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ABSTRACT

Nitrate contamination in water resources, stemming from agricultural intensification,
excessive use of inorganic nitrogenous fertilizer, and inadequate municipal wastewater
nitrate removal, poses serious environmental and health risks globally. Conventional
heterotrophic denitrification has been used to remove nitrate from wastewater, but these
processes often result in significant nitrous oxide emissions-a potent greenhouse gas
(GHG) 298 times more potent than carbon dioxide. Moreover, some processes consume
considerable energy by recycling nitrate-laden wastewater to mix with the primary effluent
in pre-anoxic tanks to use its biochemical oxygen demand (BOD) for heterotrophic
denitrification. Given the global urgency surrounding greenhouse gas emissions and New
Zealand’s commitment to the Paris 2050 emissions goal, a net-zero-emission nitrate
removal process is essential.

Hydrogenotrophic denitrification is a promising bioprocess that uses hydrogen-oxidizing
autotrophic bacteria to reduce nitrate to dinitrogen gas. Previous studies have shown that
hydrogenotrophic denitrification can significantly reduce the production of direct and
indirect greenhouse gas emissions. Due to no organic carbon being required by autotrophic
microbes, there is no risk of organic carbon carryover or additional carbon dioxide
production as in heterotrophic denitrification processes. Therefore, hydrogen can be
provided in excess relative to the nitrate concentrations and stoichiometric needs of
autotrophic denitrifiers, driving complete denitrification. However, technical challenges
such as low water solubility and the explosive nature of hydrogen hinder the application of
this novel wastewater treatment technology.

This research aims to develop a robust and efficient hydrogenotrophic denitrification
process to minimize nitrous oxide emissions and energy consumption while maintaining
wastewater discharge standards. Results from bench-scale testing using an innovative 20-
liter membrane biofilm reactor (MBfR) highlighted that it could effectively and safely
provide hydrogen through direct diffusion to hydrogen-oxidizing denitrifying bacteria
(HODB) biofilm. Additionally, our results demonstrated that return-activated sludge from
Rosedale Wastewater Treatment Plant (WWTP) could seed an MBfR effectively. The process

Water New Zealand Conference & Expo 2023



achieved a peak denitrification rate of 41 mg NOsz-N/L-d when operated in a batch mode
with an applied hydrogen pressure of 5 psi. The denitrification rate could significantly
increase when the MBfR was operated in continuous-flow mode. We noticed that pH control
played an essential role in stabilizing performance and increasing denitrification rates.
Overall, our MBfR-based hydrogenotrophic denitrification process can be a sustainable
process to drop into existing wastewater treatment trains as a post-anoxic step.
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1.0 INTRODUCTION

Nitrate pollution has become a major environmental and public health concern globally
(Bouchard et al., 1992; Wu et al., 2021). Elevated nitrate concentrations in water resources
can result in eutrophication (Ashok & Hait, 2015), methemoglobinemia in infants, as well
as gastric cancer (Lockhart et al., 2013). Thus, the current standard of nitrates in New
Zealand drinking wateris 11.3 mg NO3-N/L and 0.91 mg NO>-N/L, in line with the standards
set by the World Health Organization. Intensifying farming practices, increased use of
inorganic nitrogenous fertilizers, and inadequate nitrate removal from wastewater are
major contributors to the elevating nitrate levels in ground and surface water (Baskaran
et al., 2009; Lockhart et al., 2013; MfE, 2020). This issue is particularly prevalent in New
Zealand, where agriculture is our primary industry, with a 629% increase in nitrogenous
fertilizer use from 1991 to 2019 (Stats, 2021) and worsening nitrate-nitrogen groundwater
quality (MfE, 2019). Furthermore, the nitrate concentration in the effluent of secondary
domestic wastewater treatment plants (WWTP) can be over 40 mg N/L (Cao et al., 2019),
making its remediation before discharge critical. Traditional heterotrophic nitrate reduction
methods release carbon dioxide (Chen et al., 2016) and nitrous oxide (Andalib et al., 2018;
Chung & Chung, 2000), two potent greenhouse gases that drive climate change.

Wastewater treatment is accountable for 3.2-10% of total anthropogenic nitrous oxide
emissions (Law et al., 2012). Nitrous oxide is a powerful greenhouse gas with a carbon
dioxide equivalent of 298 kg and a half-life of 114 years (EPA, 2023). It accounts for 10%
of total global greenhouse gas emissions and the atmospheric concentration is 324 ppbv,
increasing at a rate of 0.3% per year (Adouani et al., 2015). Nitrous oxide production
occurs primarily during the biological removal of nitrogen via nitrification and denitrification
(Richardson et al., 2009; Tallec et al., 2006). Nitrification and denitrification are the two
main redox reactions in the nitrogen cycle (Fig 1.).
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Figure 1: Schematic representation of the nitrogen cycle.

Conventional wastewater denitrification uses organic compounds (e.g., BOD) to drive the
reduction of nitrate (Aslan, 2005) (Wasik et al., 2001). In post-anoxic heterotrophic
denitrification, carbon carryover is a concern. To prevent it, organic carbon is often
inadequately supplied, resulting in incomplete denitrification and the production of nitrous
oxide (Andalib et al., 2018; Chung & Chung, 2000). Therefore, heterotrophic denitrification
is often carried out using a pre-anoxic approach using influent organic carbon to drive
denitrification. To achieve this, a large volume of nitrate-laden wastewater from the back
of the treatment train is returned to the front with an energy intensive recycle.
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Autotrophic denitrification is an alternative process. Autotrophic denitrifiers use carbon
dioxide as their carbon sources and reduced inorganic compounds, such as hydrogen, as
electron donors (Vidal et al., 2002; Zehr & Kudela, 2011). Because no organic carbon is
required in autotrophic denitrification, there is no resulting carbon carryover or additional
carbon dioxide production. In particular, hydrogen, due to its low solubility and gaseous
nature, can be provided in excess relative to the nitrate concentrations and stoichiometric
needs of autotrophic denitrifiers to drive complete denitrification, reducing nitrous oxide
production. It has been reported that hydrogen-driven denitrification can reduce nitrous
oxide production in the order of magnitudes(He et al., 2023; Wu et al., 2021).

However, the low water solubility of hydrogen (1.6 mg/L) impacts the denitrification
performance causing low mass transfer efficiency and hydrogen usage rates (Park & Yoo,
2009). Furthermore, hydrogen bubbling can result in the accumulation of hydrogen,
creating an explosive environment (Mansell & Schroeder, 2002). The hydrogen-based
membrane biofilm reactor (MBfR) is an emerging technology in biological denitrification for
wastewater treatment (Jang et al., 2023). An MBfR supplies hydrogen via direct diffusion
through the walls of a micro or non-porous gas transfer membrane to a denitrifying biofilm
that accumulates on the exterior wall of the membrane. MBfRs are advantageous due to
low energy consumptions, high specific surface area for biomass growth, safe and on-
demand hydrogen delivery, and the need for no organic compound dosing (Martin &
Nerenberg, 2012; Rittmann, 2007). Therefore, this study investigated the performance of
indigenous (hydrogen oxidizing denitrifying bacteria) HODB from New Zealand wastewater
in @ MBfR. Investigating the performance of indigenous HODB is important to New Zealand
as it has strict biosecurity restricting the import of foreign strains. More importantly the
study investigates a sustainable denitrification method, which reduces greenhouse gas
emissions in wastewater treatment.
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2.0 MATERIALS AND METHODS

2.1 SYNTHETIC WASTEWATER

Table 1 presents the chemical composition of the trace element and mineral salts medium
stock solutions used to prepare the synthetic wastewater. All chemicals used in this
research are ACS grade or above from Sigma (Sigma, MO, USA). The synthetic wastewater
consists of 1 mL/L of the trace element stock solution (Wagner et al., 2019), 10 mL/L of
the mineral salts medium stock solution as described previously (Zhuang et al., 2014), and
1.1 g/L NaHCOs. Whereas the concentration of NaNOs amended into the synthetic
wastewater was varied from 394.1 to 607.2 mg/L, representing 65 to 100 mg N/L. This
represented a respective loading rate of 36.1 to 55.6 mg N/L-d. This study's degree of
nitrate contamination was representative of domestic wastewater characteristics. The pH
of the prepared influent synthetic wastewater was adjusted to 7.4. Return-activated sludge
taken from Rosedale WWTP in Auckland, New Zealand was used as the inoculum. Before
inoculating the MBfR, the inoculum was diluted to 1,900 mg/L suspended solids (SS) using
the synthetic wastewater.

Table 1: Chemical composition of trace element and mineral salts medium stock solutions.

Tracg element stock Concentration migdei';ja* sst?nlcfli Concentration
solution [1000 x] (mg/L) solution [100 X ] (g/L)
HCI (33% solution) 7.5 (mL) NaCl 100
FeCl>-4H,0 1500 MgCl;-6H,0 50
CoCl»-6H,0 190 KH>PO4 20
MnCl;-4H,0 100 NH4ClI 30
ZnCl, 70 KCI 30
HsBOs 6 CaClz:2H20 1.5
Na>Mo04-2H>0 36 Na>S04 5
NiCl>-6H,0 24

CuClz-2H,0 2
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2.2 LABORATORY-SCALE MBFR SET-UP

Figure 2 shows a schematic representation of the hydrogen-driven MBfR with respective
batch and continuous-flow operational modes. Two lab-scale membrane modules (ZeelLung
LS-1, VEOLIA) were housed inside a 20 L working volume acrylic column (175 cm diameter
x 100 cm height). One module's nominal membrane surface area is 1.5 m? with a
maximum process air pressure of 12 psi.

Synthetic wastewater was fed at a specified flow rate using a peristaltic pump (Cole-Parmer
Masterflex, Illinois, United States) to give an HRT of 24 to 43 hours, and the effluent was
collected for chemical analysis. The MBfR contents were stirred using a magnetic stirrer
(SB301, Stuart) and magnetic stir bar at 150 rpm. The reactor was baffled with four
equispaced baffles (1.5 cm length x 0.6 cm width x 75 c¢cm height). Additional pure nitrogen
mixing gas could be bubbled through the MBfR using the mixing air connection provided
by the membrane modules at an adjustable flow rate of 0.5 to 5 L/min using a Kofloc in
flow gas meter (RK-1350V, Kofloc). The applied pressure of pure hydrogen gas to the
membranes was maintained at a specified pressure using a hydrogen gas regulator (HiQ,
BOC) and monitored by a pressure gauge at the inlet.

The inoculation of biofilm onto the outer membrane surface was conducted in batch
operation, whereas long-term performance analyses would be performed through a
continuous-flow process.

2.3 MBFR OPERATING CONDITIONS
2.3.1 INOCULATION PHASE (BATCH-MODE

We also operate the MBfR in batch mode to enhance the growth and accumulation of a
biofilm on the membrane module. Nitrogen gas sparging (1.5 L/min) and magnetic stirring
was used during the batch mode to provide adequate mixing. In this well-mixed condition,
the bulk biomass was kept suspended in the reactor with no sedimentation. Hydrogen gas
(3 psi) was supplied to the membrane lumen to achieve bubbleless aeration. The applied
hydrogen pressure was determined in preliminary testing in which the visible formation of
bubbles occurred at higher pressures. During the inoculation phase, nitrate concentrations
were maintained at 50 - 150 mg N/L through the direct supplementation of sodium nitrate.

The process was switched to continuous-flow operation after an eight-day inoculation
period.

2.3.2 OPERATIONAL PHASE (CONTINUOUS-FLOW MODE)

After the inoculation phase, the MBfR performance went through an acclimatization period
for approximately 30 days where the performance stabilized. During this period the MBfR
was operated under a mixture of batch and continuous-flow modes. The applied hydrogen
pressure during this period was 5 psi. During this period, the MBfR was fed with 65 mg
NOs-N/L with a 24-hr HRT (Day 9 to 18) and a 43-hr HRT (Day 19 to 46). Nitrogen sparging
was stopped on Day 19 to enable the further accumulation of biofilm on the membranes.
The pH of the MBfR was maintained between 6.7 to 8.1 through HCI dosing due to the
increase in pH from denitrification. Once the process had acclimatized, the denitrification
efficiency was in excess of 80% and the influent nitrate concentration was increased to
100 mg-N/L throughout the operational phase (Day 40 to 46).

2.4 BATCH BIOREACTOR SETUP (UBIQUITY STUDY)

The enrichment of HODB from Mangere, Rosedale, and Army Bay WWTPs was carried out
in batch experiments, in glass serum bottle bioreactors (1 L) with a final working volume
of 500 mL. 250 mL of Return activated sludge (RAS) from Mangere and Rosedale WWTPs
and waste activated sludge (WAS) from Army Bay WWTP was diluted to the final working
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volume using the prepared synthetic wastewater. During the enrichment 5 mL of a
concentrated nitrate stock solution was intermittently dosed to provide 100 mg NOs-N/L
final nitrate concentration in each bioreactor. The bioreactors were capped and sealed with
a butyl rubber stoppers and aluminium seals and flushed using pure nitrogen gas for 5
minutes to remove residual oxygen. The serum bottles were then pressurized to 10 psi
using industrial grade hydrogen with a purity of 99.9%. The hydrogen gas was replenished
periodically. The bottles were incubated at 30°C (Polar 1000C, Contherm) and shaken at
150 rpm using an orbital shaker (SHLD0415DG, Ohaus).
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Figure 2: schematic representation of the hydrogen-driven denitrification MBfR set-up with ability to operate under batch (feed pump
off) and continuous modes of operation.
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2.5 SUSPENDED SOLIDS ANALYSES

Suspended solids analyses for the inoculation of the MBfR were completed in
accordance with the Standard Methods for the Examination of Water and
Wastewater 22" edition (Rice & Bridgewater, 2012).

2.6 CHEMICAL ANALYSES

The reactor and effluent samples for analysis were centrifuged at 15,000 x g for
5 min to separate the supernatant for nitrate analyses via spectrophotometric and
chromatographic methods. Nitrate concentrations during the start-up in the
inoculation and acclimatization period were monitored directly using Hach Nitrate
and Nitrite Test Strips (Hach, 2745425). Test strip results help determine the best
dilution rates for more accurate quantification using Hach Nitrate TNTplus Vial
tests (Hach, TNT 836). The vials were used following the manufactures protocol
with a Hach DR1900 spectrophotometer.

NOs-N and NO;-N were quantified by IC (Dionex ICS-2100, Thermo Scientific)
equipped with an AG18 column (Dionex IonPac). A 23 mM KOH solution was used
as the eluent at a 1.0 mL/min flow rate.



3.0 RESULTS AND DISCUSSION
3.1 INOCULATION PERFORMANCE (DAY 0 TO 8)

The nitrate removal performance of the MBfR during the initial start-up phase
(batch mode) is shown below in figure 3. (Day 0 to 8). The figure shows the bulk-
liquid nitrate-nitrogen concentration during the batch inoculation phase. The
nitrate reduction happened immediately when the MBfR was inoculated with
sludge from Rosedale WWTP, indicating that hydrogenotrophic denitrifiers were
already presented in the sludge. Sodium nitrate was replenished periodically to
maintain nitrate nitrogen concentrations at above 50 mg-N/L to promote the
selective growth of HODB.
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Figure 3: In the initial phase (Day 0 to 8), a batch operation mode in conjunction
with high nitrate nitrogen concentrations in the MBfR was used to promote the
growth of hydrogenotrophic denitrifiers using return activated sludge from
Rosedale WWTP.

The peak nitrate removal rate achieved during the initial start-up phase was 41.0
mg N/L-d and the average removal rate was 34.2 mg N/L-d across the eight-day
period. Given that the nitrate-nitrogen concentration in the post nitrification
effluent is typically 40-50 mg-N/L, our process has the potential to be quickly
started up using unacclimated return activated sludge and the effluent from the
aerobic tank.



3.2 ACCLIMATIZATION PERFORMANCE (DAY 9 TO 39)

On day 9, the MBfR was changed to continuous mode after observing significant
biofilm formation on the membrane modules. Figure 4. shows the nitrate-nitrogen
removal efficiency across the acclimatization period between Day 9 to 39. Over
the 30-day period, the nitrate-nitrogen removal efficiency improved from 14.8%
(Day 9) to 68.6% (Day 39).
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Figure 4: The nitrate nitrogen removal percentage during the stabilization phase
(Day 9 to 39).

During Day 11 to 21, the performance of the MBfR fluctuated between 29.5 to
23.8%. The relatively low nitrate removal efficiency indicated losing HODB in the
reactor from flush out or a decrease in HODB biofilm biomass quantity that could
use hydrogen to conduct denitrification. Although we sparged the MBfR using
nitrogen provide mixing, nitrogen sparging could prevent the accumulation of a
biofilm on the exterior surfaces of the membrane module, reducing the amount of
available HODB that could access hydrogen. The 24-hr HRT might also be shorter
than the growth rate of the biofilm-forming HODB.

On Day 21, the continuous sparging of nitrogen gas was stopped, and the HRT
was increased to 43-hr. These changes reduced the shearing of biomass off the
membrane, enabled more HODB to accumulate on the membrane threads, and
reduced the flush out of HODB suspended in the bulk liquid. The changes had
positive results as the increase in denitrification efficiency from 23.8 to 68.6%
(Day 21 to 39).



3.3 OPERATIONAL PERFORMANCE (DAY 40 TO 46)

Figure 5. shows the nitrate-nitrogen removal percentage achieved by the MBfR
between Days 40 to 46. The system achieved a peak nitrogen removal percentage
of 99.3%. The nitrate removal efficiency kept on improving to almost 100% on
day 46. The peak specific removal rate under the 43-hr HRT was 55.2 mg N/L-d.
Accounting for the membrane surface area (3 m?) and reactor volume (20 L), the
effective removal rate of nitrogen by the MBfR was 367.7 mg N/m3-d (specific
dentification rate x reactor volume - membrane surface area). At these operating
conditions, with a nitrogen removal efficiency ranging from 86.4 to 99.3%, we are
confident that the MBfR can denitrify the effluent of secondary domestic
wastewater effectively.
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Figure 5: The nitrate nitrogen removal percentage during the operational period
(Day 40 to 46).

The removal rates achieved by this process, considering the reactor volume and
membrane surface area, compared favorably against results obtained in similar
studies by, (Lee & Rittmann, 2000) and (Ergas & Reuss, 2001). In a study by (Lee
& Rittmann, 2000), they achieved a specific nitrogen removal rate of 127.7 mg
N/m3-d. Another similar study (Ergas & Reuss, 2001) achieved a peak-specific
removal rate of 245.6 mg N/m3-d. The membrane surface area to reactor volume
ratio is a key operational parameter, as the relationship determines the surface
area provided for biofilm to accumulate with respect to the overall nitrate loading.
The larger the comparative membrane surface area is, with respect to operating
volume, the greater the corresponding concentration of HODB in the system.
Increasing the surface area provides more space for the growth of HODB and
improves the overall supply of hydrogen (electron donor) into the system relative
to the nitrate concentration (electron acceptor). This indicates that the surface



area comparative to the reactor volume can be increased to further improve
denitrification performance.

3.4 UBIQUITY OF HODB IN NEW ZEALAND WWTPS (MANGERE,
ROSEDALE, ARMY BAY)

Figure 6. shows the nitrate-nitrogen concentrations in one hydrogen driven
reduction cycle by batch enrichments using seed sludge from three main WWTPs
in Auckland (Mangere, Rosedale, Army Bay). The results show that all three
WWTPs could seed a HODB community capable of 100% nitrate removal within a
24-hr period. Mangere, Rosedale and Army Bay achieved an average nitrate
removal rate of 522.1, 95.5, and 562.7 mg N/L-d, respectively. Rosedale’s nitrate
removal rate maybe in the same range as Mangere and Army Bay as 100%

removal may have been achieved much earlier than the final sampling point (23-
hrs).
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Figure 6: The nitrate concentration over 25 hours in batch enrichments seeded by
different wastewater treatment plants in Auckland.

The results demonstrate the ubiquity of HODB in Mangere, Rosedale and Army
Bay WWTPs capable of being enriched and self-seeding a denitrification reactor.
The enriched HODB in all three WWTPs are shown to have the ability to denitrify
secondary domestic wastewater to below resource regulations.
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4.0 CHALLENGES AND FUTURE DEVELOPMENT
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Figure 1: In-situ hydrogen driven denitrification model.

The following stages in this research will focus on two aspects; 1) Understanding
the fundamental changes, interactions, and competition in the microbial
community during the MBfR seeding and operating stages. This will focus on
analyzing the sequenced DNA from key stages of the start-up and operating
phases, and 2) Using the knowledge gained to shorten the inoculation and
acclimatization periods to achieve quick start up hydrogenotrophic denitrification
MBfRs.

We will also develop this technology to treat nitrate polluted groundwater using
in-situ or pump-and-treatment strategies (EPA, 2013). New Zealand's most
substantial source of nitrate pollution occurs from using nitrogenous fertilizers in
the dairy industry and the subsequent leaching and pollution of groundwater.
Applying an in-situ flow through hydrogen-driven denitrification process offers a
clean and sustainable method of remediating nitrate-polluted groundwater. The
principle of such a process is similar to that of the continuous flow MBfR developed
in this study, applied in a non-point source configuration. The hydrogen-supplying
modules are positioned downstream of nitrate-polluted ground waters, which flow
through the process and are remediated (Fig 8.).



5.0 CONCLUSION

A continuous flow MBfR was successfully started up and achieved a nitrate-
nitrogen removal efficiency of 99.3%. The specific denitrification rate of the
process was 369.3 mg N/m?3-d when the membrane surface area and the volume
of the reactor were accounted for. This result compared favorably to similar
studies done on hydrogen-driven MBfRs. Most importantly, the MBfR achieved a
nitrate-nitrogen concentration well below that of water discharge regulations (10
mg NOs3-N/L).

The research carried out in this study proves the presence and feasibility of using
indigenous HODB in a continuous hydrogen-driven autotrophic denitrification
process for treating New Zealand wastewater. Denitrification performance analysis
highlighted the ability to seed a bioreactor using indigenous HODB and denitrify a
synthetic wastewater influent containing 100 mg NOs-N/L below New Zealand
discharge regulations. The study provides insight into the ability of this process as
a drop-in denitrification system capable of mitigating denitrification-related
greenhouse gas emissions. An exciting direction of further development in this
area of research is the bioremediation of nitrate polluted groundwater.
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