washed-out from the
SBR reactor during discharging of the effluent, and,
therefore, the SRT value was equal to the HRT value
in such a case. On the other hand, the fast-settling
flocs remained in the reactor at longer SRT values,
creating a selective pressure that resulted in enrich-
ment of these flocs. The results of the current study
obtained for the MLSS, SVI, TSS, and SRT parame-
ters (Figs. 3 and 4) were in good accordance with the
abovementioned literature findings.

MLVSS and F/M profiles of the SBRs

The change in the MLVSS concentration and the F/M
ratio for the IR and CR is presented in Fig. 5. In the
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Fig. 4 Variations of efflu-

Acclimation Period

ent TSS concentration and 500 _ Phascl | Phasc2 Phased Phasc 4 — 27
SRT in the reactors. (a) IR, :
(b) CR — 24
400~ Y
~
S|
) — 18
E 3007 15 %
7 L
2 =
= —12 g
g 200 <
-9
&
100 ik
—3
0 : 0
500 = SRT | [ Y7
(b) —e— TSS
— 24
400 L 21
oy
S
Y — 18
E 300 %
— 15
é ~
s
s 12 B
§ 200 -
=9
g
100 =6
-3
0 T T T T T T 1 0
0 2 4 6 10 12 14 16 18 20 22 24 26 28 30 32 34

IR, the change in the MLVSS concentration followed
a trend similar to that of change in the MLSS concen-
tration (Fig. 5a) due to the very strong significant pos-
itive correlation (r=0.99; P<0.01) between MLSS
and MLVSS (Table 4). The MLVSS/MLSS ratio (data
not shown) over the operational period was calcu-
lated to be 84.0% on average. On the other hand, the
F/M ratio fluctuated due to the gradual increase in the
OLR value and the change in the MLSS concentra-
tion during the acclimation period, resulting in a non-
significant correlation between the MLVSS and F/M
parameters (Table 4). The mean value of the F/M ratios
was calculated as 0.35+0.15, 0.59+0.28, 0.50+0.0,
and 0.35+0.0 kg COD/kg MLVSS.day for phases 1,
2, 3, and 4, respectively. These results implied that

@ Springer

Runtime (Day)

the F/M value of the IR gradually decreased with the
increasing OLR. Correspondingly, a very strong sig-
nificant negative correlation (r=—0.99; P <0.01) was
recorded between the MLVSS and F/M parameters in
phase 4.

The change in the MLVSS concentration and F/M
ratio in the CR and the correlations between these
parameters showed a trend similar to that of the IR
during the entire operational period (Fig. 5b and
Table 4). The significant correlations between the
MLYVSS and F/M parameters observed for the IR were
also recorded for the CR during the entire operational
period. The result of the T test revealed that the vari-
ations for both of the MLVSS and F/M parameters
in each phase did not show a significant difference
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Fig. 5 Variations of
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(P>0.05) between the SBRs. The F/M ratio was
calculated as 0.39+0.0, 0.49+0.1, 0.49+0.0, and
0.33+0.0 kg COD/kg MLVSS.day for each of the
phases, respectively. Based on these results, it can
be concluded that the gradual increase in the OLR
did not cause any adverse effect in the stability of
the sludge for both SBRs, and a sufficiently low F/M
ratio allowed for the growth of stable sludge granules.
The F/M values obtained for both reactors were in
accordance with the F/M values of 0.33 kg COD/kg
MLVSS.day obtained by Tay et al. (2004).

COD removal performance of the SBRs

COD removal efficiency in the SBRs and the mean
value of the removal efficiency for each phase are

T T T T T T T T T 717 T 1023
10 12 14 16 18 20 22 24 26 28 30 32 34

Runtime (Day)

presented in Fig. 6 and Table 3. The COD removal
performance of both reactors was observed, as
expected, to be higher than 90% in all phases
(Table 3). Similar high COD removal performances
of aerobic SBRs were also reported by Zhou et al.
(2013) and Hajiabadi et al. (2009). The result of the T
test showed a significant difference between the SBRs
during phase 2 (P=0.005), phase 3 (P=0.0211), and
phase 4 (P<0.0001). Oguz (2005) observed that the
examined nitrification inhibitors, ATU and azide,
both inhibited the CO, fixation, and the inhibition
during NO,™ oxidation resulted in low CO, fixation,
which was likely due to the reduced energy available.
The result of the study carried out by Almomani et al.
(2019) showed a correlation between the rate of CO,
fixatiton and COD removal, and higher COD removal
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Fig. 6 COD removal effi-
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was obtained when the rate of CO, fixatiton was
higher. In the current study, the reason for the higher
COD removal in the CR compared to the IR may be
the result of a higher rate of CO, fixation due to the
higher availability of energy for the nitrifying bacte-
ria existing under un-inhibited conditions in the CR.
The results of the correlation analysis showed that
the effluent COD concentration in the IR and CR was
significantly correlated with the MLSS and MLVSS
parameters (Table 4). The change of the sign of r val-
ues (from negative to positive) between the MLSS and
effluent COD concentration for both reactors implied
that the removal of COD in phase 4 affected positively
by the gradually increasing MLSS concentration. A
similar finding was also reported by Ren et al. (2005).

The differences between the performance of the
SBRs in each phase were summarized based on the
mean value and significance of difference (P value)
in Table 3. It should be noted that the P values>0.05
reveal that the model is non-significantly different,
whereas values <0.05 indicate that the model is highly
significantly different, and there is a significant dif-
ference between variables based on a confidence
level of 95% (Ahmadzadeh et al., 2017; Dolatabadi
& Ahmadzadeh, 2019; Dolatabadi et al., 2021a, b;
Yoosefian et al., 2017). According to the T test results,
it was evidenced that there was no difference between
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the SBRs in terms of the sludge settling performance,
implying that the inhibition of nitrification did not result
in any adverse effect on the sludge settling performance
during the entire operational period (Fig. 7a). However,
there was a slight difference between the SBRs in terms
of the effluent TSS concentration in phase 4, resulting
from the lower TSS concentrations in the cr compared
to the 1r (Fig. 7b). However, although there was a lower
difference in terms of COD removal in phases 2 and 3,
a significant difference was observed during phase 4,
implying that the inhibition of nitrification remarkably
affected the COD removal performance of the IR, pos-
sibly due to its effect on the reduced energy utilization
rate of the nitrifying microorganisms.

Beun et al. (1999) examined the effect of different
operational conditions on the aerobic granule forma-
tion, and carried out a series of trials in SBRs where
the HRT value was set as 8 and 6.75 h. According
to the results, it was reported that the reactor opera-
tion under the 8-h HRT condition was insufficient (in
terms of time) to ensure the granulation of the bio-
mass. During this operation, the sludge with poor
settling performance was washed-out from the SBR.
However, reducing the HRT to 6.75 h allowed to
increase the stability of granular biomasses. With the
reduction of the HRT value to 6.75 h, a new granu-
lation phase started, and stable (without biomass



Environ Monit Assess (2022) 194: 592

Page 15 of 25 592

Fig. 7 Photo of (a) the
sludge settling phase, and
(b) the comparison of
effluent of the SBRs with
tap water

washing due to high sludge settling performance)
filament-free granules started to form during the fol-
lowing operational stage. Similar findings were also
obtained by Wang et al. (2005), investigating the
effect of the HRT value on aerobic granular sludge
formation in two identical reactors with 3 and 12 h
of HRT values. It was determined that the SVI value
decreased from 103 to 45 mL/g in the reactor, which
was operated with 8 cycles per day under a 3-h HRT
condition, at the end of the 16-cycle operating period.
Contrary to this result, in the reactor operated under
the 12-h HRT condition, it was determined that the
sludge settling performance deteriorated at the end
of the 16-cycle operation, the MLSS concentration
decreased as a result of the biomass wash-out occur-
ring during the following operation period, and the
sludge settling performance was only improved after
22 days with the formation of small granules.

In the study conducted by Bindhu and Madhu
(2013), the effect of OLR on the aerobic granular
sludge formation was examined. According to the
results obtained from the experiments carried out in
three identical reactors with an OLR value of 3, 6,
and 9 kg COD/m’.day (the initial COD concentra-
tions of 1000, 2000, and 3000 mg/L, respectively),
it was found out that the granular properties of the
sludge, and, thus, the reactor performances were
improved until a certain level of increase in the
OLR. In this study, the best reactor performance was
achieved when the OLR was 6 kg COD/m>.day, while
increasing the load higher than that value caused fluc-
tuations in COD removal and a decrease in MLSS
concentration.

Gao et al. (2011) studied the effect of different
operational conditions on the aerobic granular sludge
formation in four separate SBRs. In each reactor, each

of the four experimental conditions (OLR, sludge set-
tling time, aerobic cycle time, and air flow) was tested
as a variable factor. According to the results, the
aerobic granular sludge with superior settling perfor-
mance was developed in the reactor having the initial
sludge settling time of 15 min, which was gradually
decreased to 1 min during 45 days of reactor opera-
tion. As a result of the study, it was reported that the
most important factor affecting granular sludge for-
mation among the examined variable factors was the
settling time.

The operational strategies used during the accli-
mation period of the current study, which was deter-
mined by analyzing the findings explained in the
abovementioned literature studies, allowed for accom-
plishing both of the reactor operations with a short
sludge settling time (10 min), although the MLSS
concentration increased gradually, and a high COD
removal efficiency was observed during the whole
experimental phase. In both reactors, an improvement
in the sludge settling performance occurred during
the entire operational period due to the dual-effect of
reducing the HRT and increasing the OLR value by
increasing the volume of the influent during the accli-
mation period. The daily shortening of the settling
time by 1 min during the acclimation period also con-
tributed to the increase of the reactor performances.

Evaluation of the effluent quality

Experimental values for the variations in the effluent
PO43_, NH,*, and NO;™ concentrations in the SBRs,
as well as the mean values and statistical analyses of
data, are presented in Fig. 8 and Table 5, respectively.
To better evaluate the effect of the inhibition of nitri-
fication on the effluent quality, the removed NH,*
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concentrations (NH,* ..., in the SBRs were used to
estimate the rate of nitrification, which was calculated
based on the ratio of the effluent NO;™ concentration
to the NH,* ..., (Fig. 9 and Table 6).

Effluent PO43 ~ concentration profile of the SBRs

Since EBPR requires alternating anaerobic and aero-
bic conditions (Wu et al., 2009), partial P removal
might occur up to a certain level in an aerobic SBR
system, which supports the observed results for both
reactors. In the current study, the effluent PO43' con-
centrations ranged between 4.6 and 19.6 mg/L for the
IR, and 10.1-21.7 mg/L for the CR during phase 4
(Fig. 8a and Table 5). According to the mean efflu-
ent PO,>~ concentrations (10.0+4.4 mg/L for the IR
and 17.0+4.0 mg/L for the CR, Table 5), the mean
removal efficiency was calculated as 64.9 and 40.4%
for the IR and CR, respectively, based on the influ-
ent PO,* concentration of 28.6 mg/L. Similarly,
relatively low PO, removal performances ranging
between 39 and 54% were also obtained in the aer-
obic SBR systems (Costa et al., 2013, 2019). The
results of the current study showed that the mean
values in the IR were lower than that of the CR in
each operation phase due to the relatively higher P
uptake by the microbial population (Table 5). The
T test results revealed that there was no significant
difference between the SBRs during the acclima-
tion period (P>0.05), while a significant difference
was observed in phase 4 (P <0.0001), implying that
the inhibition of nitrification caused higher P uptake
in phase 4 compared to the CR. This result was also
supported by the study of Vogel et al. (2020) who
showed that P uptake slightly increased in all three P
fertilizer treatments with the nitrification inhibitors,
which were added to enhance P plant availability in
soils. The correlation analysis showed that there was
no significant correlation between effluent PO,>~ and
the other considered parameters (Table 4).

Effluent NH," concentration profile of the SBRs

The variations in the effluent NH," concentration in
the IR and CR are presented in Fig. 8b. In the IR,
relatively higher effluent NH,* concentrations were
achieved during phase 4 compared to the CR. In this
phase, the mean effluent NH4+ concentrations were
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found to be 3.9+2.4 and 1.26 +£0.84 mg/L for the
IR and CR, indicating that over threefold NH,* ions
remained in the effluent stream of the IR compared to
that of the CR as a result of the inhibition treatment.
The T test results showed that there was no signifi-
cant difference between the SBRs during the acclima-
tion period (P>0.05), while a significant difference
was obtained in phase 4 (P=0.0011) (Table 5). These
results clearly depict a difference between the SBRs.
According to the results, it can be inferred that NH4+
ions were removed to form NO,™ or NO;™ ions due to
the lack of inhibitory conditions in the CR together
with its utilization as main N source by microbial
population. However, the magnitude of the reduction
in NH,* concentration in the IR was lower in phase 4
due to the inhibitory conditions. Guo et al. (2021) and
Liu et al. (2015) found that the nitrification inhibitors
slowed down the nitrification process during incuba-
tion of the examined soil, which resulted in observ-
ing higher NH,* concentrations as compared to the
control samples. In the IR, the reason for the increase
in the effluent NH,* concentration after the OLR
increase was the inhibition of nitrification, implying
that the inhibition of nitrification caused higher P
uptake in phase 4 compared to the CR. ATU has been
reported to selectively inhibit ammonia oxidation at
concentrations between 8 and 80 pM (Oguz, 2005),
and it has a mechanism which targets the ammonia
monooxygenase action that chelates the copper in the
active site, ultimately hindering its function (Tatari
etal., 2017).

Effluent NO,™ and NO;~ concentration profile
of the SBRs

The result of the effluent NO,™ measurements showed
that the mean concentration values for the IR and
CR were 0.12+0.0 and 0.11+0.0 mg/L in phase 1,
0.10+0.0 and 0.11+0.0 mg/L in phase 2, 0.11+0.0
and 0.13+0.0 mg/L in phase 3, and 0.10+0.0 and
0.23+0.2 mg/L in phase 4 (data not shown). The
result of the T test revealed that there was no sig-
nificant difference between the SBRs in terms of the
effluent NO,™ concentration in each phase (P> 0.05),
indicating that the inhibitor did not cause any signifi-
cant inhibition on the activity of the NO,™ oxidizing
bacteria during the entire reactor operation. Oguz
(2005) studied the effect of the inhibition of ATU on
NO,™ removal and NO;~ formation and found that,
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Fig. 8 Variation of effluent
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Table 5 Results of the T test analysis for the effluent quality
parameters

Phase Effluent quality parameters  Significance (P value)

IR CR
PO~ (mg/L)

1 129+5.9 17.1+9.0 Non-significant (P> 0.05)
2 11.2+3.0 15.5+3.1 Non-significant (P> 0.05)
3 11.4+4.0 16.8+3.7 Non-significant (P> 0.05)
4 10.0+4.4 17.0+4.0  Significant (P <0.0001)
NH,* (mg/L)
1 32+2.7 0.72+0.17 Non-significant (P> 0.05)
2 0.8+0.2 0.77+0.15 Non-significant (P> 0.05)
3 23+14 1.39+0.46 Non-significant (P>0.05)
4 39+24 1.26+0.84  Significant (P=0.0011)
NO;™ (mg/L)
1 8.8+0.7 13.8+4.0 Non-significant (P> 0.05)
2 10.0+1.6 12.1+2.4 Non-significant (P> 0.05)
3 9.7+0.8 17.4+7.1 Non-significant (P> 0.05)
4 92+15 21.5+3.9  Significant (P <0.0001)

depending on the experimental results, the inhibi-
tor had no effect on the NO,™ oxidation. In addition,
statistical analysis also showed no significant differ-
ence in NO,™ removal rates between the control and
ATU tests. Based on the obtained results of the study,
it was concluded that NO,™ was oxidized to NO;™ in
both control and ATU samples, and that NO,™ oxi-
dizing bacteria in the ATU samples behaved simi-
larly to NO,™ oxidizing bacteria in the control sam-
ples, since ATU did not affect NO,™ oxidation (i.e.,
NO,™ removal =NO;~ formation).

The effect of the inhibition of nitrification
was also investigated by considering the efflu-
ent NO;~ concentrations (Fig. 8c and Table 5) and
the other related control parameter, the ratio of the
effluent NO;~ to NH ", (Fig. 9 and Table 6).
As can be observed in Fig. 8c, the trend for efflu-
ent NO;~ concentration in the SBRs was quite dif-
ferent. The results clearly showed that the effluent
NO;™ concentrations in the CR were generally higher
than that of the IR during the complete operational
period due to the lack of inhibition conditions. The
mean concentrations for the IR and CR were found
to be 8.8+0.7 and 13.8+4.0 mg/L in phase 1,
10.0+1.6 and 12.1 +£2.4 mg/L in phase 2, 9.7+0.8
and 17.4+7.1 mg/L in phase 3, and 9.2+1.5 and
21.5+3.9 mg/L in phase 4, respectively (Table 5).

@ Springer

According to the results of Pearson correlation anal-
ysis, no significant correlation between the efflu-
ent NO;~ and NH," concentration was observed
for both of the SBRs during the acclimation period
(Table 4). However, a moderate significant negative
correlation (r=0.53, P<0.05) was observed for the
CR in phase 4. Correlatively, the T test results for
the effluent NO;~ concentration showed that there
was no significant difference between the SBRs
during the acclimation period (P>0.05), while
a significant difference was observed in phase 4
(P<0.0001) (Table 5). A significant difference was
also observed for the NH,* ... (P=0.0011) and the
ratio of the effluent NO;~ to NH,*,, (P<0.0001)
only in phase 4 (Table 6). According to the experi-
mental results, higher and almost a constant NH,*
removal took place in the CR as compared to the IR
(Fig. 9a). However, the trend for the ratio of the efflu-
ent NO;~ to NH, ", was quite different between the
SBRs (Fig. 9b) and was similar to the trend obtained
for the effluent NO;~ concentration (Fig. 8c). The
mean values for the NH,* . and the ratio of the
effluent NO;~ to NH,* .., revealed that although the
NH,* .., values for both SBRs were similar in each
phase, the ratio of the effluent NO;~ to NH,* .
increased gradually and ranged between 0.59+0.1
and 0.94+0.1 in the CR, while it ranged between
0.42+0.0 and 0.47+0.1 in the IR (Table 6). These
results show that the rate of nitrification was two-
fold higher in the CR during phase 4 as compared to
the IR. In this phase, 94% of the NH,",, was con-
verted to NO;™ in the CR indicating an almost com-
plete nitrification. On the other hand, only 47% of the
NH,* ., was converted to NO;™ in the IR due to the
inhibition of nitrification. Based on this result, it can
be noted that the inhibition of nitrification took place
at a rate of 53% in the IR, meaning a partial inhibition
was obtained with the ATU treatment.
Lehtovirta-Morley et al. (2013) observed that ATU
led to partial inhibition in liquid culture samples
based on the final NO,™ yield, giving significant inhi-
bition of 85% when compared to control cultures in
the presence of 100 um ATU. Other examined inhibi-
tors, DCD and nitrapyrin, resulted in complete inhi-
bition of ammonia oxidation at the concentrations of
5 mM and 50 um. Liu et al. (2015) studied the effect
of two nitrification inhibitors, acetylene (C,H,) and
3,4-dimethylpyrazole phosphate (DMPP), on the
nitrification and the ammonia oxidizer population in
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Fig. 9 Variations of the
NH,* ... (@) and the ratio
of the effluent NO;™ to
NH,* .., (b) of the SBRs
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Table 6 Results of the T test analysis for the NH,* .., and the ratio of the effluent NO;~ to NH,* ..,

NH4+rem. (mg/L)

Effluent NO;7/NH,* ..,

Phase IR
1 20.8+2.7
2 232+0.2
3 21.7+14
4 20.1+2.4

CR
23.3+0.1
23.3+0.1
22704
22.3+0.8

Significance (P value)
Non-significant (P> 0.05)
Non-significant (P> 0.05)
Non-significant (P> 0.05)

Significant (P=0.0011)

IR
0.42+0.0
0.43+0.0
0.44+0.0
0.47+0.1

CR
0.59+0.1
0.52+0.1
0.76+0.3
0.94+0.1

Significance (P value)
Non-significant (P> 0.05)
Non-significant (P> 0.05)
Non-significant (P> 0.05)

Significant (P <0.0001)
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alkaline, neutral, and acidic soils. The result of the
study showed that C,H, completely inhibited the pro-
duction of NO;™ in all soils compared to control sam-
ples, while DMPP completely inhibited the produc-
tion of NO;™ in neutral soils and ultimately slowed
the NO;~ formation in the other soils. Additionally,
the NH,* concentrations in the treated soils were
found to be higher than that of the control samples.
According to the overall results, it was reported that
the two inhibitors significantly suppressed the activ-
ity of the ammonia-oxidizing microorganisms and
decreased NO,~ content by 57-85% in the neutral

soil. Grant et al. (2020) and Guo et al. (2021) reported
similar results, indicating that the examined nitrifica-
tion inhibitors resulted in slowing the nitrifier growth
and caused an increase in soil NH,* concentrations
and a decrease in soil NO;~ concentrations. The
effect of the inhibition treatment using ATU in this
study has been compared with that of various nitrifi-
cation inhibitors in Table 7. It can be understood from
the given literature examples that the effectiveness of
a nitrification inhibitor is significantly affected by the
type and concentration of inhibitor as well as the type
of the examined sample.

Table 7 Comparison of the effect of the inhibition treatment of this study with other inhibitors from the literature at the corre-

sponding conditions of inhibitor concentration

Inhibitor Concentration Sample Effect of the inhibition Reference
treatment
Acetylene (C,H,) 1% of the headspace of  Soil (including NH,Clof  97.1 to 100% inhibition Liu et al. (2015)
500-mL vial 100 pg N/g soil) based on the type of
soil sample
ATU 100/500/1000 nmol per No detectable inhibition ~Lehtovirta-Morley et al.
gram soil for 100 nmol ATU (2013)
24%/26% inhibition for
500/1000 nmol ATU
10/50/100 uM Liquid culture 29%/63%/85% inhibition
for 10/50/100 uM ATU
86 uM Primary clarifier effluent  No significant inhibition Oguz (2005)
70 um per Liter feeding Synthetic wastewater 53% inhibition This study
solution

Dicyandiamide (DCD)  1/5 pmol per gram soil

1/5/10 mM

5% of the applied NH,-N
content of 25 mg/kg
soil

3,4-Dimethylpyrazole
phosphate (DMPP)

29% per gram NH,Cl
solution

0.6% (wW/w)

5% of the applied NH,-N
content of 25 mg/kg
soil

Nitrapyrin 10/50 uM

Liquid culture

Soil (including NH,Cl of  70.5 to 93.5% inhibition
100 pug N/g soil)

Horticultural soil

Liquid culture

25%/100% inhibition ~ Lehtovirta-Morley et al.

33% inhibition for 1 mM (2013)
DCD
Complete inhibition for
5/10 mM DCD
33 to 86% decrease in the
total N,O-N emission
depending on the type
of soil sample

Guo et al. (2021)

Liu et al. (2015)
depending on the type
of soil sample
> 50% reduction in N,0O
emission
30 to 88% decrease in the
total N,O-N emission
depending on the type
of soil sample

92%/100% inhibition

Friedl et al. (2020)

Guo et al. (2021)

Lehtovirta-Morley et al.
(2013)
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Conclusions

To ensure the sustainable use of resources such as P
and N, which are utilized during the production of fer-
tilizers and, thus, consumed in high amounts in agri-
cultural applications all around the world, the topic
on the nutrient recovery in WWTPs has attracted
great attention in recent years. In this study, the effect
of the inhibition of nitrification on the reactor perfor-
mance and effluent quality was investigated in aero-
bic SBRs, with the aim of suppressing the formation
NO, and, consequently, increasing the NH,* concen-
tration in the effluent streams to create an increased
potential for nutrient recovery from the effluent
streams of aerobic SBRs. According to the results
presented, the operational strategies applied during a
short-term acclimation period allowed to operate the
SBRs with the high treatment performance in terms
of removal of COD (over 92% of removal efficiency)
and TSS (<50 mg/L) with the help of fast settling AS
(SVI< 60 mL/g) although gradually increasing MLSS
concentration. Furthermore, the inhibition treatment
did not affect the main physicochemical properties
of the AS such as growth of microbial population
(MLSS), SRT, and F/M adversely.

The results obtained from the measurements
for the effluent quality showed that the inhibi-
tion of nitrification resulted in achieving lower
PO,> (10.0+4.4 mg/L), over threefold higher
NH,* (3.9+2.4 mg/L), and over twofold lower
NO;™ (9.2+ 1.5 mg/L) concentrations in the effluent
compared to the un-inhibited conditions. While the
rate of nitrification during un-inhibited conditions
was found to be 0.94+0.1, representing almost a
complete nitrification, it was found to be 0.47 +0.1
under inhibitory conditions, implying a partial
inhibition. The results clearly demonstrated that
the inhibition of nitrification increased the effluent
NH,* concentrations by suppressing the forma-
tion of NO;™ ions. However, it should be noted that
the obtained results for the effluent NH,* concen-
trations were not very satisfactory, decreasing the
potential for recovery of nutrients depending on the
examined conditions. In future studies, to further
increase the potential, it is highly recommended
to (1) operate reactors for a longer period of time
under controlled growth of the microbial popula-
tion (e.g., lower MLSS concentration), (2) increase
the efficiency of inhibition of nitrification by testing

different inhibitors, and (3) investigate the effect of
different substrate sources and operating parameters
on the effluent quality.

The present study provides new insights into
the requirement of inhibiting the nitrification in an
aerobic SBR system to increase the potential for the
recovery of NH, " together with PO,*>~ from effluent
discharges of WWTPs through a suitable recovery
process such as struvite precipitation from the efflu-
ent discharges. The idea of inhibiting the nitrifica-
tion step may inspire new research studies in this
topic. The ability to recover and reuse nutrients
from waste streams could reduce dependence on
other more energy-intensive processes that are cur-
rently being used to synthesize fertilizer products,
and instead reduce the dependence on mined, finite
mineral resources. It would also provide municipal-
ities the opportunity to create a revenue source to
replace costly nutrient removal endeavors. In con-
clusion, mitigating the negative impacts that might
occur in social, environmental, and economic areas
can allow local governments to move towards a sus-
tainability approach with wastewater treatment.

Author contribution All authors contributed to the study
conception and design. Material preparation, data collection,
and analysis were performed by M.Sc. frem USLU and Dr.
Hiiseyin YAZICI. The first draft of the manuscript was written
by Dr. Hiiseyin YAZICI, and all authors commented on previ-
ous versions of the manuscript. All authors read and approved
the final manuscript.

Funding This study was supported by the Scientific Research
Project Commission of Siileyman Demirel University, Isparta,
Turkey (project number: FYL-2018-6718). The financial assis-
tance of the study is thankfully acknowledged by the authors.

Data availability The authors confirm that all data generated
or analyzed during this study are included in this published
article.

Declarations

Conflict of interest The authors declare no competing interests.

References

Ahmadzadeh, S., Asadipour, A., Pournamdari, M., Behnam,
B., Rahimi, H. R., & Dolatabadi, M. (2017). Removal of
ciprofloxacin from hospital wastewater using electroco-
agulation technique by aluminum electrode: Optimization
and modelling through response surface methodology.

@ Springer



592 Page 22 of 25

Environ Monit Assess (2022) 194: 592

Process Safety and Environmental Protection, 109, 538—
547. https://doi.org/10.1016/j.psep.2017.04.026

Ahmed, M., Hasan, C. K., Rahman, H., Hossain, M. A., &
Uddin, S. A. (2015). Prospects of using wastewater as
a resource-nutrient recovery and energy generation.
American Journal of Environmental Sciences, 11(2),
99—114. https://doi.org/10.3844/ajessp.2015.99.114

Ahmed, M., Ahmad, S., Fayyaz-ul-Hassan, Q., & G., Hayat,
R., Shaheen, F. A., & Raza, M. A. (2019). Innovative
processes and technologies for nutrient recovery from
wastes: A comprehensive review. Sustainability, 11,
4938. https://doi.org/10.3390/sul1184938

Almomani, F., Ketife, A. A., Judd, S., Shurair, M., Bhosale, R.
R., Znad, H., & Tawalbeh, H. (2019). Impact of CO, con-
centration and ambient conditions on microalgal growth
and nutrient removal from wastewater by a photobiore-
actor. Science of the Total Environment, 662, 662-671.
https://doi.org/10.1016/j.scitotenv.2019.01.144

Alvarez, X., Valero, E., Santos, R. M. B., Varandas, S. G. P,
Fernandes, L. F. S., & Pacheco, F. A. L. (2017). Anthro-
pogenic nutrients and eutrophication in multiple land use
watersheds: Best management practices and policies for
the protection of water resources. Land Use Policy, 69,
1-11. https://doi.org/10.1016/j.1andusepol.2017.08.028

APHA. (1999). Standard methods for the examination of
water and wastewater (20th ed.). American Public
Health Association.

Beckinghausen, A., Odlare, M., Thorin, E., & Schwede, S. (2020).
From removal to recovery: An evaluation of nitrogen recov-
ery techniques from wastewater. Applied Energy, 263,
114616. https://doi.org/10.1016/j.apenergy.2020.114616

Beun, J. J., Hendriks, A., van Loosdrecht, M. C. M., Morgenroth,
E., Wilderer, P. A., & Heijnen, J. J. (1999). Aerobic granula-
tion in a sequencing batch reactor. Water Research, 33(10),
2283-2290. https://doi.org/10.1016/S0043-1354(98)00463-1

Bindhu, B. K., & Madhu, G. (2013). Influence of organic loading
rates on aerobic granulation process for the treatment of waste-
water. Journal of Clean Energy Technologies, 1(2), 84-87.
https://doi.org/10.7763/JOCET.2013.V1.20

Chen, X., Jin, Y., Zhou, Z., Huang, P., Chen, X., Ding, R., &
Chen, R. (2022). Spontaneous nutrient recovery and dis-
infection of aquaculture wastewater via Mg-coconut shell
carbon composites. Journal of Hazardous Materials, 426,
128119. https://doi.org/10.1016/j.jhazmat.2021.128119

Chrispim, M. C., Scholz, M., & Nolasco, M. A. (2019). Phos-
phorus recovery from municipal wastewater treatment:
Critical review of challenges and opportunities for develop-
ing countries. Journal of Environmental Management, 248,
109268. https://doi.org/10.1016/j.jenvman.2019.109268

Costa, R. H. R., Wolff, D. B., & Souto, V. S. (2013). Perfor-
mance and kinectics aspects of nitrogen removal in a bio-
film sequencing batch reactor. International Journal of
Environmental Research, 7, 513-522. https://doi.org/10.
22059/1JER.2013.631

Costa, R. H. R., Villafranca, B. M., Voltolini, C. A., Guimaraes,
L. B., Hoffmann, H., Velho, V. F., & Mohedano, R. A.
(2019). Effectiveness of phosphorus removal in an SBR
using co-precipitation with ferric chloride, and its effects
on microbial activity. Brazilian Journal of Chemical Engi-
neering, 36(02), 785-795. https://doi.org/10.1590/0104-
6632.20190362520180378

@ Springer

Desloover, J., Vlaeminck, S. E., Clauwaert, P., Verstraete, W.,
& Boon, N. (2012). Strategies to mitigate N,O emissions
from biological nitrogen removal systems. Current Opin-
ion in Biotechnology, 23(3), 474-482. https://doi.org/10.
1016/j.copbio.2011.12.030

Dolatabadi, M., & Ahmadzadeh, S. (2019). A rapid and effi-
cient removal approach for degradation of metformin in
pharmaceutical wastewater using electro-Fenton process;
optimization by response surface methodology. Water Sci-
ence & Technology, 80(4), 685-694. https://doi.org/10.
2166/wst.2019.312

Dolatabadi, M., Naidu, H., & Ahmadzadeh, S. (2021a). A
green approach to remove acetamiprid insecticide using
pistachio shell-based modified activated carbon; economi-
cal groundwater treatment. Journal of Cleaner Produc-
tion, 316, 128226. https://doi.org/10.1016/j.jclepro.2021.
128226

Dolatabadi, M., Swiergosz, T., & Ahmadzadeh, S. (2021b).
Electro-Fenton approach in oxidative degradation of
dimethyl phthalate—The treatment of aqueous leachate
from landfills. Science of the Total Environment, 772,
145323. https://doi.org/10.1016/j.scitotenv.2021.145323

Egle, L., Rechberger, H., Krampe, J., & Zessner, M. (2016).
Phosphorus recovery from municipal wastewater: An inte-
grated comparative technological, environmental and eco-
nomic assessment of P recovery technologies. Science of
the Total Environment, 571, 522-542. https://doi.org/10.
1016/j.scitotenv.2016.07.019

Emparan, Q., Harun, R., & Danquah, M. K. (2019). Role of phy-
coremediation for nutrient removal from wastewaters: A
review. Applied Ecology and Environmental Research, 17(1),
889-915. https://doi.org/10.15666/aeer/1701_889915

Flowers, J. J., He, S., Yilmaz, S., Noguera, D. R., & McMahon,
K. D. (2009). Denitrification capabilities of two biological
phosphorus removal sludges dominated by different “Can-
didatus Accumulibacter” clades. Environmental Microbi-
ology Reports, 1(6), 583-588. https://doi.org/10.1111/j.
1758-2229.2009.00090.x

Friedl, J., Scheer, C., Rowlings, D. W., Deltedesco, E., Gorfer, M.,
De Rosa, D., Grace, P. R., Miiller, C., & Keiblinger, K. M.
(2020). Effect of the nitrification inhibitor 3,4-dimethylpyrazole
phosphate (DMPP) on N-turnover, the N,O reductase-gene
nosZ and N,O:N, partitioning from agricultural soils. Scientific
Reports, 10,2399. https://doi.org/10.1038/s41598-020-59249-z

Gao, D., Liu, L., & Wu, W. M. (2011). Comparison of four
enhancement strategies for aerobic granulation in sequenc-
ing batch reactors. Journal of Hazardous Materials, 186(1),
320-327. https://doi.org/10.1016/j. jhazmat.2010.11.006

Ge, Y., Zhao, L., Zhang, R., & Chen, J. (2013). Study of
phosphorus removal efficiency in enhanced biologi-
cal phosphorus removal process, in: Yang, Y., Ma, M.
(Eds), Proceedings of the 2nd International Conference
on Green Communications and Networks 2012 (GCN
2012): Volume 1. Lecture Notes in Electrical Engineer-
ing, 223. Springer, Berlin, Heidelberg. https://doi.org/
10.1007/978-3-642-35419-9_61

Grant, R. F,, Lin, S., & Hernandez-Ramirez, G. (2020). Mod-
elling nitrification inhibitor effects on N,O emissions
after fall and spring-applied slurry by reducing nitrifier
NH4Jr oxidation rate. Biogeosciences, 17, 2021-2039.
https://doi.org/10.5194/bg-17-2021-2020


https://doi.org/10.1016/j.psep.2017.04.026
https://doi.org/10.3844/ajessp.2015.99.114
https://doi.org/10.3390/su11184938
https://doi.org/10.1016/j.scitotenv.2019.01.144
https://doi.org/10.1016/j.landusepol.2017.08.028
https://doi.org/10.1016/j.apenergy.2020.114616
https://doi.org/10.1016/S0043-1354(98)00463-1
https://doi.org/10.7763/JOCET.2013.V1.20
https://doi.org/10.1016/j.jhazmat.2021.128119
https://doi.org/10.1016/j.jenvman.2019.109268
https://doi.org/10.22059/IJER.2013.631
https://doi.org/10.22059/IJER.2013.631
https://doi.org/10.1590/0104-6632.20190362s20180378
https://doi.org/10.1590/0104-6632.20190362s20180378
https://doi.org/10.1016/j.copbio.2011.12.030
https://doi.org/10.1016/j.copbio.2011.12.030
https://doi.org/10.2166/wst.2019.312
https://doi.org/10.2166/wst.2019.312
https://doi.org/10.1016/j.jclepro.2021.128226
https://doi.org/10.1016/j.jclepro.2021.128226
https://doi.org/10.1016/j.scitotenv.2021.145323
https://doi.org/10.1016/j.scitotenv.2016.07.019
https://doi.org/10.1016/j.scitotenv.2016.07.019
https://doi.org/10.15666/aeer/1701_889915
https://doi.org/10.1111/j.1758-2229.2009.00090.x
https://doi.org/10.1111/j.1758-2229.2009.00090.x
https://doi.org/10.1038/s41598-020-59249-z
https://doi.org/10.1016/j.jhazmat.2010.11.006
https://doi.org/10.1007/978-3-642-35419-9_61
https://doi.org/10.1007/978-3-642-35419-9_61
https://doi.org/10.5194/bg-17-2021-2020

Environ Monit Assess (2022) 194: 592

Page 23 of 25 592

Guo, Y., Naeem, A., & Miihling, K. H. (2021). Comparative
effectiveness of four nitrification nhibitors for mitigat-
ing carbon dioxide and nitrous oxide emissions from
three different textured soils. Nitrogen, 2, 155-166.
https://doi.org/10.3390/nitrogen202001 1

Hajiabadi, H., Moghaddam, M. R. A., & Hashemi, S. H.
(2009). Effect of sludge retention time on treating high
load synthetic wastewater using aerobic sequencing
batch reactors. Iranian Journal of Environmental Health
Science and Engineering, 6(4), 217-222.

Hallas, J. F., Mackowiak, C. L., Wilkie, A. C., & Harris, W.
G. (2019). Struvite phosphorus recovery from aerobi-
cally digested municipal wastewater. Sustainability,
11(2), 376. https://doi.org/10.3390/su11020376

Higgins, M. J., & Novak, J. T. (1997). The effect of cations
on the settling and dewatering of activated sludges:
Laboratory results. Water Environment Research, 69(2),
215-224. https://doi.org/10.2175/106143097X125371

Jadhao, R. K., & Dawanse, S. D. (2013). Effect of hydraulic
retention time and sludge retention time on membrane
bioreactor: Performance in summer season. International
Journal of Chemical and Physical Sciences, 2(2), 1-8.

Jiaying, M., Tingting, C., Jie, L., Weimeng, F., Baohua, F.,
Guangyan, L., Hubo, L., Juncai, L., Zhihai, W., Longxing,
T., & Guanfu, F. (2022). Functions of nitrogen, phospho-
rus and potassium in energy status and their influences on
rice growth and development. Rice Science, 29(2), 166—
178. https://doi.org/10.1016/j.rsci.2022.01.005

Jupp, A. R., Beijer, S., Narain, G. C., Schipper, W., & Slootweg,
J. C. (2021). Phosphorus recovery and recycling - closing
the loop. Chemical Society Reviews, 50, 87-101. https://doi.
org/10.1039/DOCS01150A

Kim, T. H., & Chae, C. U. (2016). Environmental impact anal-
ysis of acidification and eutrophication due to emissions
from the production of concrete. Sustainability, 8, 578.
https://doi.org/10.3390/su8060578

Latifian, M., Liu, J., & Mattiasson, B. (2012). Struvite-based
fertilizer and its physical and chemical properties. Envi-
ronmental Technology, 33(24), 2691-2697. https://doi.
0rg/10.1080/09593330.2012.676073

Lehtovirta-Morley, L. E., Verhamme, D. T., Nicol, G. W, &
Prosser, J. 1. (2013). Effect of nitrification inhibitors on
the growth and activity of Nitrosotalea devanaterra in
culture and soil. Soil Biology and Biochemistry, 62, 129—
133. https://doi.org/10.1016/j.s0ilbi0.2013.01.020

Lin, Y. P, Ansari, A., Cheng, L. C., Lin, C. M., Wunderlich, R. F.,
Cao, T. N. D., & Mukhtar, H. (2021). Measuring responses
of dicyandiamide-, 3,4-dimethylpyrazole phosphate-, and
allylthiourea-induced nitrification inhibition to soil abiotic
and biotic factors. International Journal of Environmental
Research and Public Health, 18, 7130. https://doi.org/10.
3390/ijerph18137130

Liu, Y. H., Rahman, M. M., Kwag, J. H., Kim, J. H., & Ra, C.
S. (2011). Eco-friendly production of maize using struvite
recovered from swine wastewater as a sustainable ferti-
lizer source. Asian-Australasian Journal of Animal Sci-
ences, 24(12), 1699-1705. https://doi.org/10.5713/ajas.
2011.11107

Liu, R., Hayden, H., Suter, H., He, J., & Chen, D. (2015). The
effect of nitrification inhibitors in reducing nitrification
and the ammonia oxidizer population in three contrasting

soils. Journal of Soils and Sediments, 15, 1113-1118.
https://doi.org/10.1007/s11368-015-1086-6

Liu, B., Terashima, M., Quan, N. T., Ha, N. T., Chieu, L. V.,
Goel, R., & Yasui, H. (2018). Determination of optimal
dose of allylthiourea (ATU) for the batch respirometric
test of activated sludge. Water Science and Technology,
77(12), 2876-2885. https://doi.org/10.2166/wst.2018.282

Lu, H., Oehmen, A., Virdis, B., Keller, J., & Yuan, Z. (2006).
Obtaining highly enriched cultures of Candidatus Accu-
mulibacter phosphates through alternating carbon sources.
Water Research, 40, 3838-3848. https://doi.org/10.1016/].
watres.2006.09.004

Malone, T. C., & Newton, A. (2020). The globalization of cul-
tural eutrophication in the coastal ocean: Causes and con-
sequences. Frontiers in Marine Science, 7, 670. https://
doi.org/10.3389/fmars.2020.00670

Manav, N. (2006). Nitrogen and phosphorus removal from
domestic wastewater using sequencing batch reactor.
M.Sc. Thesis, Yildiz Technical University Graduate
School of Science and Engineering, Istanbul, Turkey. (in
Turkish). Retrieved May 20, 2019, from https://tez.yok.
gov.tr/UlusalTezMerkezi/tezSorguSonucYeni.jsp

Mehta, C. M., Khunjar, W. O., Nguyen, V., Tait, S., & Batstone,
D. J. (2015). Technologies to recover nutrients from waste
streams: A critical review. Critical Reviews in Environmen-
tal Science and Technology, 45, 385-427. https://doi.org/
10.1080/10643389.2013.866621

Morgenroth, E., Sherden, T., van Loosdrecht, M. C. M., Heijnen,
J. 1., & Wilderer, P. A. (1997). Aerobic granular sludge in
a sequencing batch reactor. Water Research, 31(12), 3191—
3194. https://doi.org/10.1016/S0043-1354(97)00216-9

Mukaka, M. M. (2012). Statistics corner: A guide to appro-
priate use of correlation coefficient in medical research.
Malawi Medical Journal, 24(3), 69-71.

Nardi, P., Laanbroek, H. J., Nicol, G. W., Renella, G., Cardinale,
M., Pietramellara, G., Weckwerth, W., Trinchera, A., Ghatak,
A., & Nannipieri, P. (2020). Biological nitrification inhibition
in the rhizosphere: Determining interactions and impact on
microbially mediated processes and potential applications.
FEMS Microbiology Reviews, 44, 874-908. https://doi.org/
10.1093/femsre/fuaa037

Oehmen, A., Lemos, P. C., Carvalho, G., Yuan, Z., Keller, J.,
Blackall, L. L., & Reis, M. A. M. (2007). Advances in
enhanced biological phosphorus removal: From micro to
macro scale. Water Research, 41(11), 2271-2300. https://
doi.org/10.1016/j.watres.2007.02.030

Oguz, M. T. (2005). Investigation of nitrifying bacterial activities by
monitoring nitrite oxidation, nitrate formation and carbon diox-
ide fixation during activated sludge treatment in the presence of
metabolic inhibitors allylthiourea and azide. Erciyes University
Journal of Natural and Applied Sciences, 21(1-2), 154-165.

Oleszkiewicz, J., Kruk, D., Devlin, T., Lashkarizadeh, M., &
Yuan, Q. (2015). Options for improved nutrient removal
and recovery from municipal wastewater in the Canadian
context. Canadian Water Network. Retrieved October 18,
2019, from https://cwn-rce.ca/wp-content/uploads/2016/
04/Oleszkiewicz-KI-Report-March-2015.pdf

Oyegoke, S. O., Adeyemi, A. O., & Sojobi, A. O. (2012). The
challenges of water supply for a megacity: A case study
of Lagos Metropolis. International Journal of Scientific &
Engineering Research, 3(2), 563-572.

@ Springer


https://doi.org/10.3390/nitrogen2020011
https://doi.org/10.3390/su11020376
https://doi.org/10.2175/106143097X125371
https://doi.org/10.1016/j.rsci.2022.01.005
https://doi.org/10.1039/D0CS01150A
https://doi.org/10.1039/D0CS01150A
https://doi.org/10.3390/su8060578
https://doi.org/10.1080/09593330.2012.676073
https://doi.org/10.1080/09593330.2012.676073
https://doi.org/10.1016/j.soilbio.2013.01.020
https://doi.org/10.3390/ijerph18137130
https://doi.org/10.3390/ijerph18137130
https://doi.org/10.5713/ajas.2011.11107
https://doi.org/10.5713/ajas.2011.11107
https://doi.org/10.1007/s11368-015-1086-6
https://doi.org/10.2166/wst.2018.282
https://doi.org/10.1016/j.watres.2006.09.004
https://doi.org/10.1016/j.watres.2006.09.004
https://doi.org/10.3389/fmars.2020.00670
https://doi.org/10.3389/fmars.2020.00670
https://tez.yok.gov.tr/UlusalTezMerkezi/tezSorguSonucYeni.jsp
https://tez.yok.gov.tr/UlusalTezMerkezi/tezSorguSonucYeni.jsp
https://doi.org/10.1080/10643389.2013.866621
https://doi.org/10.1080/10643389.2013.866621
https://doi.org/10.1016/S0043-1354(97)00216-9
https://doi.org/10.1093/femsre/fuaa037
https://doi.org/10.1093/femsre/fuaa037
https://doi.org/10.1016/j.watres.2007.02.030
https://doi.org/10.1016/j.watres.2007.02.030
https://cwn-rce.ca/wp-content/uploads/2016/04/Oleszkiewicz-KI-Report-March-2015.pdf
https://cwn-rce.ca/wp-content/uploads/2016/04/Oleszkiewicz-KI-Report-March-2015.pdf

592 Page 24 of 25

Environ Monit Assess (2022) 194: 592

Pacheco, C. R. C. (2018). Integrating enhanced biological
phosphorus removal (EBPR) in a resource recovery sce-
nario. Ph.D. Thesis, Autonomous University of Barcelona
Department of Chemical, Environmental and Biological
Engineering, Barcelona, Spain. Retrieved May 21, 2019,
from https://www.tdx.cat/bitstream/handle/10803/666850/
crepldel.pdf?sequence=1&isAllowed=y

Papadopoulou, E. S., Bachtsevani, E., Lampronikou, E.,
Adamou, E., Katsaouni, A., Vasileiadis, S., Thion, C.,
Menkissoglu-Spiroudi, U., Nicol, G. W., & Karpouzas,
D. G. (2020). Comparison of novel and established
nitrification inhibitors relevant to agriculture on soil
ammonia- and nitrite-oxidizing isolates. Frontiers in
Microbiology, 11, 581283. https://doi.org/10.3389/
fmicb.2020.581283

Pastor, L., Marti, N., Bouzas, A., & Seco, A. (2008). Sewage
sludge management for phosphorus recovery as struvite
in EBPR wastewater treatment plants. Bioresource Tech-
nology, 99, 4817-4824. https://doi.org/10.1016/j.biortech.
2007.09.054

Peeva, G., Yemendzhiev, H., Koleva, R., & Nenov, V. (2021).
Agrotechnical assessment of struvite application. Journal
of Agricultural Chemistry and Environment, 10, 213-221.
https://doi.org/10.4236/jacen.2021.102014

Rao, K. C., Otoo, M., Drechsel, P., & Hanjra, M. A. (2017).
Resource recovery and reuse as an incentive for a more viable
sanitation service chain. Water Alternatives, 10(2), 493-521.

Ren, N., Chen, Z., Wang, A., & Hu, D. (2005). Removal of
organic pollutants and analysis of MLSS-COD removal rela-
tionship at different HRTs in a submerged membrane biore-
actor. International Biodeterioration & Biodegradation, 55,
279-284. https://doi.org/10.1016/j.ibiod.2005.03.003

Rey-Martinez, N., Merdan, G., Guisasola, A., & Baeza, J. A.
(2021). Nitrite and nitrate inhibition thresholds for a
glutamate-fed bio-P sludge. Chemosphere, 283, 131173.
https://doi.org/10.1016/j.chemosphere.2021.131173

Rodriguez-Gémez, L. E., Rodriguez-Sevilla, J., Hernandez,
A., & Alvarez, M. (2021). Factors affecting nitrification
with nitrite accumulation in treated wastewater by oxy-
gen injection. Environmental Technology, 42(5), 813-825.
https://doi.org/10.1080/09593330.2019.1645742

Rout, P. R., Shahid, M. K., Dash, R. R., Bhunia, P., Liu, D.,
Varjani, S., Zhang, T. C., & Surampalli, R. Y. (2021).
Nutrient removal from domestic wastewater: A com-
prehensive review on conventional and advanced tech-
nologies. Journal of Environmental Management, 296,
113246. https://doi.org/10.1016/j.jenvman.2021.113246

Rubio-Rincon, F. J., Welles, L., Lopez-Vazquez, C. M., Nierychlo,
M., Abbas, B., Geleijnse, M., Nielsen, P. H., van Loosdrecht,
M. C. M., & Brdjanovic, D. (2017). Long-term effects of
sulphide on the enhanced biological removal of phosphorus:
The symbiotic role of Thiothrix caldifontis. Water Research,
116, 53—64. https://doi.org/10.1016/j.watres.2017.03.017

Rufi-Salis, M., Brunnhofer, N., Petit-Boix, A., Gabarrell, X.,
Guisasola, A., & Villalba, G. (2020). Can wastewater feed
cities? Determining the feasibility and environmental bur-
dens of struvite recovery and reuse for urban regions. Sci-
ence of the Total Environment, 737, 139783. https://doi.
org/10.1016/j.scitotenv.2020.139783

Ruser, R., & Schulz, R. (2015). The effect of nitrification inhibi-
tors on the nitrous oxide (N20) release from agricultural

@ Springer

soils-a review. Journal of Plant Nutrition and Soil Science,
178, 171-188. https://doi.org/10.1002/jpln.201400251

Saliu, T. D., & Oladoja, N. (2021). Nutrient recovery from
wastewater and reuse in agriculture: A review. Environmen-
tal Chemistry Letters, 19, 2299-2316. https://doi.org/10.
1007/s10311-020-01159-7

Sartorius, C., von Horn, J., & Tettenborn, F. (2012). Phosphorus
recovery from wastewater-Expert survey on present use and
future potential. Environmental Research, 84(4), 313-322.
https://doi.org/10.2175/106143012X13347678384440

Shenk, A. (2021). Investigation of nitrogen recovery from concen-
trated wastewater. Licentiate Thesis, Milardalen University
School of Business, Society and Engineering, Stockholm,
Sweden. Retrieved May 20, 2019, from http://www.diva-
portal.org/smash/get/diva2:1524794/FULLTEXTO02.pdf

Siciliano, A. (2016). Assessment of fertilizer potential of the
struvite produced from the treatment of methanogenic
landfill leachate using low-cost reagents. Environmental
Science and Pollution Research, 23, 5949-5959. https://
doi.org/10.1007/s11356-015-5846-z

Siciliano, A., Limonti, C., Curcio, G. M., & Molinar, R.
(2020). Advances in struvite precipitation technologies for
nutrients removal and recovery from aqueous waste and
wastewater. Sustainability, 12(18), 7538. https://doi.org/
10.3390/su12187538

Sojobi, A. O. (2016). Evaluation of groundwater quality in a
rural community in North Central of Nigeria. Environ-
mental Monitoring and Assessment, 188, 192. https://doi.
org/10.1007/s10661-016-5149-y

Sojobi, A. O., & Zayed, T. (2022). Impact of sewer overflow
on public health: A comprehensive scientometric analy-
sis and systematic review. Environmental Research, 203,
111609. https://doi.org/10.1016/j.envres.2021.111609

Solomon, D., Kiflie, Z., & van Hulle, S. (2019). Kinetic inves-
tigation and optimization of a sequencing batch reactor
for the treatment of textile wastewater. Nanotechnology
for Environmental Engineering, 4, 15. https://doi.org/10.
1007/s41204-019-0062-6

Szymaniska, M., Sosulski, T., Bozgtka, A., Dawidowicz, U., Was,
A., Szara, E., Malak-Rawlikowska, A., Sulewski, P., van
Pruissen, G. W. P., Cornelissen, R. L. (2020). Evaluating
the struvite recovered from anaerobic digestate in a farm
bio-refinery as a slow-release fertiliser. Energies, 13, 5342.
https://doi.org/10.3390/en13205342

Tatari, K., Giilay, A., Thamdrup, B., Albrechtsen, H. J., & Smets,
B. F. (2017). Challenges in using allylthiourea and chlorate
as specific nitrification inhibitors. Chemosphere, 182, 301—
305. https://doi.org/10.1016/j.chemosphere.2017.05.005

Tay, J. H., Pan, S., He, Y., & Tay, S. T. L. (2004). Effect of
organic loading rate on aerobic granulation. I: Reac-
tor performance. Journal of Environmental Engineering,
130(10), 1094-1101. https://doi.org/10.1061/(ASCE)0733-
9372(2004)130:10(1094)

Tsilogeorgis, J., Zouboulis, A., Samaras, P., & Zamboulis, D.
(2008). Application of a membrane sequencing batch reac-
tor for landfill leachate treatment. Desalination, 221(1-3),
483-493. https://doi.org/10.1016/j.desal.2007.01.109

Ueno, Y., & Fujii, M. (2001). Three years experience of operating
and selling recovered struvite from full-scale plant. Environ-
mental Technology, 22(11), 1373-1381. https://doi.org/10.
1080/09593332208618196


https://www.tdx.cat/bitstream/handle/10803/666850/crcp1de1.pdf?sequence=1&isAllowed=y
https://www.tdx.cat/bitstream/handle/10803/666850/crcp1de1.pdf?sequence=1&isAllowed=y
https://doi.org/10.3389/fmicb.2020.581283
https://doi.org/10.3389/fmicb.2020.581283
https://doi.org/10.1016/j.biortech.2007.09.054
https://doi.org/10.1016/j.biortech.2007.09.054
https://doi.org/10.4236/jacen.2021.102014
https://doi.org/10.1016/j.ibiod.2005.03.003
https://doi.org/10.1016/j.chemosphere.2021.131173
https://doi.org/10.1080/09593330.2019.1645742
https://doi.org/10.1016/j.jenvman.2021.113246
https://doi.org/10.1016/j.watres.2017.03.017
https://doi.org/10.1016/j.scitotenv.2020.139783
https://doi.org/10.1016/j.scitotenv.2020.139783
https://doi.org/10.1002/jpln.201400251
https://doi.org/10.1007/s10311-020-01159-7
https://doi.org/10.1007/s10311-020-01159-7
https://doi.org/10.2175/106143012X13347678384440
http://www.diva-portal.org/smash/get/diva2:1524794/FULLTEXT02.pdf
http://www.diva-portal.org/smash/get/diva2:1524794/FULLTEXT02.pdf
https://doi.org/10.1007/s11356-015-5846-z
https://doi.org/10.1007/s11356-015-5846-z
https://doi.org/10.3390/su12187538
https://doi.org/10.3390/su12187538
https://doi.org/10.1007/s10661-016-5149-y
https://doi.org/10.1007/s10661-016-5149-y
https://doi.org/10.1016/j.envres.2021.111609
https://doi.org/10.1007/s41204-019-0062-6
https://doi.org/10.1007/s41204-019-0062-6
https://doi.org/10.3390/en13205342
https://doi.org/10.1016/j.chemosphere.2017.05.005
https://doi.org/10.1061/(ASCE)0733-9372(2004)130:10(1094
https://doi.org/10.1061/(ASCE)0733-9372(2004)130:10(1094
https://doi.org/10.1016/j.desal.2007.01.109
https://doi.org/10.1080/09593332208618196
https://doi.org/10.1080/09593332208618196

Environ Monit Assess (2022) 194: 592

Page 25 of 25 592

Urdalen, 1. (2013). Phosphorus recovery from municipal wastewa-
ter-Literature review. Online publication. Retrieved Novem-
ber 5, 2019, from http://ivarurdalen.com/wp-content/uploads/
2014/03/Phosphorus-recovery-technologies_19.12.2013.pdf

van der Hoek, J. P., Struker, A., & de Danschutter, J. E. M.
(2017). Amsterdam as a sustainable European metropo-
lis: Integration of water, energy and material flows.
Urban Water JOurnal, 14, 61-68. https://doi.org/10.1080/
1573062X.2015.1076858

van der Hoek, J. P., Duijff, R., & Reinstra, O. (2018). Nitrogen
recovery from wastewater: Possibilities, competition with
other resources, and adaptation pathways. Sustainability,
10(12), 4605. https://doi.org/10.3390/su10124605

Vogel, C., Sekine, R., Huang, J., Steckenmesser, D., Steffens, D.,
Huthwelker, T., Borca, C. N., del Real, A. E. P., Castillo-
Michel, H., & Adam, H. (2020). Effects of a nitrification
inhibitor on nitrogen species in the soil and the yield and
phosphorus uptake of maize. Science of the Total Environ-
ment, 715, 136895. https://doi.org/10.1016/j.scitotenv.2020.
136895

Wang, F.,, Yang, F. L., Zhang, X. W., Liu, Y. H., Zhang, H. M.,
& Zhou, J. (2005). Effects of cycle time on properties of
aerobic granules in sequencing batch airlift reactors. World
Journal of Microbiology and Biotechnology, 21(8-9),
1379-1384. https://doi.org/10.1007/s11274-005-5451-2

Wang, Y., Qiu, L. P., & Hu, M. F. (2018). Magnesium ammo-
nium phosphate crystallization: A possible way for recov-
ery of phosphorus from wastewater. /OP Conference
Series: Materials Science and Engineering, 392, 032032.
https://doi.org/10.1088/1757-899X/392/3/032032

Wang, X., Bai, J., Xie, T., Wang, W., Zhang, G., Yin, S., &
Wang, D. (2021). Effects of biological nitrification inhibi-
tors on nitrogen use efficiency and greenhouse gas emis-
sions in agricultural soils: A review. Ecotoxicology and
Environmental Safety, 220, 112338. https://doi.org/10.
1016/j.ecoenv.2021.112338

Wu, G., Sorensen, K. B., Rodgers, M., & Zhan, X. (2009).
Microbial community associated with glucose-induced
enhanced biological phosphorus removal. Water Science

and Technology, 60(8), 2105-2113. https://doi.org/10.
2166/wst.2009.545

Waurtsbaugh, W. A., Paerl, H. W., & Dodds, W. K. (2019).
Nutrients, eutrophication and harmful algal blooms along
the freshwater to marine continuum. Wiley Interdiscipli-
nary Reviews: Water, 7(4), e1373. https://doi.org/10.1002/
wat2.1373

Yazici, H., & Kilig, M. (2016). Effect of the concentration
balance in feeding solutions on EBPR performance of a
sequencing batch reactor fed with sodium acetate or glu-
cose. Water, Air & Soil Pollution, 227(10), 1-19. https://
doi.org/10.1007/s11270-016-3080-z

Yazici, H., & Uslu, 1. (2020). The effect of nitrification inhi-
bition on reactor performance and effluent quality in an
aerobic sequencing batch reactor. Siileyman Demirel Uni-
versity Journal of Natural and Applied Sciences, 24(2),
375-386 (In Turkish). https://doi.org/10.19113/sdufenbed.
675944

Ye, Y., Ngo, H. H., Guo, W., Chang, S. W., Nguyen, D. D.,
Zhang, X., Zhang, J., & Liang, S. (2020). Nutrient recov-
ery from wastewater: From technology to economy. Biore-
source Technology Reports, 11, 100425. https://doi.org/
10.1016/j.biteb.2020.100425

Yoosefian, M., Ahmadzadeh, S., Aghasi, M., & Dolatabadi,
M. (2017). Optimization of electrocoagulation process
for efficient removal of ciprofloxacin antibiotic using iron
electrode; kinetic and isotherm studies of adsorption.
Journal of Molecular Liquids, 225, 544-553. https://doi.
org/10.1016/j.molliq.2016.11.093

Zhou, M., Gong, J., Yang, C., & Pu, W. (2013). Simulation of
the performance of aerobic granular sludge SBR using
modified ASM3 model. Bioresource Technology, 127,
473-481. https://doi.org/10.1016/j.biortech.2012.09.076

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer


http://ivarurdalen.com/wp-content/uploads/2014/03/Phosphorus-recovery-technologies_19.12.2013.pdf
http://ivarurdalen.com/wp-content/uploads/2014/03/Phosphorus-recovery-technologies_19.12.2013.pdf
https://doi.org/10.1080/1573062X.2015.1076858
https://doi.org/10.1080/1573062X.2015.1076858
https://doi.org/10.3390/su10124605
https://doi.org/10.1016/j.scitotenv.2020.136895
https://doi.org/10.1016/j.scitotenv.2020.136895
https://doi.org/10.1007/s11274-005-5451-2
https://doi.org/10.1088/1757-899X/392/3/032032
https://doi.org/10.1016/j.ecoenv.2021.112338
https://doi.org/10.1016/j.ecoenv.2021.112338
https://doi.org/10.2166/wst.2009.545
https://doi.org/10.2166/wst.2009.545
https://doi.org/10.1002/wat2.1373
https://doi.org/10.1002/wat2.1373
https://doi.org/10.1007/s11270-016-3080-z
https://doi.org/10.1007/s11270-016-3080-z
https://doi.org/10.19113/sdufenbed.675944
https://doi.org/10.19113/sdufenbed.675944
https://doi.org/10.1016/j.biteb.2020.100425
https://doi.org/10.1016/j.biteb.2020.100425
https://doi.org/10.1016/j.molliq.2016.11.093
https://doi.org/10.1016/j.molliq.2016.11.093
https://doi.org/10.1016/j.biortech.2012.09.076

	Investigation of the effect of nitrification inhibition on the performance and effluent quality of aerobic sequential batch reactors
	Abstract 
	Introduction
	Materials and methods
	Reactor operation
	Synthetic wastewater
	Sampling and analytical procedures
	Data evaluation

	Results and discussions
	Evaluation of the reactor performance
	MLSS and SVI profile of the SBRs
	Effluent TSS concentration and SRT profiles of the SBRs
	MLVSS and FM profiles of the SBRs
	COD removal performance of the SBRs

	Evaluation of the effluent quality
	Effluent PO43− concentration profile of the SBRs
	Effluent NH4+ concentration profile of the SBRs
	Effluent NO2− and NO3− concentration profile of the SBRs


	Conclusions
	References




