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Abstract: Water from anaerobic sludge dewatering (reject water that is recycled to the inlet main
process treatment) from the Knarrdalstrand municipal wastewater treatment plant in Porsgrunn,
Norway, contains 2.4 g/L of total chemical oxygen demand (TCOD) and 550 mg/L NH4-N
(annual average). The high concentration of ammonium causes disturbances in the mainstream
physical and chemical processes, while only a small fraction of the organics is biodegradable.
A pilot-scale hybrid vertical anaerobic biofilm (HyVAB) reactor combining anaerobic and aerobic
treatment was tested for reject water treatment to reduce process disturbances. The pilot HyVAB
was prepared for the study with continuous aeration of the aerobic part of the reactor for 200 days,
while two intermittent aeration schemes were applied during the three-month test period. Ammonium
removal efficiency increased from 8% during the continuous aeration period to 50% at the end of the
test when a short (7 min) aeration cycle was applied. COD removal was close to 20%, which was
mainly obtained in the anaerobic stage and not significantly influenced by the aerations schemes.
Simultaneous partial nitrification and denitrification were established in the biofilm that alternated
between aerobic and anoxic conditions. The observed high ammonium removal is explained by two
alternative shortcut processes via nitrite. The lack of biodegradable organics in the aerated stage
suggests that most of the nitrogen removal was via the anammox pathway (autotrophic denitrification).
The HyVAB, combining an anaerobic sludge bed and an intermittently aerated biofilm, appears to be
an efficient process to treat high ammonium containing reject water.

Keywords: reject water; HyVAB reactor; intermittent aeration; nitrogen removal; anammox

1. Introduction

Water from the dewatering of anaerobically digested sludge is called reject water. Reject water
contains higher concentrations of organic materials, ammonium, and phosphorous than mainstream
wastewater [1]. If discharged directly into surface waters, it will cause several environmental and
health issues, such as eutrophication [2,3]. Therefore, environmental regulations mandate the treatment
of reject water before discharge. Generally, it is mixed with mainstream water near the plant inlet in
traditional municipal wastewater treatment plants (WWTP). Recycling reject water into the mainstream
is a reasonable approach [4], but it can cause problems. Even though reject water is only about
1-2% of total mainstream water inflow, it can account for up to 80% of the nutrient load in the main
train process [1]. Ammonium nitrogen presents up to approximately 1500 mg/L in reject water [5].
Reject water at the Knarrdalstrand wastewater treatment plant (KWWTP) contains on average 550 mg/L
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ammonium nitrogen, 2400 mg/L total chemical oxygen demand (TCOD), and 40 mg/L of phosphorous.
During the coagulation and flocculation processes, the phosphorus ion binds strongly with the metal
coagulant (i.e., ferric chloride, FeCls), leading to low levels of phosphorous ion concentration in the
reject water [6]. Therefore, this research work is mainly focused on ammonium nitrogen and COD
removal. The KWWTP treats reject water by recycling it back to the main treatment train as other
ordinary municipal WWTPs do.

Reject water is discontinuously generated and released to the inlet. It causes disturbances in the
coagulation/flocculation process. Ammonium concentration in reject water is about 30 times higher
than the mainstream wastewater. The intermittent release of such strong reject water fluctuates the
pH, which in turn affects the coagulation/flocculation time [7], the amount of the coagulant dose,
and the stability of the sludge. Reject water contains also a large amount of colloidal organics and
solid particles which disturb the coagulation and flocculation processes [8].

Therefore, a pilot hybrid vertical anaerobic biofilm (HyVAB) reactor is used to investigate the
treatment of such reject water to improve the overall process stability and performance. Figure 1
shows the flow diagram of the KWWTP, including the position of the reject water treatment process.
Although the pilot reactor is connected to the effluent from both the thickener and the centrifuge,
only the centrifuged effluent from the anaerobically digested municipal sludge fed the pilot reactor
during this research study. Since the centrifuge works intermittently, the reject water is stored in an
intermediate bulk container to ensure a continuous supply of feed into the reactor. It treats only a
fraction of the reject water.

Coagulation
. & Flocculation tank Sedimentation tank
Screening Grit chamber
Inlet ,"( Discharged water
>, > . » >
Thickener
Pilot reactor: HyVAB
Centrifuge
L1 Anaerobic digestion (AD)
L reactor
| I—
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Figure 1. Flow diagram of the Knarrdalstrand wastewater treatment plant (KWWTP) integrated with
the pilot hybrid vertical anaerobic biofilm (HyVAB) reactor [9].

There is a need for establishing more efficient reject water treatment where ammonium nitrogen
removal is especially important to limit disturbances of the main process when reject water is returned
to the plant inlet. A pilot-scale HyVAB reactor for reject water treatment is studied for this purpose
with various aeration schemes to evaluate them regarding ammonium removal efficiency. The goal
was to evaluate the hypothesis that “nitrogen removal can be enhanced by intermittent aeration to
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obtain both autotrophic and heterotrophic denitrification.” This was tested experimentally, and the
complete reactor performance was investigated to estimate the overall potential of the HyVAB reactor
for reject water treatment.

A biofilm grows on the surface of the biocarriers [10], in this case polyethylene media, referred
to as attached biofilm growth [7,11]. Biofilm is a mixture of microorganism, particulate material,
and extracellular polymers. The diversity depends on nutrient gradient, mutation, genetic regulatory
switches, and signaling pathways [7,12]. This research focuses on the effects of oxygen gradient
oscillations within biofilms on NH4-N removal. Based on the variation in dissolved oxygen
concentration in the biofilm, organisms can be mainly classified as aerobic, facultative, and anaerobic
organisms. Anaerobic bacteria are mainly present in the depth/closest to the surface of the carrier
while aerobic bacteria grow on the top/outermost layer of the biofilm [13,14]. A biofilm environment
supports the growth of many different types of organisms, and aerobic and anoxic organisms can
coexist in the same layers when intermittent aeration is applied.

Aerobic bacteria such as ammonium and nitrite-oxidizing bacteria can be predominant where
oxygen is available [15,16]. Anaerobic and anoxic reactions occur where free oxygen is unavailable
as an electron acceptor. Conventional biological nitrogen removal in wastewater treatment involves
aerobic and anoxic compartments. Biofilms can include both the aerobic and anoxic processes in
one compartment due to the dissolved oxygen concentration gradient [10,13,16]. Process efficiency
is, however, mass transfer limited if the oxygen gradient is stable, which is often the case when
continuous aeration is applied. The main aim of this study is to investigate whether intermittent
aeration can reduce this limitation by imposing temporal oxygen gradient changes. The hypothesis is
that a significant portion of the biofilm will alternate between ammonium oxidation and denitrification
during the aeration cycles. The ammonium oxidation products (NO, and NO3) may thereby be
removed by autotrophic or heterotrophic denitrification in the same biofilm layers where they are
produced, avoiding the rate-limiting diffusion between layers. The investigated process includes a first
anaerobic stage to convert easily degradable organics into methane, which is presumably favorable for
the following nitrogen removal in the aerated biofilm stage.

2. Theory

2.1. Traditional Nitrogen Removal

Dissolved nitrogen in wastewater mainly exists in the form of ammonium (NHZ). Firstly,
ammonium is converted to nitrite (termed nitritation) [16] autotrophically by ammonium oxidizing
bacteria (AOB, Equation (1)) followed by nitrite conversion to nitrate by nitrite-oxidizing bacteria (NOB,
Equation (2)) [7,16]. This two stage ammonium conversion to nitrate is referred to as nitrification [17].

2NH] +30, 2% 2NO; +4H" + 2H,0 )
2NO; + 0, 222, 2NO; @)

The produced nitrate is reduced to nitrogen gas (denitrification) through a succession of four steps
(Figure 2) by heterotrophic bacteria. Organic matter is the reducing agent, here denoted as C1gH;9O3N
that results in the overall generalized Equation (3) [7,17].

C1oH19O3N + 10NO§ — 5N + 10CO; + 3H,0O + NH3 + 100H™ 3)
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Figure 2. Nitrification, denitrification, and the shortcut mechanism illustrated with oxidation states
of nitrogen.

2.2. Shortcut to Traditional Biological Nitrogen Removal

Both nitrification and denitrification pass through nitrite, and thus, short-circuiting these processes
is possible as illustrated in Figure 2. That means that oxidation of nitrite to nitrate is suppressed,
and nitrite is directly reduced to nitric oxide (NO) and subsequently reduced to nitrogen gas [7].

The anammox process, performed by autotropic bacteria, is more direct and requires less energy
than traditional nitrogen removal [7]: Ammonium serves as the electron donor for autotrophic
denitrification with nitrite as an electron acceptor (Equation (4)).

NH; + NO; — N, +2H,0 4)

Nitrification and denitrification are normally carried out in two separate compartments in both
heterotrophic and autotrophic denitrification schemes. Both reactions can, however, occur within
biofilms in a single compartment, and intermittent aeration can be applied to enhance them, presumably
to achieve partial nitritation/anammox within a single biofilm layer. This is intended to reduce both
capital and operational costs of the treatment process [18] as it minimizes mechanical complexity and
aeration costs [17].

Dissolved oxygen (DO) dynamics can be controlled by either a proportional-integral-derivative
(PID) controller using DO concentration measurements and DO set point levels or by a timer-based
aeration on/off control. Figure 3 shows typical DO profile changes with intermittent aeration and defines
the aeration fraction (AF) and the aeration cycle (AC), which are the key parameters in intermittent
aeration. The figure also illustrates how the oxygen utilization rate (OUR) can be monitored by
measured changes in the bulk liquid DO levels. Nitrification is favored at the higher DO levels,
while denitrification takes mainly place when the DO is low (anoxic) [19].
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Figure 3. Dissolved oxygen (DO) profile during intermittent aeration (AF = Aeration fraction,
AC = Aeration cycle, OUR = Oxygen utilization rate) [20].

3. Materials and Methods

Figure 4 shows the layout of the HyVAB reactor. The reactor is divided into two major components:
Water enters into the upflow anaerobic sludge bed section (i.e., lower compartment) and flows up into
the aerated top section. The aerated section can be operated either as continuous flow intermittent
cleaning biofilm (CFIC®, (Biowater Technology AS, Tensberg, Norway)) or as moving bed biofilm
processes [21-23]. A gas separator between the anaerobic and aerobic parts collects biogas while water
flows upwards. The upper part is packed with carriers and is aerated continuously or intermittently.
The reactor was in operation for more than 200 days with continuous aeration before this project started.
Ammonium, TCOD and soluble chemical oxygen demand (SCOD) removal during this preparation
period prior to the experimental study presented here were around 8%, 16%, and 20%, respectively.
Two intermittent aeration schemes were applied during the 3-month test period (200-292 days).
Only experimental results obtained between the 200th day and 292nd day of the HyVAB operation on
reject water as feed are taken into account for this study. The recycling rate for the anaerobic section
was constant during the experiment (feeding: recycling flows ratio was 1:3) to fluidize the granular
sludge bed. The hydraulic retention time (HRT) was constant at 16 hours. The total working volume
and water depth of the aerobic part were 43.2 L and 1.56 m, respectively. Approximately 70% of the
aerobic section was filled with BWT15® (Biowater Technology AS, Tensberg, Norway) type carriers
(dimension: 14.5 x 14.5 X 5 mm, protected surface area: 828 m?/m3), as seen in Figure 4. Table 1 lists the
reactor design parameters and operational conditions separately for the aerobic and anaerobic sections.
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Figure 4. Layout of the HyVAB reactor setup and image of the carrier used in HyVAB [21].

Table 1. HyVAB reactor design parameters and operational conditions.

Parameter Unit Value Parameter Unit Value
Anaerobic section Aerobic section
Total volume L 21.6 Total volume L 21.6
Temperature °C 35+2 Temperature °C 302
Granular sludge bed volume L 18.7 Cross-sectional area m? 0.018
Water depth m 1.0 Type of media BWT15®
Cross-sectional area m? 0.016 Carriers filled L 16.3
Upflow velocity m/h 0.675 Number of carriers filled No 1332
Internal diameter cm 14.2 Total protected surface area ~ m? 10.5
Gas baffle diameter mm 82

3.1. Analysis Methodology

A proportional-integral-derivative (PID) temperature controller device was used to keep the
aerobic part temperature constant at 30 + 2 °C. Aeration was controlled using an on/off controller.
DO was measured by WTW Oxi 3310 and MultiLine® 3620 IDS DO meters. Samples were collected
from the HyVAB reactor’s inlet, the anaerobic digestion (AD) part outlet, and the aerobic part
outlet twice a week. The pH was measured by a pH-meter (Beckman 390, Beckman Instruments,
Indianapolis, IN, USA). The organic content was measured by three different parameters: TCOD,
SCOD, and ultimate biological oxygen demand (UBOD). TCOD and SCOD analyses were performed
according to the APHA 5220D standard [24]. UBOD was measured based on the standard method
5210 C[24]. Nitrogen species, such as nitrate, ammonium, and nitrite concentrations, and alkalinity were
measured by the Spectroquant® Pharo 300 UV/VIS photometer (Merck KGaA, Darmstadt, Germany)
according to the standard methods of the America Public Health Association (APHA 1995) [24].
The oxidation reduction potential (ORP) of the AD part was measured by the ORP meter (HI991003
pH/pH-mV/ORP/Temperature Meter with Sensor Check™) to check whether the AD reduction potential
was in the right range for biomethane generation. A Nikon Stereo Microscope SMZ745T was used to
observe both the granular morphology and the biofilm thickness on biocarriers. Biofilm thickness was
measured in different locations on the biocarries by the Infinity Analyze software.
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3.2. Aeration Control in the HyVAB Reactor

Timer-based aeration control by the Arduino microcontroller was tuned to achieve the desired
oxygen profile (Figure 3). A 20-min AC, 5 min on/15 min off was tested first, and a 7 min AC, 3 min
on/4 min off cycle was tested in the second trial (Table 2). Trial 1 was started on the 202nd day and
Trial 2 started on 257th day.

Table 2. Intermittent aeration cycle trials and aeration fraction details.

Trial No. Aeration Cycle (min) Aeration Fraction Duration (Days)
1 20 0.75 48
2 7 0.43 35

4. Results and Discussion

4.1. Dissolved Oxygen, Organics, and Nitrogen Species Profile

In Trial 1 (AC = 20, AF = 0.75), the DO concentration range decreased from 2—-6 mg/L at the
beginning to 0.2-5 mg/L at the end of the trial (Figure 5). No significant removal of ammonium
was measured during Trial 1, while ~20% total and soluble COD removal was established early and
maintained throughout (Figure 7). In Trial 2 (AC =7, AF = 0.43), the DO concentration range decreased
from 2.5-5.5 mg/L at the beginning to 1.5-4.7 mg/L at the end of the trial (Figure 6), implying increased
endogenous oxygen utilization.
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Figure 5. DO concentration variation in the HyVAB for Trial 1: (a) DO profile on the 237th day, (b) DO
profile on the 241st day, (c) DO profile on the 247th day, and (d) DO profile on the 251st day.
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Figure 6. DO concentration variation in the HyVAB for Trial 2: (a) DO profile on the 262nd day, (b) DO
profile on the 264th day, (c) DO profile on the 292nd day, and (d) DO profile on the 295th day.

TCOD removal varied, and the variations diminished towards the end of the experiment
(Figure 7A). The influent average TCOD was 2.5 g/L, and 20% was removed. Most of the COD removal
occurred in the AD section, and no net SCOD removal was observed in the aerated biofilm compartment.
The outlet SCOD average 1.2 g/L, which was 20% less than inlet concentration (Figure 7B). The low
COD removal is explained by low levels of biodegradable organics in the reject water. This is reasonable
because the KWWTP’s AD reactors utilize most of the BOD for biogas production. The measured reject
water UBOD = 90 mg/L confirms this, as does the observed lack of biogas production. Measured ORP
was between —330 and —360 mV, and observed granular sludge morphology via the stereomicroscope
(Figure 10B) shows the appropriate conditions for biomethane production prevailed [25], but methane

levels remained below saturation.
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Figure 7. Inlet, anaerobic digestion (AD), and outlet concentration of total chemical oxygen demand
(TCOD) (A) and soluble chemical oxygen demand (SCOD) (B).

90f13

Measured nitrogen species concentrations in the aerobic part of the HyVAB reactor and influent
ammonium concentrations are given in Figure 8. Nitrate and nitrite concentrations increased,
while reactor ammonium concentration fell after the 235th day. The nitrite concentration increased from
5 to 50 mg/L, while nitrate concentration only gradually increased from 5 to 15 mg/L. Approximately
50% ammonium removal was attained at the end of Trial 2. About 20% of this accumulated as nitrite,
4% as nitrate, implying that approximately 3/4 of removed ammonium was denitrified. The high
nitrite to nitrate ratio is favorable for the abovementioned shortcut nitrogen removal processes [7].
Nitrite oxidation can be suppressed by shorter aeration cycles [26], and accumulated nitrite can be

reduced with ammonium ion as the electron donor (Anammox). Such shortcut mechanisms can
increase the nitrogen removal efficiency [17,27].
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Figure 8. Nitrogen species variation in the HyVAB reactor.

The heterotrophic shortcut process requires 40% less organic carbon for denitrification than
the traditional denitrification process, and the anammox process requires no organic carbon for
denitrification. Both options require less oxygen and alkalinity than traditional denitrification
(e.g., 25% reduced aeration demand [7]). These shortcut processes likely dominate the observed
nitrogen removal. The lack of biodegradable organics in the aerated stage suggests that most of the
nitrogen removal was via the anammox pathway. The TCOD, SCOD, and ammonium removal trends
given in Figure 9 support the assumption that the HyVAB process with intermittent aeration is efficient

for reject water treatment.
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Figure 9. TCOD, SCOD, and NH,* removal efficiencies in the HyVAB reactor.



Water 2020, 12, 1151 110f13

4.2. Stereo Microscopic Images

Figure 10A shows a stereo microscopic image of a biocarrier (BWT15®). The biofilm thickness,
Lf, was measured from such images in different locations of the carriers (as illustrated in the image),
finding an average Lf = 77 + 26 um (n = 10). Figure 10B shows a stereo microscopic image of the
anaerobic granular sludge. The granules had well-defined, spherical morphology with the diameter,
L, less than 1 mm (L = 525 + 180 um (n = 10)).

(A)

kS um

Figure 10. Stereo microscopic images captured via the Infinity Lumenera camera and measured by
the Infinity Analyze software: (A) A HyVAB carrier (grid size; 500 X 500 um) and (B) the HyVAB AD
granular sludge (scale shown as diameters (L) of granules).
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5. Conclusions

The HyVAB reactor with a short, intermittent aeration cycle of 7 min efficiently treated reject water
from anaerobically treated sludge at a domestic wastewater treatment plant. The lack of biodegradable
organics was identified as the limiting factor for traditional biological nitrogen removal. Most of
the HyVAB’s organics removal (20% of reject water COD) occurred in its anaerobic stage, and the
aerated biofilm stage removed nitrogen. Ammonium removal efficiency raised from 8% during the
continuous aeration period to 50% at the end of the study, of which approximately 3/4 was denitrified.
Shortcut processes via nitrite dominate the observed nitrogen removal, and the lack of biodegradable
organics in the aerated stage may suggest that most of the nitrogen removal was via the anammox
pathway (autotrophic denitrification).
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