Chapter 26
Nitrification at Low Temperature
for Purification of Used Water

M.J. Dempsey

Abstract Prokaryotes that can oxidize ammonia and/or nitrite are known as
nitrifiers and are common in terrestrial, freshwater and marine environments.
Where the temperature is commonly in the range 0-20 °C, psychrophilic strains
or species can be isolated or identified using molecular techniques. It is therefore no
surprise to also find psychrophilic nitrifiers in engineered systems used, for exam-
ple, to remove ammonia from raw, used or wastewater or from contaminated air. In
temperate regions, we have been using psychrophilic nitrifiers without most people
realizing, and this chapter attempts to put their importance into context by com-
paring and contrasting their presence in natural and engineered systems. It con-
cludes by describing a biofilm-based process technology, the expanded bed biofilm
reactor, which the author has improved with several inventions that make this
technology cost-effective for wider adoption.
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26.1 Introduction

Purification of used water tends to be done at municipal wastewater treatment
works and, in temperate countries, it normally relies on the activities of psychro-
philic microorganisms, as the temperature of the wastewater rarely rises above

M.J. Dempsey (<)
Faculty of Science and Engineering, Manchester Metropolitan University,
John Dalton Building, Chester Street, Manchester M1 5GD, UK

Advanced Bioprocess Development Ltd., John Dalton Building, Chester Street, Manchester
M1 5GD, UK
e-mail: m.dempsey@mmu.ac.uk

© Springer International Publishing AG 2017 601
R. Margesin (ed.), Psychrophiles: From Biodiversity to Biotechnology,
DOI 10.1007/978-3-319-57057-0_26


mailto:m.dempsey@mmu.ac.uk

602 M.J. Dempsey

20 °C. Because the purification of used water by secondary, biological processes
involves the conversion of organic matter to microbial biomass, it represents the
largest biotechnology application of cold-adapted microbes. For example, in the
European Union (EU), if all wastewater was subjected to secondary treatment,
approximately 4 million tonnes of biomass would be produced per year, much of it
consisting of psychrophilic, heterotrophic microorganisms such as bacteria, pro-
tozoa and rotifers, as well as oligochaete and nematode wormes.

In contrast, nitrification is conducted mostly by autotrophic ammonia- and
nitrite-oxidizing bacteria (AOB and NOB, respectively), although bacteria capable
of carrying out both processes have recently been reported (Daims et al. 2015; van
Kessel et al. 2015) and ammonia-oxidizing archaca (AOA) have been found in
wastewater plants in the USA by Park et al. (2006). The energy yield from oxidizing
ammonia or nitrite is much less than from using organic matter as the electron
donor and, for nitrite, it is one third that of ammonia. That is, 100 molecules of
nitrite need to be oxidized to harvest enough energy to fix one CO, molecule,
whereas it only requires oxidation of 35 ammonia molecules (Prosser 1986).
Therefore, for nitrification, approximately 367 thousand tonnes of AOB and
86 thousand tonnes of NOB would be produced per year in Europe if tertiary
treatment was used for nitrification of all domestic wastewater. Nitrification pro-
cesses have become more common in recent years, for the protection of aquatic
organisms and the restoration of good ecological status. An important driver for use
of these processes in the EU has been the Urban Wastewater Treatment Directive
(European Council 1991), which has been subsumed into the Water Framework
Directive (European Council 2000).

Treatment of domestic wastewater consists of up to three stages: primary,
secondary and tertiary. Primary treatment consists of physical separation of partic-
ulate materials, typically using screens and grit channels. This removes particles
larger than a few millimetres or with a significantly higher density than water. The
partially clarified wastewater (“settled sewage”) is normally subjected to second-
ary, biological treatment using one of several process technologies. The oldest
established technology is the trickling filter (TF), which was perfected in Salford,
UK, in 1893. The second oldest, activated sludge (AS), was developed in
Davyhulme, Manchester, UK, in 1914. Despite their age, these processes are still
used worldwide. Oxidation ponds (lagoons) date from about the same time, but
more recently developed processes include rotating biological contactors (RBC),
moving bed biofilm reactors (MBBR) and membrane bioreactors (MBR) (Murdoch
University Environmental Technology Centre 2000; Metcalf & Eddy et al. 2014).
Essentially, secondary treatment is a process of growing mostly heterotrophic
microbes on nutrients in wastewater, thus removing the polluting matter by settling
out the biomass as sludge. This sludge is often combined with that from the primary
settling tanks and subjected to anaerobic digestion, to reduce the final sludge
volume, by about tenfold, and to generate methane-rich biogas as a renewable
fuel. Although this process is normally operated at mesophilic or thermophilic
temperatures, recent work by O’Flaherty’s group at the National University of
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Ireland, Galway, has established a method of low-temperature anaerobic digestion
based on biomass granules (McKeown et al. 2009).

Following the Industrial Revolution and the growth of crowded cities, biological
wastewater treatment was developed as a means of protecting human health, by
breaking the cycle of waterborne disease. It also gave some basic protection to the
aquatic environment. This work continues, with increasing protection of the aquatic
environment driven by ever-tighter standards on effluent quality. One of the main
pollutants remaining after secondary treatment, in terms of mass, is ammonia, and
those eating a Western-style omnivorous diet produce about 8 g of ammoniacal
nitrogen waste per day, approximately half of which is removed during secondary
treatment. Therefore, to protect sensitive organisms from the damaging effects of
ammonia in water bodies receiving treated effluent, a tertiary process is required for
nitrification. Such processes are designed to reduce the residual ammoniacal nitro-
gen concentration so that the works’ effluent is suitable for discharge into the
aquatic environment.

26.2 Nitrification in the Natural Environment

Nitrification is a common microbiological process that occurs in terrestrial and
aquatic environments, both freshwater and marine. Ammonia is oxidized to nitrite
(nitritation) by one group of specialist bacteria or archaea and nitrite oxidized to
nitrate (nitritation) by another group of specialist bacteria, phylogenetically
unrelated to the AOB (Costa et al. 2006) but bacteria capable of carrying out both
processes have recently been reported (Daims et al. 2015; van Kessel et al. 2015).
No nitrite-oxidizing archaea have yet been identified. Ammonia and nitrite are
electron donors and, therefore, the energy source for these prokaryotes. In recent
years, ammonia-oxidizing archaea (AOA) have been isolated, with the discovery by
Konneke et al. (2005) of a new species, from the rocky substratum of a tropical
marine tank at the Seattle Aquarium (USA). Thus, AOA join the ammonia-
oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) as important pro-
karyotes in global nitrogen cycling.

Although ammonia and nitrite oxidation was always thought to occur in different
species (Costa et al. 2006), several new candidate species of bacteria from the genus
Nitrospira have been discovered that are capable of complete ammonia oxidation,
comammox, i.e. the sequential oxidation of ammonia to nitrite and nitrite to nitrate
by a single species. However, as one species was isolated by Daims et al. (2015)
from microbial biofilm growing on the walls of a hot water pipe (56 °C) at an oil
exploration well in Aushiger (North Caucasus, Russia), it would not have been
psychrophilic. However, the other was isolated by van Kessel et al. (2015) from a
trickling filter system for carp (Cyprinus carpio) aquaculture, following enrichment
at 23 £ 1 °C, which is closer to psychrophilic conditions. More recently, Chao et al.
(2016) provided metagenomic evidence for Nitrospira-like amoA genes in activated
sludge (AS) and biofilm samples from an aerobic suspended carrier biofilm reactor
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(otherwise known as a moving bed biofilm reactor, MBBR) at the Stanley WWTP
in Hong Kong. This plant had a design temperature of 18 °C and an operational
water temperature of about 22 °C for the Hybas™ nitrification process (Lau 2011)
that was probably the source of the material for metagenomic analysis, so these
comammox Nitrospira may not have been true psychrophiles either.

Nevertheless, there is growing evidence of significant nitrification at low tem-
peratures, suggesting that psychrophilic nitrifiers are ubiquitous in cold environ-
ments. For example, Clark et al. (2009) provided evidence that nitrification
proceeds in frozen soils (—6 °C for clay and —2 °C for loam) collected 5 km
south of Québec City (Canada). This observation has been confirmed by Jusselme
et al. (2016) for soils in the French Alps, where evidence for nitrification activity
was obtained at soil surface temperatures in the range —0.6 to 0.8 °C. Further-
more, chemical evidence has been presented by Telling et al. (2014) for nitrification
in ice-entombed cryoconite holes in the surface of glaciers in the McMurdo Dry
Valley (Antarctica), where air temperatures rarely exceed 0 °C. Therefore, from an
ecological perspective, nitrification by psychrophiles should occur in wastewater
treatment processes whenever the wastewater is in the range 0-20 °C.

26.3 Nitrification in Engineered Environments

As well as AOB, AOA have been found in granular activated carbon filters for
nitrification of raw water. The number of AOA was stable all year, even though the
raw water temperature ranged from 17.7 to 28.6 °C in summer and 4.6 to 5.5 °C in
winter, whereas AOB numbers were lower in winter (Niu et al. 2016). These
observations indicate that psychrophilic AOA and AOB were present, with the
AOA community being more resilient at low temperature. In contrast, during an
investigation of the ammonia-oxidizing prokaryotes in a horizontal flow biofilm
reactor (HFBR) for the treatment of ammonia-contaminated air at 10 °C, Gerrity
et al. (2016) found that AOB were significantly more abundant than AOA. Never-
theless, both types of microbe were presumably psychrophilic. In a study of the
relative abundance of AOB and AOA in biofilms of sequential discs in an RBC at
Guelph Wastewater Treatment Plant (Ontario, Canada), Sauder et al. (2012) dem-
onstrated that AOA became more dominant as the ammonia concentration was
reduced along the reactor. This indicates that these AOA are k-strategists (Wett
et al. 2011; Wu et al. 2016), as they had a higher affinity for ammonia than the
AOB. Therefore, operating conditions to encourage the growth of AOA or
k-strategist AOB are likely to result in a higher-quality effluent, i.e. one with a
lower concentration of ammonia. Furthermore, as the average temperature in
Guelph ranges from about —6 °C in winter to 20 °C in summer (http://en.climate-
data.org/location/881/), both the AOB and AOA were most likely psychrophilic.
Biofilm reactors are especially useful when slow-growing process microbes have
to be used, such as nitrifiers in a wastewater treatment process. Chao et al. (2016)
found that the abundance and diversity of nitrogen cycle genes (both for
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nitrification and denitrification) were significantly higher in biofilm than that in
AS. They considered that this difference indicated that the nitrogen-removing
bacteria growing as biofilm contained more abundant or diverse functional genes,
revealing that the increased nitrogen removal ability of biofilm processes might be
mainly attributed to enhancement of removal, rather than the accumulation of
nitrogen removal bacteria. Presumably, there was enhancement through physiolog-
ical changes in the bacteria when growing as a biofilm, rather than a mere increase
in biomass. It is widely reported that AMO and NOB cell clusters are found close to
each other in biofilms (Maixner et al. 2006; Akhidime 2009), which is assumed to
be the result of a selection pressure for the NOB to more readily access the nitrite
produced by the AOB. Although this clustering was observed by Maixner et al.
(2006) for Nitrospira sublineage I, it was not for sublineage II, which might be
evidence that the latter were comammox bacteria and, therefore, clustering with
AOB (or AOA) conferred no growth advantage.

The nitrification rate in biofilm has been calculated to decrease by about 4.5%
per °C fall, compared to 10% in conventional AS systems (Boller et al. 1987, as
reported by Bodik et al. 2003). This differential reduction in rate is likely to have
been a consequence of the nitrifiers being washed out of the AS process faster than
they can grow, owing to their low growth yield. This effect is not a problem for
biofilm systems, where the microbes can be retained irrespective of growth rate.

A similar phenomenon was observed during pilot-scale trials of an expanded bed
biofilm reactor (EBBR) designed for nitrification of secondary effluent. This trial
was conducted at the United Utilities Davyhulme Wastewater Treatment Works
(Manchester, UK), and during a particularly wet summer when it rained every day
for 3 weeks, an increase in the AS plant effluent nitrite concentration was observed,
increasing from about 1 to 10 mg L' NO, -N (unpublished observation). This was
assumed to have been caused by the NOB being washed out of the AS process but
not the ammonia oxidizers, owing to their higher growth yield. In contrast, the
EBBR, which treated the AS settled effluent, continued to produce a treated effluent
low in both ammonia and nitrite, indicating that the NOB were retained in this
system, presumably as a result of immobilization in attached biofilm.

A similar effect is predicted when suspended cell and biofilm processes are
operated during cold weather, when the AOB, AOA and NOB growth rates may be
depressed. If the growth rate is less than the hydraulic residence time (HRT) of
suspended cell reactors, cells will be washed out faster than they can reproduce,
whereas in fixed biofilm systems, cells are retained because the reproduction rate is
decoupled from HRT.

By starting up a process to remove ammonia from used water at temperatures in
the psychrophilic range, there will be a selection pressure for species and strains
that are cold adapted. These bacteria will therefore have higher growth rates at
lower temperatures than if a process is established under mesophilic conditions and
then operated under psychrophilic conditions. This is a problem with some research
work on the effect of temperature shifts on nitrification (and other processes), where
processes are established in the lab in the mesophilic range and then process
performance is also evaluated in the psychrophilic range. It is likely that warm-
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adapted species dominate the microbial community that develops under mesophilic
conditions, which then perform badly when the temperature is lowered into the
psychrophilic range. Whereas, if the bioreactor is seeded with material from a
psychrophilic environment and operated in the psychrophilic range, then good
performance should be achieved under psychrophilic conditions but not necessarily
if the temperature is increased into the mesophilic range. It is all a question of
understanding microbial physiology and ecology, and applying it in an industrial
context!

The local seasonal temperature range determines which species are available for
seeding a bioreactor, and the temperature under which the process is started up and
operated largely determines which will become established. Psychrophiles have an
optimum temperature for growth at or below 15 °C; a maximum temperature of
about 20 °C, above which they die; and a minimum temperature at or below 0 °C,
below which they cannot grow. For example, a newly identified, psychrophilic
nitrite-oxidizing bacterium, “Candidatus Nitrotoga arctica”, has been reported from
permafrost soil in the Siberian arctic (Alawi et al. 2007). This candidate species
grows in the temperature range 4—17 °C, and bacteria with similar 16S rDNA
sequences have now been isolated by cultivating at 10 °C or 17 °C activated sludge
from the Hamburg (Germany) plant, which typically operates in the range 7-16 °C
(Alawi et al. 2009).

Generally, a wastewater treatment process will develop a psychrophilic population
if one is available locally and the process is operated in the relevant temperature
range. During pilot-plant trials of the EBBR referred to above (Dempsey et al. 2006),
good nitrification was observed down to 8 °C (Fig. 26.1), which was the lowest
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Fig. 26.1 Relationship between process temperature and effluent ammonia concentration during
operation of an expanded bed biofilm reactor pilot plant (0.5 m diameter, 3 m bed depth) to achieve
an effluent ammonia-nitrogen concentration below 1 mg L™! when treating the activated sludge
plant settled effluent at the United Utilities Davyhulme Wastewater Treatment Works (Manches-
ter, UK)
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influent wastewater temperature seen in 5 years of operation, as normally it never fell
below 11 °C. The fact that this process was able to reduce the ammonia-nitrogen
concentration below 1 mg L™" in the temperature range 820 °C indicates that the
active nitrifiers were psychrophilic. Currently, DNA sequencing is being conducted
to determine which species of nitrifiers this process contained.

26.4 Expanded Bed Biofilm Reactor Technology

Advanced Bioprocess Development (ABD) has developed an expanded bed biofilm
reactor (EBBR), which is a fixed-film, submerged-bed technology (BS-EN-12255-7
2002) where biofilms grow on small particles (0.7-1.0 mm) of porous carbon
(ABDite®, Fig. 26.2; Dempsey 2001). Calculated on the basis of solid geometry,
1 mm spheres (assuming 60% packing) have a specific surface area (SSA) of
3600 m* m . Therefore, ABDite® particles have a similar SSA if we ignore the
material’s porosity. This large SSA is almost four times greater than any other
biomass support medium (Fig. 26.3). Once colonized by biofilm, the term
bioparticles or particulate biofilms is used (Fig. 26.1). When expanded by 50%,
the biofilm SSA is up to 2400 m> m > and the biomass concentration is up to
42,000 mg L' (VSS equivalent).

This large surface area of biofilm and high concentration of biomass are
maintained in an active state by control of biofilm thickness, ideally in the range
100400 pm (Akhidime and Dempsey 2009), via recycling of particles from the top
of the bed to the bottom (Fig. 26.4). Bioparticles with the thickest biofilm are the
least active, owing to increasing diffusional limitation as the biofilm depth
increases. Fortunately, these bioparticles migrate to the top of the bed, owing to
their lower fluidization velocity. Thereby, the least active biofilm is removed via

Fig. 26.2 Biomass support media particles (0.7-1.0 mm porous carbon, ABDite®™). (a) Scanning
electron micrograph (SEM), showing porous nature of these media particles (magnification x60,
pore size approx. 50 pm wide); (b) SEM of ABDite® colonized with thin nitrifying biofilm
(bioparticle size approx. 1 mm); (c¢) light micrograph of bioparticle, showing relatively smooth
nature once colonized with thick biofilm (bioparticle size 1.0—-1.5 mm)
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attrition during passage through regions of high turbulence, including within an
injection device (Dempsey 2011), and the moving bed distributor (Dempsey 2004)
at the base of the expanded bed.

The influent wastewater enters the top of the aeration column (Fig. 26.4), at flow
rate ¢, and flows downwards. In contrast, the process air (depleted of nitrogen for
highly aerobic processes, such as nitrification) flows upwards. Separation of this
countercurrent flow from the immobilized biomass is unique to this technology and
allows a high degree of turbulence for achieving highly efficient oxygen transfer
from the gas to the liquid phase, without risking detachment of biofilm from the
media particles. Aerated wastewater is pumped into the base of the expanded bed, at
flow rate Q, causing particle fluidization and bed expansion. Ammonia is oxidized
to nitrite by ammonia-oxidizing bacteria and the nitrite oxidized to nitrate by
nitrite-oxidizing bacteria as the wastewater passes up through the bed. Treated
effluent leaves at the same flow rate (g) as the influent enters, thus causing a variable
recycle of partially treated wastewater back to the top of the aeration column,
dependent on the works flow. Thus, diurnal variations in the flow to the works, as
well as variations caused by rainfall or other precipitation, are automatically
adjusted for. Bioparticles with the thickest biofilm are recycled from the top to

Fig. 26.5 Full-scale,
expanded bed biofilm
reactor (EBBR) prototype
package plant (Technology
Readiness Level 7)
constructed in stainless
steel by J. K. Fabrications,
Newry, Northern Ireland.
The expanded bed column
is 1.5 m diameter and the
expanded bed depth is 5 m.
This size of EBBR is able to
nitrify at least 8.8 kg NH3-N
per day, which is equivalent
to purifying the secondary
effluent from a population
of about 2200 people
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the bottom of the bed by another automatic system, which relies on an injector
driven by the flow of wastewater induced by the fluidizing pump.

By virtue of their immobilization in the biofilm that grows on the biomass
support media particles (ABDite®™) and the fact that these particles are retained in
the reactor, process microbes are retained despite the relatively high upflow veloc-
ity (36 m h™ ') of the process liquid (wastewater in this case). In contrast, planktonic
cells will be washed out with the treated effluent. Thus, irrespective of their growth
rate, process microbes will be available at all times, despite the fact that they will
normally be reproducing more slowly than the hydraulic residence time (approx.
30-60 min for a tertiary nitrification process). This process has now been developed
to Technology Readiness Level 7, with the development of a prototype package
plant in collaboration with J. K. Fabrications, Newry, Northern Ireland (Fig. 26.5).

26.5 Conclusions

Itis clear that nitrifying prokaryotes adapted to psychrophilic conditions (0-20 °C) are
widespread in cold environments and are also found in bioprocesses operated under
psychrophilic conditions. In order to establish a bioprocess, such as nitrification of
raw, used or waste water, for treatment under psychrophilic conditions, it is neces-
sary to maintain the temperature in the correct range and, ideally, to seed it with
material likely to contain the psychrophilic microbes necessary for the process. In the
case of nitrification, these will include ammonia-oxidizing bacteria and archaea, as
well as nitrite-oxidizing bacteria and comammox bacteria; and nitrite-oxidizing
archaea, should they be discovered.

Furthermore, where there is a requirement for effluent ammonia concentra-
tions below 1 mg/L, as is becoming more frequent in Europe, the USA and other
highly developed countries, it is also necessary to operate the process with nitrifiers
that have a high affinity for ammonia. These nitrifiers can be enriched quite simply,
by always operating the process with a low effluent ammonia concentration, which
will create the conditions where k-strategists have a selective advantage over
r-strategists.
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