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Abstract: Suspended sludge deammonification technologies are frequently applied for sidestream
ammonia removal from dewatering liquors resulting from a thermal hydrolysis anaerobic digestion
(THP/AD) process. This study aimed at optimizing the operation, evaluate the performance and
stability of a full-scale suspended sludge continuous stirred tank reactor (S-CSTR) with a hydrocy-
clone for anaerobic ammonia oxidizing bacteria (AMX) biomass separation. The S-CSTR operated at
a range of nitrogen loading rates of 0.08–0.39 kg N m−3 d−1 displaying nitrogen removal efficiencies
of 75–89%. The hydrocyclone was responsible for retaining 56–83% of the AMX biomass and the
washout of ammonia oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) was two times
greater than AMX. The solid retention time (SRT) impacted on NOB washout, that ranged from
0.02–0.07 d−1. Additionally, it was demonstrated that an SRT of 11–13 d was adequate to wash-out
NOB. Microbiome analysis revealed a higher AMX abundance (Candidatus scalindua) in the reactor
through the action of the hydrocyclone. Overall, this study established the optimal operational
envelope for deammonification from THP/AD dewatering liquors and the role of the hydrocyclone
towards maintaining AMX in the S-CSTR and hence obtain process stability.

Keywords: deammonification; thermal hydrolysis process; sidestream; hydrocyclone; partial nitrita-
tion/anammox

1. Introduction

Deammonification is an ammonia removal process widely used to remove ammo-
nia from sludge dewatering liquors after anaerobic digestion (AD). Recently, much AD
in wastewater treatments plants (WWTPs) has been upgraded to achieve greater biogas
production and higher sludge dewaterability. One of the widespread advanced AD tech-
nologies includes a pre-treatment step with the thermal hydrolysis process (THP). In THP,
steam (160–180 ◦C) is applied to the sludge, changing the sludge rheology, breaking down
complex macromolecules and promoting hydrolysis [1]. This enables the loading rate to the
AD to be increased, which subsequently increases the biogas production [1]. Nevertheless,
the enhanced hydrolysis results in ammonia concentrations in sludge dewatering liquors
of >1000 mg N L−1 [1,2]. These liquors can be treated by a follow on deammonification
process for ammonia removal. Ammonia oxidizing bacteria (AOB) convert part of the
ammonia into nitrite in the partial nitritation process [3]. Then ammonia and nitrite are
converted to nitrogen gas by anaerobic ammonia oxidizing bacteria (AMX) [4].
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Only a handful of studies have reported on the ability of deammonification to remove
ammonia from THP/AD dewatering liquors, with some considering them as challeng-
ing due to proclaimed inhibition [5,6]. The inhibition of THP/AD dewatering liquors
has been associated with parts of the particulate and colloidal chemical oxygen demand
(COD) that decreased AOB and AMX activity [6]. However, some recent studies found
that deammonification technologies removed ammonia from THP/AD dewatering liquors
efficiently, according to their design load and removal without displaying inhibition [7,8].
Many full-scale suspended sludge deammonification technologies operate at nitrogen
loading rates (NLR) of 0.3–0.8 kg N m−3 d−1 with conventional AD dewatering liquors
while displaying of 85–90% [9]. But tighter consents and population growth in urban
areas requires sidestream technologies to produce higher effluent quality and to reduce
the returned ammonia load to the mainstream wastewater treatment process. One of
the limitations of higher effluent quality is the alkalinity concentration of influent dewa-
tering liquors which is the ideal ratio for partial nitritation of 1.98 mol HCO3− mol−1

NH4
+ [10,11]. Thus, ammonia conversion that exceeds this ratio will require alkalinity

supplementation [10,11]. An indirect way to supplement alkalinity to the wastewater is by
dosing sodium hydroxide, that in turn buffers pH, stabilizes any present acids resulting
in a higher HCO3− in solution [11,12]. A further key difficulty in deammonification is to
balance the bacterial populations to promote partial nitritation and anammox reactions,
whilst avoiding full nitrification. Anaerobic ammonia oxidizing bacteria are slow-growing
organisms compared to AOB and nitrite oxidizing bacteria (NOB) with doubling times of
0.1–0.2 d−1 [3,13]. Therefore, different solids retention time (SRT) control strategies have
been utilized to retain AMX in the biological reactor. The simplest approach for AMX
retention is in a biofilm either attached to plastic media in moving bed biofilm reactors or
as granules (>300 µm) [14,15]. The biofilm technologies allow nitrogen loading rates (NLR)
of 0.3–2.0 kg N m−3 d−1 [9]. However, the most popular deammonification technologies
rely on suspended sludge in sequencing batch reactors (SBRs) and can operate at NLR of
0.30 kg N m−3 d−1 [9,16]. Biomass separation strategies such as hydrocyclones or screens
allow for process intensification and higher NLR of 0.5–1.0 kg N m−3 d−1 [17]. Anaero-
bic ammonia-oxidizing bacteria retention can be achieved by various separation strategies
that rely on the density difference of bacterial flocs [18]. It is known that AMX aggregate
in dense granules of 100–300 µm while AOB and NOB tend to form flocs >100 µm with
lower density [19]. Three different separation processes can be utilized to selectively part
microbial flocs by density/size difference: the settling stage in an SBR, hydrocyclones
and screens [16,20]. Only a handful of peer-reviewed studies discuss these processes in
detail, their sludge separation ability and impact on deammonification efficiency, while
their depiction and claims are taken for granted. The benefits of the biomass separation
processes in the deammonification processes have been described as 75–95% biomass AMX
retention [17,20,21], increased activity [20], overall resulting in enhanced nitrogen removal
efficiency (NRE) up to 90% [18,20]. In a modelling study, Van Winckel (2019) [18] evaluated
the impact of different SRTs on the biomass type (AOB, AMX, and NOB) and identified
that greater AMX retention of 88–91% could lead to the enhanced nitrogen removal rate
of 1.04–1.16 kg N m−3 d−1. However, AMX washout from a hydrocyclone has also been
observed [22]. Past studies that evaluated hydrocyclones are limited and relied on different
ex-situ activity measurement methods with sample sizes of <5. The actual effectiveness
and impact of the hydrocyclone remain unclear since AMX washout has been reported and
previous studies rely on assumption-based process models or have small sample sizes (<5)
with ex-situ activity tests as the main parameter.

This study aimed at optimizing the operation, evaluating the performance and sta-
bility of a full-scale suspended sludge continuous stirred tank reactor (S-CSTR) with a
hydrocyclone for AMX biomass separation. A solids mass balance coupled with the micro-
biome and biological activity tests enabled the understanding of separation of different
groups of microorganisms in the hydrocyclone of the S-CSTR treating dewatering liquors
resulting from a THP/AD process.
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2. Materials and Methods
2.1. Influent Characteristics

The dewatering liquors investigated in this study originated from a UK WWTP serving
250,000 people equivalent. The secondary wastewater treatment process was composed
of an activated sludge process with chemical phosphorous precipitation. Primary and
secondary sludge were collected in a balancing tank and first gravity thickened and then
dewatered in belt presses. Then the sludge was fed to the THP at a temperature of
160 ◦C before being digested. The AD was fed with a 1:0.5 sludge mixture from THP and
recirculated digestate, as reported by site operators. The sludge was then dewatered in belt
presses. The final sludge cake dry-solid content (DS) was 35% DS. The filtrate from the belt
presses was diluted (1:1 and 1:0.5) with final effluent added as wash-water and collected in
a 6 m3 balancing tank. The ammonia concentration in the dewatering liquors ranged from
881–1186 mg N L−1 (Table 1). The nitrite and nitrate concentrations were 1.5 mg N L−1

and 9.6 mg N L−1, respectively. The average COD, soluble COD, and biochemical oxygen
demand BOD concentration were 2139 mg L−1, 1018 mg L−1 and 216 mg L−1, respectively.
The alkalinity and the pH in the dewatering liquors were in average 3365 mg CaCO3 L−1

and 8.3, respectively (Table 1).

2.2. Reactor Configurations

The full-scale deammonification technology used in this study was a suspended
sludge continuous stirred tank reactor (S-CSTR) (Figure 1A). The reactor had a volume
of 1640 m3 and it was fed with an NLR of 0.08–0.39 kg N m−3 d−1. The S-CSTR was
controlled by pH and ammonia measurements in the biological reactor, that actuated on the
feed flowrate and aeration. The applied flowrate was on average 505 m3 d−1. The design
ammonia loading rate was 0.5 kg N m−3 d−1 and the pH setpoint was 6.8–7.0. The reactor
was aerated intermittently with dissolved oxygen (DO) with a set-point of 0.3 mg L−1.
During the anoxic periods, the biomass was kept in suspension by two submersible mixers.
Additionally, the S-CSTR was monitored by online total suspended solids (TSS), nitrite
(NO2− N), and nitrate (NO3− N) sensors (Figure 1). The temperature was kept at 33 ◦C
using a tube heat exchanger in the influent. The sludge from the reactor was passed by
hydrocyclone, which aimed at retaining denser particles (e.g., AMX flocs) and recycling
the AMX flocs back to the reactor whilst the less dense flocs (e.g., NOB and AOB) were
washed-out, and this was verified by a mass balance (Figure 1). The S-CSTR was fitted
with a lamella clarifier to prevent washout of the biomass from the biological reactor, and
the sludge was recirculated back into the biological reactor (Figure 1). Sodium hydroxide
(27% v v−1) was dosed at 917 L d−1 to buffer the pH in the S-CSTR and stabilize alkalinity
during a period of the operation (Table 1).

2.3. Reactor Operation and Process Evaluation

The S-CSTR was evaluated based on nitrogen loading rates and effluent quality.
The S-CSTR operation was separated into five different periods (Table 1). Period 1 was
the start-up, that was defined as the time required until the reactor reached stable NRE
of 85%, as per the process design. During Period 1, the SRT and NLR were 61.3 d and
0.08 kg N m−3 d−1, respectively. During Period 2, the reactor was operated without
hydrocyclone, an SRT of 28.1 d and NLR of 0.22 kg N m−3 d−1, respectively. In Period
3, the SRT was controlled via hydrocyclone and sodium hydroxide (NaOH, Aquachem
Ltd., Wrexham, UK) dosing started. The SRT and NLR were 17.7 and 0.30 kg N m−3 d−1,
respectively. Period 4 refers to the operation with SRT control via hydrocyclone and an SRT
of 11.8 d and NLR of 0.34 kg N m−3 d−1. Period 5 refers to the operation at high NLR and
SRT control via hydrocyclone at an SRT of 13.4 d and an NLR 0.39 kg N m−3 d−1 (Table 1).
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Table 1. Influent and operational characteristics of the full-scale suspended sludge deammonification continuous stirred deammonification process.

Period 1 Period 2 Period 3 Period 4 Period 5

Operation Start-up to Steady State No Solid Retention Time
Control

Solid Retention Time Control
+ NaOH Dosing

Solids Retention Time Control
(Load 1)

Solids Retention Time
Control (Load 2)

Nitrogen loading rate (kg N m−3 d−1) 0.08 ± 0.04 0.22 ± 0.11 0.30 ± 0.09 0.34 ± 0.12 0.39 ± 0.1
Ammonia (mg N L−1) 1186 ± 79 775.3 ± 163 880.7 ± 103 881.8 ± 273 963.3 ± 123
Nitrite (mg N L−1) 0.3 ± 0 0.6 ± 0.5 0.4 ± 0.6 4.1 ± 6.5 1.9 ± 3.2
Nitrate (mg N L−1) 23 ± 4.8 12.9 ± 7.1 3.1 ± 3.7 3.8 ± 5.5 5.4 ± 6.4
Total nitrogen (mg N L−1) 1209.4 ± 80 788.2 ± 166 895.5 ± 99 889.7 ± 267 970.6 ± 121
Total COD (mg L−1) 2597 ± 654 1976 ± 1365 2151 ± 534 2203 ± 878 2039 ± 509
Soluble COD (mg L−1) n/a 882 ± 101 1244 ± 219 938 ± 399 1009 ± 190
BOD (mg L−1) n/a n/a 262 ± 76 178 ± 105 210 ± 92
pH 8.1 ± 0.1 8.2 ± 0.1 8.3 ± 0.1 8.4 ± 0.1 8.4 ± 0.1
Total suspended solids (TSS) (mg
L−1) n/a 777 ± 972 939 ± 1593 609 ± 276 494 ± 270

Alkalinity (mg CaCO3 L−1) 4024 ± 362 2768 ± 554 3325 ± 247 3266 ± 1042 3442 ± 427
Sodium dosing (L d−1) n/a n/a 917 ± 306 n/a n/a
Solids retention time (SRT) (d) 61.3 ± 69.5 28.1 ± 28.9 17.7 ± 7 11.8 ± 3.5 13.4 ± 5.5
Dissolved oxygen set-point (mg L−1) 0.3 0.3 0.3 0.3 0.3
pH set-point 6.8 6.8 7 6.8 6.8
Temperature (◦C) 33.3 ± 1.4 30.9 ± 2.2 34.2 ± 2 34.5 ± 1.2 33.6 ± 1.2
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(B) schematic representation of the mass-balance to the hydrocyclone.

In order to evaluate the sludge/biomass separation in the hydrocyclone, the periods
were examined for similar NLR, according to the statistical analysis described below.
Three periods had similar NLR, as identified using statistical analysis: Period 2 and Period
3, Period 3 and Period 4, and Period 4 and Period 5. The periods displaying similar NLR
were compared for their nitrogen removal, effluent quality, and deammonification stability
using the nitrate produced to ammonia removed ratio (0.08) [23].

To evaluate the hydrocyclone for its ability to retain the slow-growing AMX a mass
balance and microbiome analysis were completed (Figure 1B). The biomass retention of
AMX, AOB, and NOB (i.e., ηorganism) was calculated in Equation (1) [18], where r describes
the volumetric activity rate in underflow and overflow as kg N m−3 d−1.

ηorganism =
rorganism,under f low(

rorganism, under f low + rorganism,over f low

) (1)

The washout per organism was calculated using the SRT for the biological reactor well
as the retention by the organism (AOB, NOB, and AMX) according to Equation (2) [18].

washout =
1

SRTorganism
=

(
1 − ηorganism

)
SRTreactor

(2)

2.4. Sample Collection and Analysis

Influent and effluent 24-h composite samples were collected with autosamplers
(Hach Lange AS9000, Loveland, CO, USA). The samples were analyzed for ammonia,
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nitrite, nitrate, total COD, soluble COD, BOD, alkalinity, and TSS using standard meth-
ods [24] and measured using Hach Cuvette test kits with a spectrophotometer (Hach Lange
DR3900, Loveland, CO, USA). Once a week, solids samples were collected from the biologi-
cal reactor, the underflow, and the overflow of the hydrocyclone (Figure 1). The samples
were analyzed for TSS and volatile suspended solids (VSS) using standard methods [24].
Additionally, the biomass was used in ex-situ bacterial activity test to determine the max-
imum AOB, NOB, and AMX activity. Ammonia oxidizing bacteria activity tests were
completed using the manometric methods [25]. Ammonia oxidizing bacteria and NOB
activity tests were completed using the chemical method [26]. The activity rates were
calculated for AOB, NOB, and AMX and normalized by the VSS concentration of the
sample, described as mg N mg VSS−1 h−1. Ammonia oxidizing bacteria inhibition tests
were conducted with THP/AD dewatering liquors and a synthetic solution for the control
group. The tests were executed following the activity measurements described above.
The control group was fed with a synthetic solution made up from final effluent with
NaNO2 and NH4Cl. The feed volume was based on the mass balance with the appropriate
NLR of 0.5 kg N m−3 d−1. All tests were executed in duplicates.

Samples for 16S RNA analysis were collected from each operational period and were
centrifuged (Eppendorf centrifuge 5804 R, Hamburg, Germany) and then preserved in a
1:1 dilution of 99.9% ethanol stored in a freezer at −10 ◦C.

The collected biomass samples were subjected to DNA extraction using the Power Soil
DNA Isolation Kit (MO BIO Laboratories Inc, Carlsbad, CA, USA) as per the manufacturer’s
instructions. The microbiome was investigated by targeting the V3-V4 region of the
16S rRNA gene using 341F/806R primers [27]. Sequencing was performed using the
Illumina HiSeq2000 platform (Illumina, San Diego, CA, USA), and sequence reads were
processed using Mothur (version 1.35.0) [28]. Chimeras were removed using UCHIME [29].
Remaining sequences were clustered into operational taxonomic units (OTUs) at 97%
similarity. Representative sequences were aligned against the SILVA database (release
132) [30] for taxonomy assignment. Sequences assigned to five anammox genera, Kuenenia,
Brocadia, Anammoxoglobus, Jettenia, and Scalindua, were analyzed in this study. Microbiome
results from the 16S analysis were analyzed in R using the Ampvis2 toolkit [31]. The data
was analyzed and compared in R (base R, tidyverse, and psych libraries) using ANOVA
test, t-test, and post-hoc tests via Tukey honest significance difference (HSD).

3. Results and Discussion
3.1. Reactor Performance

The full-scale S-CSTR was able to remove ammonia from sludge dewatering liquors
from THP/AD with NRL of 0.08–0.39 kg N m−3 d−1 (Figure 2). Overall, the NRR of the
S-CSTR of this study was slightly lower when compared with other studies. Suspended
sludge deammonification technologies operating in similar configuration achieved NRR
of 0.20–0.50 kg N m m−3 d−1 with dewatering liquors from conventional AD [16,32] and
achieved NRR of 0.13–0.52 kg N m−3 d−1 with THP/AD dewatering liquors [5,6].
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Figure 2. (A) Nitrogen loading and removal rates (B) and efficiencies with ammonia removal
efficiency, nitrogen removal efficiency, nitrate production, and nitrite residual for Period 1 to Period 5
(B).

The first part of the analysis focused on the ammonia removal and process stability
of the S-CSTR. During Period 2 and Period 3, similar NRR were observed, 0.17–0.22 kg
N m−3 d−1 (Figure 2). However, the effluent ammonia concentration decreased from
114.2 mg N L−1 to 45.9 mg N L−1 from Period 2 to Period 3 (Table 2). The lower ammonia
in Period 3 was associated with the NaOH dosing leading to higher nitrite production
by AOB. This was confirmed by an increase in nitrite from 2.6 mg N L−1 to 4.2 mg N
L−1 and a decrease in alkalinity from 427.8 to 344.7 mg CaCO3 L−1 from Period 2 to
Period 3 (Table 2).
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Table 2. Effluent characteristics and performance of the suspended sludge continuous stirred tank reactor for Period 1 to Period 5.

Period 1 Period 2 Period 3 Period 4 Period 5

Operation Start-up to Steady State No Solid Retention Time
Control

Solid Retention Time Control
+ NaOH Dosing

Solids Retention Time
Control
(Load 1)

Solids Retention Time Control
(Load 2)

Nitrogen loading rate (kg N m−3 d−1) 0.08 ± 0.04 0.22 ± 0.11 0.30 ± 0.09 0.34 ± 0.12 0.39 ± 0.1
Nitrogen removal rate (kg N m−3 d−1) 0.07 ± 0.03 0.17 ± 0.08 0.22 ± 0.07 0.29 ± 0.11 0.32 ± 0.1
Ammonia removal efficiency (%) 92 ± 3 85 ± 4 95 ± 2 87 ± 6 85 ± 6
Nitrogen removal efficiency (%) 89 ± 3 78 ± 8 75 ± 5 84 ± 6 82 ± 7
NO3/NH4 ratio 0.03 ± 0.02 0.08 ± 0.05 0.2 ± 0.06 0.02 ± 0.02 0.03 ± 0.01
NO2/NH4 ratio 0.01 ± 0 0.02 ± 0.01 0.1 ± 0.05 0.04 ± 0.03 0.02 ± 0.01
Ammonia (mg N L−1) 97.9 ± 28.6 114.2 ± 39.1 45.9 ± 17.8 103.9 ± 23.7 144.7 ± 47.8
Nitrite (mg N L−1) 0.7 ± 0.3 2.6 ± 1.7 4.2 ± 1.9 3.6 ± 2.6 2.9 ± 1.4
Nitrate (mg N L−1) 30.3 ± 22.9 50.2 ± 30.9 172.7 ± 25.4 17.2 ± 11.2 19.6 ± 6.3
Alkalinity
(mg CaCO3 L−1) 447.1 ± 134.2 427.8 ± 68.5 344.7 ± 40.2 480.2 ± 47.5 546.4 ± 159.8

Free ammonia (FA) (mg N L−1) 2.9 ± 1.3 3.1 ± 1.2 1.9 ± 1.1 5.0 ± 1.5 6.4 ± 5.2
Free nitrous acid (FNA) (µg N L−1) 0.2 ± 0.1 0.7 ± 0.3 1 ± 0.5 0.8 ± 0.4 0.6 ± 0.3
Solids retention time (SRT) (d) 61.3 ± 69.5 28.1 ± 28.9 17.7 ± 7 11.8 ± 3.5 13.4 ± 5.5
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Furthermore, the nitrate production to ammonia removed ratio (NO3/NH4) was
0.06 to 0.20 from Period 2 to Period 3, respectively (Table 2). The ideal stoichiometric
ratio of NO3/NH4 is 0.08 [23], and a value above this is commonly associated with an
overgrowth of NOB and indicates that full nitrification is taking place [9]. This is of par-
ticular concern for Period 3 (0.20 ratio NO3/NH4 ratio) with NaOH dosing. Furthermore,
a >0.08 NO3/NH4 ratio and subsequent NOB activity could lead to nitrite shortage for
AMX metabolism. The full-scale S-CSTR instrumentation and control strategy was based
on online ammonia and pH measurements were unable to pick up on the overgrowth of
NOB. The overgrowth of NOB related to a combined effect of higher reactor nitrite, lower
reactor ammonia, and increase in pH due to NaOH dosing that led to a decrease in FA
concentration in the reactor to 1.9 mg N L−1 (Table 2). This was below the FA inhibition
threshold for NOB of 3.4 mg N L−1 as reported from past studies [33,34].

Nitrate accumulation in deammonification technologies has been reported to be a com-
mon issue [9,35]. Previous studies even suggest that FA concentrations of 5–20 mg N L−1 are
needed to suppress NOB growth [33,36]. The operation of deammonification technologies
at ammonia levels of <50 mg N L−1 has been reported in various full-scale technologies [9].
However, more stringent instrumentation and control based on a combination of ammonia
and pH and measurements in reactors would be more adequate to identify imbalances
and actuate on feed flowrates. Furthermore, the addition of a nitrate sensor would be
of value. The measurements of nitrate could actuate on the hydrocyclone flowrate to
provide an increased wash-out of NOB from the biological reactor with increasing nitrate
concentration.

Overall, it was highlighted that NaOH dosing to enhance ammonia conversion was
troublesome and led to the undesired NOB overgrowth reflected in nitrate accumulation.

In Period 3 and Period 4, the NRR achieved was similar, at 0.30–0.34 kg N m−3 d−1,
(Figure 2A) with NRE of 75–85% (Figure 2B). After the NOB overgrowth in Period 3, the
NO3/NH4 ratio decreased to 0.2 (Figure 2B) which indicated that NOB were successfully
washed-out in Period 4. As the dosing of NaOH was stopped in Period 4, this led to a reduc-
tion in ammonia conversion, as the concentration in the reactor increased to 10 mg N L−1

(Table 2). This caused an increase in the FA in the biological reactor from 1.1 mg N L−1 to
5.0 mg N L−1. The higher FA concentration of 5.0 mg N L−1 in Period 4 is likely to have
inhibited NOB limiting their activity and thus the nitrate production. Nitrite oxidizing
bacteria washout was finally achieved during Period 4 and Period 5 by maintaining SRTs
of 13.4 and 11.8 d (Table 2). This aligns with reports from previous studies where SRTs of
4–9 d led to NOB washout [17,37].

Period 4 and Period 5 displayed similar NRR, between 0.34–0.39 kg N m−3 d−1

(Figure 2A), removal and conversion rates (Figure 2B). However, the ammonia effluent
concentration increased from 103.9 mg N L−1 (Period 4) to 144.7 mg N L−1 (Period 5)
(Table 2). The SRT was 11.8 d in Period 4 and 13.4 d in Period 5. At the same, a reduction in
the NO2/NH4 ratio was observed from 0.04 to 0.02 (Table 2). Furthermore, the alkalinity in
the S-CSTR increased to 546.6 mg L−1 in Period 5 (Table 2). This could imply that short
SRTs during Period 4 and Period 5 of the S-CSTR induced an unwanted washout of AOB
which led to a reduced nitrite conversion in Period 5. Contrary to the previous studies that
focused on hydrocyclone, this highlights the sensitivity of AOB wash-out at SRTs of 11–13
d in a suspended reactor.

Previous studies reported inhibition and operational difficulties with THP/AD de-
watering liquors [5,6]. This was not observed in this study; as Figure 2 clearly shows, the
ammonia removal efficiency was always 75% and it was not impacted by increasing loading
rates. Additionally, the maximum AOB activity measured was 20.0 mg N g VSS−1 h−1 for
THP/AD dewatering liquors and 11.4 mg N g VSS−1 h−1 (Figure 3). No inhibition was
observed in the ex-situ batch experiment activity tests either, in both control (synthetic
solutions) and THP/AD. Previous studies reported a reduction of AOB activity by 40–60%
AOB in THP/AD [5,6], but the same was not observed in this study. Our results align with
the reports by Driessen et al. (2020) [7] who demonstrated successful nitrogen removal with
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a granular sludge deammonification process from THP/AD dewatering liquors (NRR 1.0–
2.0 kg N m−3 d−1). Hence, this study provides additional evidence that deammonification
can be used as a nitrogen removal process for ammonia from THP/AD dewatering liquors
and concerns about inhibition must be further investigated on a case-by-case basis.
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Figure 3. Maximum ammonia oxidizing bacteria (AOB) activity with thermal hydrolysis dewatering
anaerobic digestion liquors and synthetic feed solution for control.

3.2. Biomass Retention

The S-CSTR mass balance, with and without hydrocyclone, is presented
in Figure 4. The MLSS and the TSS wasted in the reactor were 4157 mg MLSS L−1 and
249 kg TSS d−1 without hydrocyclone, and 4450 mg MLSS L−1 and 438 kg TSS d−1 with
hydrocyclone. The hydrocyclone allowed a solids retention of 65% on average (Figure
4B). The AMX activity increased to 54.3 mg N g VSS−1 h−1 (Figure 4B) when hydrocyclone
was operated compared with only 31.8 mg N g VSS−1 h−1 without it. The highest AMX
activity measured in the hydrocyclone underflow was 111.5 mg N g VSS−1 h−1 (Figure 4B).
Based on the mass balance, the AMX retention with the hydrocyclone was estimated at 70%,
while the AOB and NOB retention efficiency was 46% and 58%, respectively. This data very
clearly indicates that slow-growing AMX was successfully retained in the S-CSTR with the
hydrocyclone. Previous studies based on modelling or only a few data points reported
solids separation in hydrocyclones to be between 60–90% [17,18]. The authors suggested
that the superior biomass separation via a screen of 91% lead to an additional improvement
of 10–12% in nitrogen removal ability [18]. However, this data was not validated by field
data. Others also observed higher AMX activity in the underflow of the hydrocyclone
compared to the biological reactor of 2.0–15.0 mg NO2− N g TSS−1 h−1 [20]. However,
comparisons of this study with Wett (2010) [20] are limited due to differences in the activity
test methodology. When treating manure digestate dewatering liquors, Kwon (2019) [22]
measured up to 90% of AMX retention in a system with an hydrocyclone, however there
was also instability with periods of excessive AMX washout.
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The biomass washout for the different biomass types (e.g., AMX, AOB, and NOB)
and Period 4 and Period 5 are presented in Figure 5. Anaerobic ammonia oxidizing
bacteria were retained more effectively compared to AOB and NOB in the S-CSTR. In
particular, AMX had a lower wash-out rate of 0.01–0.03 d−1 compared to AOB and NOB
with 0.03–0.07 d−1 (Figure 5). Additionally, the washout of both AOB and NOB was similar,
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slightly higher wash-out rate in relation to SRT than the AOB.
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Figure 5. Dilution rate by anammox (AMX) (black circles with black trendline), ammonia-oxidizing
bacteria (AOB) (grey triangle with grey line), nitrite-oxidizing bacteria (NOB) (white cubes with black
dashed line), versus solids retention time of the suspended sludge continuous stirred tank reactor
with hydrocyclone. The R-square was 0.6, 0.8, and 0.9 for AMX, AOB, and NOB, respectively.
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The microbiome analysis was key to identifying Denitratisoma as the dominant group
in the reactor. Denitratisoma is known for its ability to use nitrate as electron acceptor [38]
and is reported, in high abundance, in deammonification technologies treating conventional
AD dewatering liquors [39]. Candidatus Scalindua was identified as the dominant AMX
genus in the S-CSTR (Figure 6). Candidatus Scalindua has been previously described in non-
engineered ecosystems or saltwater deammonification systems [40]. Dewatering liquors
from conventional AD and THP/AD have a high salt of content 5000–6000 µS cm−1 [41,42].
Further to this, a recent study shows the relevance of Candidatus Scalindua in freshwater
environments too, demonstrating the versatility and potential underestimation of this
genus in deammonification systems [43]. The abundance of Candidatus Scalindua was
around 0.2–0.5% in the biological reactor, 1.2% in the underflow of the hydrocyclone, and
0.1% in the hydrocyclone overflow (Figure 6). This also clearly corroborated that indeed
AMX was successfully retained with the hydrocyclone. Kwon (2019) [22] also identified a
higher abundance of 8.3% in the underflow of the hydrocyclone compared to 7.1% in the
biological reactor. Previous studies reported an archaeal fraction of 1.4–3.8% in suspended
sludge deammonification technologies [44] and AMX abundances of 0.3–9.3% [22,45].
The microbiome results from this study can also be used as an indicator due to the limited
sample size.
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Figure 6. The relative abundance of main genus types for AMX (Candidatus Scalindua), denitrification
(Denitratisoma), partial nitritation (Nitrosomas), and nitratation (Nitrospira) for hydrocyclone overflow
underflow as well as a reactor for Period 1 to Period 5.

4. Conclusions

In this study, a full-scale suspended sludge continuous stirred tank reactor (S-CSTR)
deammonification technology with a hydrocyclone treating THP/AD dewatering liquors
was optimized and its performance and stability analyzed. This study demonstrated that:

• The S-CSTR achieved successful ammonia removal from THP/AD dewatering liquors
with efficiencies >85%. Ex-situ AOB activity tests indicated that THP/AD dewatering
liquors did not impact the ammonia conversion.

• Sodium hydroxide dosing enabled the greater ammonia removal efficiencies of 95%
but led to the undesired NOB overgrowth, and nitrate accumulation.
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• The hydrocyclone was key to retain 56–83% AMX biomass. Additionally, the AMX
washout of the hydrocyclone based on mass-balance was 0.01–0.03 d−1 while the
washout of AOB and NOB was 0.3–0.7 d−1.

• SRTs of shorter than 13 days lead to NOB washout, but below 11 days AOB will also
be wash-out.
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