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Abstract Landfill application is the most common ap-
proach for biowaste treatment via leachate treatment sys-
tem. When municipal solid waste deposited in the land-
fills, microbial decomposition breaks down the wastes
generating the end products, such as carbon dioxide,
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methane, volatile organic compounds, and liquid leach-
ate. However, due to the landfill age, the fluctuation in the
characteristics of landfill leachate is foreseen in the leach-
ate treatment plant. The focuses of the researchers are
keeping leachate from contaminating groundwater be-
sides keeping potent methane emissions from reaching
the atmosphere. To address the above issues, scientists are
required to adopt green biological methods to keep the
environment safe. This review focuses on the assorting of
research papers on organic content and nitrogen removal
from the leachate via recent effective biological technol-
ogies instead of conventional nitrification and denitrifica-
tion process. The published researches on the character-
istics of various Malaysian landfill sites were also
discussed. The understanding of the mechanism behind
the nitrification and denitrification process will help to
select an optimized and effective biological treatment
option in treating the leachate waste. Recently, widely
studied technologies for the biological treatment process
are aerobic methane oxidation coupled to denitrification
(AME-D) and partial nitritation—-anammox (PN/A) pro-
cess, and both were discussed in this review article. This
paper gives the idea of the modification of the conven-
tional treatment technologies, such as combining the
present processes to make the treatment process more
effective. With the integration of biological process in
the leachate treatment, the effluent discharge could be
treated in shortcut and novel pathways, and it can lead to
achieving “3Rs” of reduce, reuse, and recycle approach.

Keywords Biowaste - Landfill leachate - Leachate
treatment - Biological - Nitrogen removal

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10661-019-7380-9&domain=pdf
http://orcid.org/0000-0002-0913-5409

227 Page?2 of28

Environ Monit Assess (2019) 191: 227

Introduction

Management of solid waste from municipalities is one
of the important facilities provided to the people by the
government in every country of the world. According to
the statistics in 2012, 1.3 billion tonnes of solid wastes
have been produced by 3 billion urban residents in the
world cities accounting to 1.2 kg capita”' day ' of
municipal solid waste (MSW). Embracing the increase
of population, world urbanization, and economic devel-
opment, an increase in solid waste generation per capita
is expected in the next decade. By 2025, it is estimated
that 1.42 kg capita ' day ' of MSW will be generated by
4.3 billion urban residents which is equivalent to 2.2
billion tonnes year '. For solid waste management,
biowaste is the biggest portion found in the MSW
especially in the developing country which has a frac-
tion of 70% in the waste stream (Hoornweg and Bhada-
Tata 2012). Biowaste is defined as an organic waste
which is capable of decomposing by aerobic or anaero-
bic conditions. Biowaste is ranging from food and kitch-
en waste, yard waste originated from the households,
and commercial and industrial sources (Rigby and
Smith 2013; Schiich et al. 2016; DEFRA 2011).

Biowaste volumes are rapidly increasing, which can
even grow higher than the urbanization rate. According
to Hassan and Xie (2014), the growth of solid waste
from household and commercial sources can be antici-
pated as much as 40% in 2020. GHG emission, ozone-
depleting substances, and water pollution due to the
uncontrolled leachate discharge could also bring the
significant negative impacts to the environment. Im-
proper waste collection and disposal could turn a land
into a breeding area for insects and rodents which are
potential disease-carrying vectors, and it can result in
serious health concerns. The growing challenges require
an effective and improving MSW management.
Biowaste management is considered an urban issue
because > 50% of the world’s population live in cities
with fast-growing urbanization rate.

Various activities are involved in solid waste man-
agement right from waste generation until final disposal
at prescribed facilities. Wastes could be segregated into
biowaste and recyclable items (Hoornweg and Bhada-
Tata 2012).

The best ways to decrease biowastes are (1) reduction
of the waste at source and (2) recycling the waste instead
of throwing it to the disposal site. Biodegradable waste
can be composted into nutrition-rich soil conditioner.

@ Springer

Composting of biowaste has received an encouraging
attention especially in high-income countries as shown
in Fig. 1.

Based on the survey conducted in 90 countries
worldwide, landfilling method has been widely applied
and accepted as a major treatment option for the munic-
ipal waste (Hoornweg and Bhada-Tata 2012) as shown
in Fig. 1. However, leachate treatment is the main con-
cern of landfill application to avoid negative impacts to
the environment. Biological process is used to remove
the contaminants (especially the organic content and
total Kjeldahl nitrogen (TKN) in the form of ammoni-
um) from leachate to meet the compliance limits before
being discharged into the environment (Hoang et al.
2012). Conventional biological treatment process usu-
ally consists of two stages viz., denitrification and nitri-
fication. However, the conventional pathway involves
higher operational cost due to the requirement of high
amount of oxygen during nitrification and carbon during
denitrification process. This review article emphasized
the novel pathways combining the advanced biological
technologies for biowaste treatment and the latest find-
ings on aerobic and anaerobic treatment for removing
nitrogen in the form of ammonium. The flow chart of
the topics elaborated in the present review paper is
presented in Fig. 2.

Leachate characteristics

Leachate is a liquid, which is a mixture of organic and
inorganic contaminants which are harmful for the envi-
ronment (Silva et al. 2013; Zhang et al. 2009). The
leachate could be a mixture of personal care products
(PCPs), pharmaceutical products, phthalates, complex
aromatic molecules (Marttinen et al. 2003),
polybrominated diphenyl ethers (PBDEs) (Oman and
Junestedt 2008; Wu et al. 2011), pesticides (Oman and
Junestedt 2008), heavy metals (Jensen et al. 1999;
Christensen et al. 2001), etc. Leachate has high content
of chemical oxygen demand (COD), biochemical oxy-
gen demand (BOD), and ammoniacal nitrogen (Akkaya
et al. 2010). Some specific components of leachate are
shown in Table 1.

Dissolved organic matter encompasses 80% of the total
organic carbon (TOC) concentration in the leachate with
the concentration ranging from 800 to 20,000 mg L™ or
higher (Liu et al. 2015; Huo et al. 2008; Mohammadzadeh
etal. 2005). Nevertheless, the leachate characteristics vary
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Fig. 1 Global municipal solid
waste disposal methods
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with seven factors which are site hydrogeology, weather
conditions, moisture traversing through the landfill, land-
fill age, waste composition, landfill design, and operation-
al practice (Oulego et al. 2016; Kurniawan et al. 2006b;
Zainol et al. 2012; Ghafari et al. 2010).

Once the leachate is collected in the leachate collec-
tion pond, the landfill age will be the key factor deter-
mining the waste composition throughout the landfill
operation (Aziz et al. 2009; Aziz et al. 2004; Nazrieza
et al. 2015). Leachate can be characterized based on its
age; (i) young, (ii) intermediate, and (iii) old leachates.
The characteristics of the leachate on the basis of age are
shown in Table 2.

For the first 10 years of the leachate generation, the
leachate is considered young and it undergoes
acidogenic phase with high organic carbon (Oulego

et al. 2016; Kulikowska and Klimiuk 2008). Aerobic
degradation of the organic matter takes place in the
presence of the aerobic bacteria (i.e., hydrolytic and
fermentative bacteria as well as acetogenic bacteria
(Taha et al. 2011)), utilizing the oxygen present in the
organic matter (Oulego et al. 2016). Acideognic phase
will convert the carbon sources present in the leachate
into a substantial amount of volatile fatty acid such as
formic, acetic, and lactic acids. At this phase, high
biodegradability of organic matter could be seen by
measuring the BODs to COD ratio experimentally (typ-
ically it should be BODs/COD > 0.3) (Zainol et al.
2012; Nazrieza et al. 2015; Umar et al. 2010;
Kurniawan et al. 2006a; Christensen et al. 2001). Young
leachate has high BODs and COD which subsequently
decrease with increasing the age of landfill > 10 years as

Fig. 2 Flow chart showing the
topics covered in the present
review paper
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Table 1 Components of biowaste leachate

Categories Components References
of biowaste
Dissolved Acids, alcohols, aldehydes and  Lee et al.
organic matter COD, BODs, dissolved (2010)
organic carbon (DOC),
volatile fatty acid (VFA),

and refractory compound
include fulvic and
humic-like compounds

it goes to the methanogenic phase (Oulego et al. 2016;
Lee et al. 2010).

At the methanogenic phase, anaerobic degradation
takes place due to depletion of oxygen. The methanogen-
ic phase continues for a very long period over 20 years
(Leachater 2011). During the methanogenic phase, me-
thanogenic bacteria convert volatile fatty acids (which are
gathered in acidogenic phase) into methane gas and car-
bon dioxide. In the methanogenic phase, the methane gas
production rate reaches a maximum depending upon the
rate of hydrolysis cellulose and hemicellulose. The pH of
the intermediate leachate increases up to 6.6-9.0 as the
acids are consumed (Alvarez-Vazquez et al. 2004;
Christensen et al. 2001). At this point, BODs to COD
ratio also decreases to 0.1-0.58 as the volatile fatty acids
are consumed in the intermediate leachate during the
period of 10 to 20 years. Volatile fatty acids remains 5—
30% as refractory organic which are humic substance and
fulvic fraction represented as COD (Oulego et al. 2016;
Kulikowska and Klimiuk 2008; Aziz et al. 2009; Zainol
et al. 2012). Humic acid is a compound that comprises
many different acids like carboxyl (COOH), carbonyl
(C=0), and phenolate groups (Silva et al. 2017; Park
and Yoon 2007). The presence of humic substances and
ferric iron caused the dark brown or black coloration of
the leachate (Oulego et al. 2016; Zouboulis et al. 2004;
Tatsi and Zouboulis 2002).

An increase in the landfill age increased the ammo-
nium concentration in leachate (Aziz et al. 2007; Aziz
etal. 2009; Bashir et al. 2009), while biodegradability of
the leachate reduces (Akkaya et al. 2010). Ammoniacal
nitrogen can have the value of 10-10,000 mg NH,4
N L' (Tatsi and Zouboulis 2002; Statom et al. 2004;
Marttinen et al. 2003). Ammoniacal nitrogen and TKN
have marginal differences in raw leachate. Leachate
content is well stabilized under alkaline pH conditions

@ Springer

(Akkaya et al. 2010). Therefore, COD fractionation is a
very crucial factor to improve the biodegradable, solu-
ble, and biodegradable soluble COD in the leachate
(Amr et al. 2014).

Table 3 shows the laboratory results for the leachate
characteristics of biowaste from the selected landfills in
Malaysia. Most of the landfills in Malaysia are in oper-
ation for more than 10 years. The most chosen landfill
sites in the previous research studies (Zainol et al. 2012,
2013; Azizetal. 2009, 2010, 2015; Nazrieza et al. 2015;
Umar et al. 2010; Jayanthi et al. 2016; Zin et al. 2012)
were Matang Landfill, Kuala Sepetang Landfill, Kulim
Landfill, Pulau Burung Landfill, Panchang Bedena
Landfill, Bukit Beruntung Landfill, and Batang Padang
Landfill. Analysis of the leachate of the above-
mentioned landfills revealed that the leachate of these
landfill sites can be categorized under the type of inter-
mediate leachate. Two landfills (i.e., Ampang Jajar
Lanfill and Taman Beringin Landfill) which were al-
ready closed for more than 10 years were also studied by
Umar et al. (2010) and Jayanthi et al. (2016), and the
leachate characteristics were found congruent with the
old leachate category. Nevertheless, both well-
engineered sanitary landfills (Jeram Sanitary Landfill
and Bukit Tagar Sanitary Landfill) have the least oper-
ational years as compared with the other mentioned
landfills. The landfill age for both of them is less than
10 years and are considered young leachate (Agamuthu
and Masaru 2014; Europasia Engineering Services Sdn.
Bhd 2016).

The fluctuation of landfill leachate characteristics is
the challenge to be tackled in the leachate treatment
plant currently. Therefore, the conventional method of
the leachate treatment system would not work complete-
ly to remove the pollutants from the leachate in compli-
ance to the Department of Environment (DOE) standard
discharge limits. Hence, this review paper focusing on
the advantages of biological treatment for landfill leach-
ate treatment.

Principle of biological treatment of landfill leachate
to remove ammonia

Biological treatment could not be replaced by the oxida-
tion process, but VFA are easily removed by traditional
biological treatment (Oulego et al. 2016). Two conven-
tional steps to treat nitrogen in wastewater are denitrifica-
tion (conversion of nitrate to nitrogen gas) and nitrification
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Standard limit®

Selected landfills in Malaysia

Table 3 (continued)

Description

@ Springer

NO;-N (mg/L)
NO,-N (mg/L)

Reference

Jayanthi et al. (2016)

Umar et al. (2010)

Nazrieza et al. (2015)

Jayanthi et al. (2016)

Mean value are enclosed in parentheses

# Environmental Quality (Control of Pollution from Solid Waste Transfer Station and Landfill) Regulation 2009

(conversion of ammonium to nitrate) (Kim et al. 2007,
Sadri et al. 2008; Komboonraksa et al. 2009; Zhu et al.
2016). Removal of nitrogen can occur either by hetero-
trophically, autotrophically, or methylotrophically. By def-
inition, the autotrophic bacteria derive carbon by reduction
and fixation of inorganic carbon from CO, and heterotro-
phic bacteria obtains cell biomass from reduced organic
molecules. Methylotrophic denitrifying bacteria plays an
important role for the connection of methane and nitrogen
cycle in nature (Zhu et al. 2016). In many cases,
denitrifying bacteria derives carbon from reduced mole-
cules also called C; compounds (which have no C-C
bond). Methane and NOsz ™ are generally consumed by
mixed microbial community not by a single microbe.
For example, Achromobacter species consumes NO,
but cannot reduce NO; because of absence of nitrate
reductase (Nar) (Zhu et al. 2016).

Denitrification process can occur under anaerobic
and aerobic conditions (Zhu et al. 2016). On the basis
of oxygen tolerance of the bacteria, denitrifiers are cat-
egorized into two categories.

a) Anaerobic denitrifier (NO3 /NO,  respiration under
anoxic conditions)

b) Aecrobic denitrifier (NO; /NO, respiration under
oxygen conditions)

Conventional biological treatment processes
Anaerobic process

Nitrogen treatment via nitrification and denitrification
process is practiced in the biological treatment for
biowaste since a very long time (Lackner et al. 2014).
Denitrifiers have wide distribution among bacteria, ar-
chaea, and fungi. Sequential reduction of NO; , NO, ,
NO, and N,O to dinitrogen (N,) through cytoplasmic
membrane is followed by denitrification process. This
whole process generates the electrochemical gradient
through the cytoplasmic membrane which creates ener-
gy for denitrifiers (Zhu et al. 2016). For complete nitro-
gen removal, the ammoniacal nitrogen was oxidized to
NO; followed with denitrification (Herbert Jr et al.
2014). It uses carbon source from organic matter
(CH,0) while reducing NO; to N, under anaerobic
process as shown in the stoichiometric equation
(Reaction 1).
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Fig. 3 Relationship of
nitrification—denitrification,

nitritation—denitritation, and PN/ NH,*
A process NH,"
NO,-
NO,-
NO;-
Nitrification Nitritation '
NO;., N,
NO NO,-
Partial nitritation/
NOy < NO- anammox
NO- ’

Denitrification

Z
o

@

Denitritation

ANO; + SCH,0—2Ny() + 4HCO; + H,CO;
+2H,0 (1)

The consumption of organic carbon in the leachate
could promote the reduction of organic pollutants while
removing the ammonium content. The understanding of
the mechanism behind the nitrification and denitrifica-
tion process will help to select an optimized biological
treatment for treating the leachate waste.

Corresponding enzyme for complete denitrification
to release nitrogen gas as terminal product are Nar for
NOj ", nitrite reductase (Nir) for NO, , nitric oxide
reductase (Nor) for NO, and nitrous oxide reductase
(N,OR) for N,O (Zhu et al. 2016). There are two dif-
ferent types of Nar which are categorized as (a) peri-
plasmic reductase (Nap) and (b) membrane-bound re-
ductase (Nar). Nap are found in proteobacteria while the
Nar are distributed in proteobacteria, actinobacteria,
archaea, etc. (Zhu et al. 2016; Bru et al. 2007;
Richardson et al. 2001).

narG and napA genes are responsible for controlling
the Nap and Nar, respectively, for protein expression of
catalytic subunits (Zhu et al. 2016). Denitrification is
also called “sensu stricto” which is the process of nitrite
reduction (Herbert Jr et al. 2014). The genes nirK or nirS

has the genetic potential for denitrification. The fraction
of nosZI and nosZII (nitrous reduction) to nirS and nirk
required for reducing nitric oxide to nitrous oxide is
39.6 £9.7%. The fraction specifies that denitrifiers pro-
duce more nitrous oxide than their reduction rate. Nir
genes are abundant than nos. Moreover, nosZ/(nirS +
nirK) decreases with increasing the temperature
(Herbert Jr et al. 2014). However, all denitrifiers do
not possess all four types of enzyme (Nar, Nir, Nor,
and N,OR). In Alcaligenes eutrophus H16, Nap is re-
sponsible for aerobic aspiration and anaerobic denitrifi-
cation (Zhu et al. 2016). While in Thiosphaera
pantotropha, the reduction of aerobic aspiration is facil-
itated by Nap. Denitrifying methylotrophs like
Hyphomicrobium and Methylotenera are obligate aer-
obes (Kalyuhznaya et al. 2009) which uptake methanol
for reducing NO; ™ in the presence of oxygen. Therefore,
they can utilize oxygen and NO3  or NO, as their
terminal electron acceptors (Zhu et al. 2016).

All reductases (Nar, Nir, Nor, and N,OR) except Nap
are sensitive to oxygen, and their activity may be sup-
pressed in the presence of oxygen. Conventional way of
Nar for reduction of NO5  is under anaerobic conditions
(Zhu et al. 2016). Under anacrobic reactor, reduction of
NO; to N, is stimulated by denitrifiers (Herbert Jr et al.
2014; Jones et al. 2008; Philippot et al. 2011). Increase

@ Springer
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Table 4 Threshold concentration of nitrite inhibition for
anammox bacteria activity

Threshold for nitrite inhibition Reference

+30-50 mg N L' at 6 days at
lengthy recovery

* Repeated addition of
30 mg N L caused
activity loss

* Short-term inhibition was found
exceeding 60 mg N L™

» Complete inhibition at
100 mgN L'

» Complete inhibition at at
182 mgN L'

*+50% at 350 mg N L™

* Inhibition increase with
exposure time

Fux et al. (2004)

Bettazzi et al. (2010)

Strous et al. (1999)
Egli et al. (2001)

Dapena-Mora et al. (2007)
Lotti et al. (2012)

of oxygen (2-8%) will degrade the denitrification pro-
cess due to suppression of genes which carry out the
denitrification and critical cellular function (Zhu et al.
2016; Luesken et al. 2012). It could also be terminated
by N,O due to unfavorable environmental conditions
(Herbert Jr et al. 2014; Elgood et al. 2010). Therefore, it
will cause an incomplete denitrification (Zhu et al.
2016). Lower denitrification rates are linked to longer
residence times for the limited supply of nitrate (Herbert
Jr et al. 2014). Proliferation of denitrifier community is
also supported by degree of water saturation in deeper
area which has limited oxygen. Oxygen and NO; com-
pete with each other to perform as terminal electron
acceptor for oxidation. Therefore, oxygen diffusion into
the bioreactor and supply of required substrates affects
the distribution of denitrification process. The spatial
distribution of denitrifier community is related to the
aspects of hydraulic condition which are flow paths,
hydraulic retention times (HRT), and water saturation
(Herbert Jr et al. 2014). The increased depth of bioreac-
tor and continuous water saturation provides the homo-
geneous microbial community where exposure of oxy-
gen is low and organic carbon is highly available
(Andrus et al. 2014).

nirS and nirK denitrifiers belong to the different
niche for instance, nirS decreases with increasing dis-
tance from the inlet while nirK is abundant at the central
region of the bioreactor. nirS is more predominant with
increase of temperature. nirS shows the denitrification
activity in soil (Warneke et al. 2011). An increase in
denitrifier community (nirS, nirK, nosZ) with depth was
observed. It coincides with the increase of NO;~

@ Springer

removal as demonstrated by Warneke et al. (2011). High
population of nirK and nirS found in the bioreactor
could increase the alkalinity and favored denitrifier sys-
tem (Herbert Jr et al. 2014). As the depth of the reactor
increases, the nitrous oxide reduction capacity of nosZl
increases. nosZIl dominates non-denitrifying nitrous
oxide-reducing bacteria (Herbert Jr et al. 2014). Overall
genetic potential for nitrous oxide reduction favors up-
per sampling horizon as compared with the lower. How-
ever, there is no difference in flow paths or distance
from the inlet.

Heterotrophic denitrification

Organic carbon works as an electron donor for hetero-
trophic bacteria during nitrate and nitrite conversion to
nitrogen gas in anoxic conditions. Complete nitrate re-
duction requires 2.7-3 C/N ratio (Chung et al. 2014). If
sufficient carbon is not present in the system, additional
carbon source is required, such as in an old landfill’s
leachate (Chung et al. 2014; Bai et al. 2009; Manconi
et al. 2007). As there is increase of landfill age, COD
decreases while concentration of ammonia increases
(Price et al. 2003). Moreover, adding extra carbon
source during the denitrification fluctuation of nitrogen
loading process will create secondary pollutant from
incomplete oxidation of carbon (Chung et al. 2014).

Autotrophic denitrification

If the landfill leachate will have high nitrogen content
and low carbon content, autotrophic denitrification oc-
curs instead of heterotrophic denitrification. Autotro-
phic bacteria are identified as Thiobacillus denitrificans
or Thiomicrospira denitrificans. External carbon source
like ethanol/methanol is not required for these bacteria
(Chung et al. 2014) as they obtain energy by the oxida-
tion of reduced inorganic compounds (H,S, 82032_, S,
S40¢7", SO5%) in combination of reduction of nitrate or
nitrite. Sludge generation could be subsequently de-
creased and cost of sludge handling could also be re-
duced. Therefore, these microorganisms can grow
mixotrophically by using inorganic and organic carbon
for biosynthesis. Sulfur-limestone autotrophic denitrifi-
cation has the same effect as heterotrophic denitrifica-
tion but has the disadvantage of the increasing dissolved
solids and hardness in the leachate (Chung et al. 2014;
Liu and Koenig 2002; Wang and Qu 2003; Moon et al.
2004). Based on the following stoichiometric equation
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(Reaction 2), 1 g of NO; requires 12.15 g of sulfate
content (Chung et al. 2014).

NOj +0.887 S,03™ + 0.456 CO,
+0.709 Hy0—0.454 N, + 1.733 SO
+0.773 H' + 0.0915 CsH;0,N (2)

High sulfate generation and low alkalinity is a disad-
vantage of autotrophic denitrification of nitrate. The
considerable cost is required to maintain a neutral pH
(Chung et al. 2014; Liu and Koenig 2002). Optimum pH
for denitrification is 8.0 as studied by Chung et al.
(2014). A comparative study revealed that the biomass
yield of denitritation process (i.e., 0.34 mg VSS mg ™' N)
was 36% less compared with the biomass yield of the
denitrification process (i.e., 0.53 mg VSS mg ™' N) while
at the same time, a reduction of 50% sulfate generation
under the denitritation process due to 20% lesser thio-
sulfate was applied. Therefore, the denitritation process
is the preferable option to convert the ammonium to
nitrogen gas instead of the denitrification process which
is also known as nitritation—denitritation process
(Fig. 3). Nevertheless, it is important to study the kinetic
of the autotrophic denitrification due to sulfate produc-
tion and low alkalinity. In view of this reaction, high
strength of ammonium wastewater with excessive sul-
fate as carbon source could be easily removed by the
autotrophic bacteria especially in the leachate waste
(Chung et al. 2014).

Autotrophic and heterotrophic denitrification
in combination

Various researchers have used combined heterotrophic
and autotrophic denitrification for water treatment
(Chung et al. 2014; Kim et al. 2004; Liu et al. 2009).
Shortcut nitrification and denitrification (also known as
nitritation and denitritation) was successfully carried out
by using autotrophic and heterotrophic bacteria (Ruiz
et al. 2006; Wang et al. 2008). Where, instead of com-
pleting the conventional cycle of nitrification and deni-
trification process, oxidation of ion NH,4* to NO,  takes
place by suppressing the nitrite-oxidizing bacteria. It is
then followed by the denitrifying bacteria for nitrite
reduction to nitrogen gas (Chung et al. 2014; Ruiz
et al. 2003). However, the above combination process
requires inhibition of free ammonia and nitrous acid
concentration which depends on pH, temperature,

dissolved oxygen, and sludge retention time (Pollice
et al. 2002; Yang et al. 2007).

Inhibition of nitrite-oxidizing bacteria is caused by
free ammonia at a concentration range of 0.1—
1.0 mg L' while, ammonium-oxidizing bacteria re-
quires free ammonia 10-150 mg L' (Wang et al.
2016). Another study concluded that nitrite-oxidizing
bacteria could be inhibited completely under the con-
centration of 6.0 and 0.02 mg L™ for free ammonia and
free nitrous acid, respectively (Wang et al. 2016;
Vadivelu et al. 2007).

In contrast with nitritation and denitritation-based
process, anaerobic ammonium-oxidizing (anammox)
autotrophic bacteria work on overall nitrogen removal
for NO, and NH,* (Herbert Jr et al. 2014) where NH,*
is used as an electron donor and NO, as an electron
acceptor to convert NH," into nitrogen gas (N,) as
shown in Fig. 3. Anammox microorganisms belong to
phylum Planctomycetes, and currently, five anammox
genera have been discovered which are Candidatus
(Ca) Brocadia, Ca Kuenenia, Ca Anammoxoglobus,
Ca Jettenia (all fresh water species), and Ca Scalindua
(marine species) (Lackner et al. 2014; Jetten et al. 2001;
Kartal et al. 2007). Characteristics of anammox bacteria
is inhibited by low concentration of dissolved oxygen,
but intermittent aeration makes partial nitritation and
anammox process possible in single reactor (Lackner
et al. 2014; Third et al. 2005). Due to the anammox
bacteria, the aerobic ammonium-oxidizing bacteria can
develop with suppression and out-selection of nitrite-
oxidizing bacteria. As the growth rate of aerobic-
oxidizing bacteria is higher than nitrite-oxidizing bacte-
ria at the temperature above 30 °C, the removal of
nitrite-oxidizing bacteria at suspended biomass systems
for partial nitritation with minimum sludge retention
time (SRT) is possible (Lackner et al. 2014).

Anammox bacteria are more conducive with higher
NO, concentration (Herbert Jr et al. 2014). However,
nitrite concentration showed inhibitory effect to the
reactor at more than 10 mg N L™, though it is an
essential substrate (Lackner et al. 2014; Wett 2007).
Threshold concentration could spread over a wide range
as summarized in Table 4.

Anammox bacteria can also be repressed by free
nitrous acid. However, if pH range is above 7.0, nitrite
is predominantly responsible for inhibition of anammox
(Lackner et al. 2014; Puyol et al. 2014). As reported,
50% inhibition of anammox bacteria can be caused by
free ammonium with the concentration of 3540 mg

@ Springer
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N L ! (Fernandez et al. 2012). Some researchers report-
ed the suppression of anammox activity by methanol
(Lackner et al. 2014; Giiven et al. 2005; Isaka et al.
2008). Though nitrate build-up is not essential for inhi-
bition, it reflects imbalance in microbial community due
to the accumulation of nitrite-oxidizing bacteria
(Lackner et al. 2014).

Aecrobic process

Aerobic methanotrophic bacteria and denitrifying bac-
teria are primarily linked to biogeochemical methane
and nitrogen cycles (Zhu et al. 2016; Modin et al. 2008).

Examples of aerobic methanotrophic bacteria are
given below:

a. Crenothrix polyspora (filamentous aerobic
methanotrophic g-proteobacteria) (Zhu et al. 2016;
Stoecker et al. 2006)

b. Proteobacterial origin (Methylococcaceae (14 gen-
era), Methylocystaceae (2 genera), and
Beijerinckiaceae (3 genera))

c. Acidimethylosilex fumarolicum SolV, Methylokorus
infernorum V4, and Methyloacida kamchatkensis
Kam1), belongs to Verrucomicrobial methanotrophs
from extremely acidic habitats (Zhu et al. 2016;
Dunfield et al. 2007; Islam et al. 2008; Pol et al.
2007)

Verrucomicrobial methanotrophs are acidic habi-
tants, and they consume CO, and methane as sources
of carbon and energy. There are also aerobic
methanotrophic bacteria which are culturably divided
into three assemblages (types I, II, and X). Dominant
phospholipid fatty acids (PLFAs) are associated with
type I, C18 fatty acid are present in type II. C14, C16,
C17, and C18 fatty acids for PLFAs were also detected
prominently in uncultured aerobic methanotrophs (Zhu
et al. 2016).

Aecrobic methanotrophic bacteria are oxygen depen-
dent, and they perform methane oxidation to be converted
into carbon dioxide (CO,) in the presence of oxygen. The
process is initiated by methane monooxygenase (MMO)
where methanol is produced as an intermediate. The
produced methanol is oxidized by pyrroloquinoline qui-
none (PQQ)-dependent methanol dehydrogenase (MDH)
to form formaldehyde (Zhu et al. 2016). Some of the
formaldehyde is utilized in ribulose monophosphate
(RuMP) pathway to produce intermediates such as acetate

@ Springer

and citrate. Remaining part of formaldehyde is converted
to CO, through formate pathway which reduces equiva-
lent nicotinamide adenine dinucleotides (NADHSs) for the
initial methane oxidation step (Zhu et al. 2016; Lieberman
and Rosenzweig 2004).

pMMO is a well-known methanotrophs that belong
to proteobacterial which could oxidize ammonium (Zhu
et al. 2016; Trotsenko and Murrell 2008). pMMO and
AMO have the same properties as they are reductant,
inhibitor, and having active site; as a result, both could
have same pathway for methane and ammonium oxi-
dation (Zhu et al. 2016). Due to these features, type I
methanotrophs which are predominant in environments
of high nitrogen contents, can oxidize ammonium and
other by-products such as hydroxylamine, NO, and
NO, (Zhu et al. 2016; Tamas et al. 2014). NO,  could
inhibit bacterial growth, therefore the reduction of
NO, to N,O by aerobic methanotrophic bacteria
would be a strategy for survival under high concentra-
tion of NO, (Zhu et al. 2016). There is another study
carried out where nirK, narG, norC, and norB were
observed to raise up in aerobic methanotrophic bacteria
under hypoxic condition with high concentration of
NO,. They can survive there because of their diverse
nitrogen metabolism. They use NO; ™ as electron accep-
tor for respiration process for methane oxidation and
production of N,O as terminal products (Zhu et al.
2016; Kits et al. 2015). N,O could be derived from
two important habitats viz., high nitrogen loading and
from the area with diverse methanotrophic bacteria
(Zhu et al. 2016; Lee et al. 2009; Mandernack et al.
2000; Wang et al. 2008).

It is also noticed that acrobic methanotrophic bacteria
with some denitrifying genes work in cooperation to
perform the denitrification process. For instance, NO3
to N,O was performed by Methylobacter
tundripaludum (aerobic methanotrophic bacteria) with
narG and nirS genes followed by Methylomonas
methanica or Methylomicrobium alcaliphilum (aerobic
methanotrophic bacteria) with norB gene (Zhu et al.
2016; Dumont et al. 2013) Methylococcaceac shows
notable positive response for their activity after adding
oxygen and NO3 ™ (Zhu et al. 2016; Beck et al. 2013).
Aerobic methanotrophic bacteria utilize methane as
their carbon source and energy while the intermediate
soluble organic metabolites such as methanol, acetate,
citrate, polysaccharides, and proteins are released to
denitrifiers to be used as electron donor to reduce
NO;3; or NO, . Theoretically, a minimum of 40%
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methanol is utilized by aerobic methanotrophs them-
selves, and the remaining maximum of 60% could be
used by denitrifiers for their metabolism. Nevertheless,
60% methanol which is captured by denitrifiers will
become lower if the aerobic methanotrophs work under
rich content of oxygen. This is because the remaining
portion of methanol is utilized for synthesis of cells (Zhu
et al. 2016). If the ratio of methane (mol)/NOs™ (mol)
consumption (C/N) is around 1.39 maximum percent-
age of methanol will be utilized by denitrifier. The lower
the C/N value, higher the percentage of methanol utili-
zation by denitrifiers (Zhu et al. 2016; Modin et al.
2007). It is better to measure methane and NO3 than
to measure methanol (used by the denitrifiers) because
the other substrates will only be produced after the
formation of methanol. However, the possibility of
methanol excretion in bulk medium is very less because
it is captured by MDH to convert it into formaldehyde.
Methylococcus capsulatus converts methane to formal-
dehyde without methanol intermediate (Zhu et al. 2016).
Acetate is added to increase the carbon and thereby
increasing the NO3~ removal rate. Addition of acetate
will help to remove NO; and NO, by more than 95%
(Herbert Jr et al. 2014). Under oxygen limited condi-
tions (5%), methane dependent denitrifying bioreactor
consist of major bacteria which are Methylocystis
parvus and Mesorhizobium plurifarium where
M. parvus is electron donor to M. plurifarium via pro-
duction of acetate which is the main trophic link (Zhu
et al. 2016; Costa et al. 2000). The concentration of
NO;  and acetate does not limit the reaction rate
(Herbert Jr et al. 2014).

Citrate is another key metabolite which links the
Methylomonas (methanotroph) and P. stutzeri (non-
methylotrophic denitrifier) (Zhu et al. 2016).
Methanol-utilizing denitrifiers are less populated com-
pared with acetate-dependent denitrifiers (Costa et al.
2000) due to the less possibility for aerobic
methanotroph to live upon methanol. However, under
specific environment, aerobic methanotrophs excrete
methanol for survival. Acetate-degrading denitrifier
could be predominant in growth phase under short
SRT with/without sufficient substrate as compared
with methanol-degrading denitrifiers which could
dominate in the maintenance phase under long reten-
tion time with/without dilute substrate. In short, SRT
and substrate are two important factors determining the
population of aerobic methanotrophic bacteria (Zhu
et al. 2016).

Advanced biological treatment technology

With the recent emerging of new technologies, biolog-
ical process becomes one of the important elements in
treating the leachate originated from biowaste. The
mechanism of color removal in the biological treatment
is due to the absorption or partial assimilation of colloi-
dal matter by the biomass (Oulego et al. 2016; Sawyer
et al. 2003). However, effluent from the aerobic process
and anaerobic process alone could not meet the limit.
For example, removal efficiency for COD under aerobic
and anaerobic process could be achieved at 40 and 30%,
respectively (Akkaya et al. 2010). COD is 400—
1500 mg L' after biological treatment due to non-
biodegradable matter in the leachate and should be
removed to comply with the discharged limit (Oulego
etal. 2016; Kulikowska and Klimiuk 2008). Humic acid
and fulvic acid fraction are the main non-biodegradable
substances which are responsible for the coloration in
the leachate. The other drawbacks of biological treat-
ment are foam formation, metal contamination, lack of
nutrients, and sludge settling (Oulego et al. 2016). It
should be integrated with the chemical and physical
processes to meet the effluent discharge limit. Among
the recent widely studied technologies for the biological
treatment process are aerobic methane oxidation
coupled to denitrification (AME-D) process and partial
nitritation—anammox (PN/A) process.

Generally, nitrifying and denitrifying bioreactors de-
pend on hydraulic conditions, geochemical conditions,
microbiological characteristics, and partially dependent
to organic matters. The preferential flow should happen
at the central region. Limitation of substrate occurs at
the edges of the bioreactor with higher fraction of steady
water and results in the poor performance of bioreactor
(Herbert Jr et al. 2014). Preferential flow could lead to
short HRT and deplete the labile organic carbon reserve
in the substrate. It results in lower removal rates of
contaminants (Herbert Jr et al. 2014; Christianson
et al. 2013). Due to this factor, a supplemental feeding
for carbon and energy source is needed in the bioreactor
(Herbert Jr et al. 2014). If water saturation is maintained
at all depths and flow maintained evenly in the reactor,
overall removal of nitrite and nitrous oxide will be
enhanced. The design of bioreactor should also consider
the distribution of denitrifying community as well as
nitrifying community. For heterogeneous community
distribution, further investigation should be carried out
if it is due to water saturation, flow field, competition
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with other functional group, or poor water chemistry.
The design of bioreactor shall also consider the emission
of nitrous oxide (Herbert Jr et al. 2014).

Acrobic methane oxidation-denitrification process

Major source of methane is not from fuel consumption
but from uncontrolled anaerobic degradation of organic
compounds from natural and anthropogenic activities
(Zhu et al. 2016; Bousquet et al. 2006). Biogeochemical
methane and nitrogen cycle happens via methane oxi-
dation and denitrification (Zhu et al. 2016). AME-D
provides an alternative solution for nitrogen removal
of NOs and NO; in landfill biowaste, wastewater, and
drinking water (Zhu et al. 2016; Modin et al. 2007).
AME-D could be applied for nitrogen removal by off-
setting eutrophication and atmospheric methane concen-
trations simultaneously (Knittel and Boetius 2009). Re-
moval of nitrogen is 0.6 g NO;-N g~ ' VSS day '
through AME-D process and accounted for 5-75%
removal rate. It also links for the consumption and
production of methane and N,O, respectively. Aerobic
methanotrophs has dual functionalities that are methane
oxidation and partial denitrification, which makes the
understanding of AME-D process challenging (Zhu
etal. 2016).

AME-D could be divided into two separate pathways
by considering the biogeochemical cycle of methane
and nitrogen cycle.

a. N,O production by partial denitrification (i.e., in-
complete denitrification with aerobic methanotrophs
(novel pathway)) (Stein and Klotz 2011).

b. Methanotrophs and denitrifiers work in cooperative
metabolism (Zhu et al. 2016; Modin et al. 2007)
where aerobic methanotrophs oxidized methane to
methanol with methane monooxygenase (MMO)
and continued to metabolize a part of methanol as
carbon source and energy. Remaining methanol was
excreted out from aerobic methanotrophs into the
extracellular part to be utilized by denitrifier for
NO;3 /NO,  reduction (Zhu et al. 2016).

Methylobacter (acrobic methanotrophic bacteria) and
Methylotenera (denitrifying methylotrophs) are the ma-
jor microbial community present in the AME-D sys-
tems. Among which M. tundripaludum, M. methanica,
and M. alcaliphilum are the majorly involved microor-
ganisms in methane metabolism. The above said species
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transcribe the denitrifying genes (narG, nirS, and norB)
to accomplish few steps of denitrification (Zhu et al.
2016). Methanol is primary substrate utilized by aerobic
methanotrophs to produce a reducing agent for methane
oxidation (Zhu et al. 2016; Trotsenko and Murrell
2008). It is considered the most critical substrate for
the operation of AME-D process among the other iden-
tified substrate (formaldehyde, formate, acetate, and
citrate). Under mixed methylotrophs, denitrifier
(Hyphomicrobium sp.) and type II methanotroph
(M. capsulatus) are observed to perform low level of
methanol production, NO3 consumption, and
dinitrogen accumulation in presence of methane and
oxygen (Zhu et al. 2016). In real conditions due to
insufficient carbon source in the wastewater, additional
methanol and simple organic matter is needed to support
denitrification. Additional cost will be incurred and can
cause pollution if it is added in excess. Cooperative
AME-D is also performed by aerobic methanotrophs
and denitrifiers where acetate and citrate were identified
as probable trophic links (Zhu et al. 2016; Costa et al.
2000). However, the abundance of acetate-utilizing de-
nitrifier in AME-D system could cause toxicity towards
methanotrophs due to the organic acid formed as acetate
(Zhu et al. 2016; Bothe et al. 2008).

Methane can be utilized as carbon source by
methanotrophs in the denitrification process. The
methanotroph include aerobic methanotrophic bacteria
(Zhu et al. 2016; Kits et al. 2015), bacteria of NC10
phylum (Zhu et al. 2016), and anaerobic methane-
oxidizing archaea (Zhu et al. 2016; Haroon et al.
2013). Methane gas is inexpensive and could be obtain-
ed via anaerobic digestion (Zhu et al. 2016; Modin et al.
2007). Methane gas unlikely induces secondary pollu-
tion to drinking water and groundwater (Eisentracger
et al. 2001). Supply of methane and oxygen (two flam-
mable gases) can be provided in two separate media.
The supply of gas in the system should be optimum and
monitored to balance the nitrogen removal managing
the low operating cost. Supply of methane and oxygen
to activated sludge system was carried out by Zhu et al.
(2016), Liu et al. (2014), and Waki et al. (2005). It was
studied that, due to the low solubility and difficulty of
controlling DO, C/N ratio in the activated sludge ranged
from 4 to 12. The C/N ratio was higher than theoretical
value of 1.27 to 1.39 (Zhu et al. 2016; Modin et al.
2007). Optimization of the operation parameter is re-
quired due to wide gap of theoretical value and experi-
mental value for C/N (Zhu et al. 2016).
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AME-D combined with membrane biofilm reactor
(MBf1R) has very high potential for removal of nitrogen
in wastewater. Current study on MBfR with AME-D
emphasizes on nitrogen removal. Complete denitrifica-
tion with small amount of N,O was achieved by Zhu
et al. (2016). Supply of methane and oxygen gas
through membrane lumen increased the mass transfer
efficiency towards removal of nitrogen, COD and other
contaminants (Zhu et al. 2016). Modin et al. (2010)
reported the lower C/N ratio of 2.8—4.0 in such systems
while the specific nitrogen removal rates increased to
1.55-1.78 g NOs-N g ' VSS day ' (Zhu et al. 2016;
Sun et al. 2013). This might be the contribution of a part
of methanol from aerobic methanotrophs to an abun-
dance of methanol utilizing denitrifier in MBfR (Zhu
et al. 2016). Several studies monitored the release of
N,O to environment during the operation of MBfR, and
membrane fouling could be resolved with anaerobic
fluidized-bed membrane reactor to reduce high energy
cost to deliver the gas substrate (Zhu et al. 2016; Martin
and Nerenberg 2012). Anaerobic fluidized-bed mem-
brane bioreactor (AFMBR) is a filtration system with
fluidization-induced sheer force. It should be further
integrated with gas permeable membrane reactor to get
the membrane to act as active AME-D biofilm to get
high mass transfer while avoiding membrane fouling.
New techniques like meta-omic, FISH-SIMS, and
Nano-SIMS can provide a better understanding of
AME-D pathway (Zhu et al. 2016). Economic aspect
should be assessed for the proposed technology. Devel-
opment of cost-effective membrane will promote the
membrane technology (Zhu et al. 2016; Martin and
Nerenberg 2012). Solution for the above limitations
should be addressed before proceeding with engineering
consideration to capitalize the AME-D process.

Partial nitritation/anammox process

The recent technology in the biological treatment for
ammonium-contained leachate from biowaste is PN/A
process where partial oxidation of ammonium to nitrite
(nitritation) takes place (Lackner et al. 2014). For con-
trolled nitritation, early PN/A implementation used two-
stage reactor configuration (i.e., SHARON type reac-
tors). For applicability to the full-scale experience, the
focus is shifted to single stage system, e.g., moving bed
biofilm reactor (MBBR) (Rosenwinkel and Cornelius
2005), sludge blanket reactor (SbR) (Joss et al. 2009;
Wett 2007), granular sludge processes (Abma et al.

2010), rotating biological contactors (RBC) (Hippen
et al. 1997), and activated sludge systems (Lackner
etal. 2014; Desloover et al. 2011). Based on the existing
operated full-scale plants, the effluent characteristics
have the ammonium concentration from 500 to
5000 mg N L' and COD/N ratio was less than 2
(Lackner et al. 2014). It means that the N removal is
the dominant electron acceptor. Total soluble solids
(TSS) mean was 200300 mg L', The treated ammo-
nium ranged from 5 to 200 mg N L™". The PN/A process
requires less organic carbon by 100%, less oxygen
requirement by 60%, and less sludge production by
90%. Therefore, this process is suitable for high ammo-
nium concentration and low C/N ratio (Mulder 2003;
Siegrist et al. 2008; van Loosdrecht and Salem 2006).

The successful application of PN/A process re-
quires online measurement and the troubleshooting
of the matters arisen. Online measurement requires
the measurement of pH, DO, air flow rate and nitro-
gen species (i.e., ammonium and nitrate except for
nitrite in some cases). If pH is too high (> 8.0), it can
cause the anammox activity inhibition and subse-
quently increase the nitrite. However, if pH is too
low (< 6.8), it can cause the limitation of ammonium-
oxidizing bacteria. When the DO requirement is too
low, measurement of air flow rate instead of DO
concentration is a more reliable control parameter.
If the aeration intensity is not detected immediately,
it could lead to increase the nitrate production from
10 to 40% (Lackner et al. 2014).

For troubleshooting, one of the issues is the accumu-
lation of N species especially the build-up of nitrate and
nitrite. To have a good performance of ammonium
removal, nitrate and nitrite should not be present in
PN/A plants. Therefore, one should be more cautious
during the start-up as ammonium-oxidizing bacteria
grow faster than anammox bacteria, it will lead to inhibit
nitrite (NO, ) concentration. Inhibition of ammonium-
oxidizing bacteria and subsequent increase of DO in the
reactor causes the inhibition of anammox bacteria
(Lackner et al. 2014; Joss et al. 2011). Free ammonia
and nitrite concentration have also to be limited due to
potential inhibitory effects. This issue could be counter-
measured by decreasing or completely stopping the
aeration and being left with mixing only for an extended
time. Biomass removal and reduced flow of influent
could be another way to solve the accumulation of N
species (Lackner et al. 2014). Besides, other issues
related to the operation of the plant are foam formation,
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scaling, solids retention, settling, and separation
(Lackner et al. 2014).

Sequential batch reactor (PN/A)

NH,*-controlled PN/A process is one of the well-known
sequential batch reactor (SBR) technology. The feeding
can be done in parts or during the aeration phase. Feed-
ing continuously during the aeration phase gives more
stable operation. Therefore, the feed rate is controlled by
NH,* concentration and conductivity signal is used to
monitor the NH,*. The aeration is also controlled volu-
metrically to allow simultaneous nitritation and
anammox, resulting DO of 0.1 mg L' (Lackner et al.
2014). Volumetric loading rates varied for the surveyed
SBR from 0.04 to 0.65 kg N m > day ', TSS ranged
from< 1.0to>4.5 g L' HRT was 1-5 days, and sludge
loading rate was 71-155 g N kg ' TSS day '. The
energy requirement for SBR-PN/A side-stream treat-
ment system is 0.8-2 kWh kg ' N (Lackner et al.
2014). A similar value (1.2 kWh kg_1 N) is also reported
by Wett et al. (2010). Whereas, energy consumption in
conventional nitrification/denitrification (N/DN) side
stream treatment is 4.0 kWh kg ™' N. The energy saving
is 50% in SBR-PN/A system due to oxygen transfer
efficiency and bubble aeration (Lackner et al. 2014).
Few strategies for the operation of SBR-PN/A sys-
tem are selected and applied in the current full-scale
plants by Lackner et al. (2014). Generally, one of the
strategies may choose the continuous feeding which is
automatic activation of the aeration when ammonium
concentration exceed the upper limit and it stops when
either pH or ammonium concentration falls below a
lower limit. In the above said system, DO was kept
below 0.5 mg L™'. Another strategy is to run the 8-h
reaction cycle. Sixty percent reaction time is for the
aerated phase (0.3-0.8 mg O, L") followed by an
anoxic stirred phase for about 40% of the reaction time
(Lackner et al. 2014; Jeanningros et al. 2010). Continu-
ous aeration is preferred at very low DO levels. Inter-
mittent aeration can also be provided with pulses of 5—
10 min or shorter period (if higher DO is present). Fine
tuning of NO, /NH," ratio was assisted by online am-
monium and nitrite/nitrate measurement (Lackner et al.
2014). The above-mentioned strategies used one-stage
system instead of two-stage reactor like SHARON/
anammox process with a granular sludge bed in two
reactor compartments on top of each other. After
3.5 years of start-up, the second stage converted 90—
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95% of the nitrogen load of 20 kg m > day ' (Lackner
et al. 2014; Abma et al. 2007). Eventually, it was
redesigned into a one-stage system. DEMON system is
the most common configuration used in the SBR. It uses
cyclone to remove fine particulate and retain large
anammox granules in the system. For conventional
SBR system, due to the reduced settling time, sludge is
wasted with the effluent discharge (Lackner et al. 2014).

Rotating biological contactors system

Traditional biofilm technologies have been successfully
used for PN/A such as RBC. Though the operational
cost was low, the flexibility for the process control was
limited. Where, variation of rotation speed and disk
submersion level strategy was used to control DO. The
treatment efficiency is expected to be 150 kg N day .
Therefore, 1-4 rpm rotation speed of RBC was required
to achieve DO concentration target at 0.60-0.65 mg L™
in the bulk liquid and pH was set at 7.0-7.5 with caustic
soda (NaOH) addition. Other control method was the
online ammonium measurement (Lackner et al. 2014).

Moving bed biofilm reactor

Unlike SBR system, MBBR is occupied with 40-50%
carriers (AnoxKaldnes K1) and equipped with aeration,
stirrers, and settler (Lackner et al. 2014; Rosenwinkel
and Cornelius 2005; Szatkowska et al. 2007). Aeration,
DO, pH, temperature, and SRT are monitored. It can be
a single-stage PN/A process known as ANITAMOX
(Lackner et al. 2014) or a multistage combination PN/
A and N/DN by using activated sludge concept. Multi-
stage configuration of PN/A consists of an aerated reac-
tor, mixed reactor, and settlers (Lackner et al. 2014). If
the integrated fixed film sludge (IFAS) with a settler is
installed in the MBBR system, the suspended sludge
retained from effluent holds 90% of the aerobic-
oxidizing ammonium bacteria and have better perfor-
mance than the pure biofilm system (Lackner et al.
2014; Veuillet et al. 2014). Similar to IFAS, bentonic
clays (patented as TERRANA) is added to the
suspended sludge in SBR or two-stage activated sludge
process (ASP). TERRANA serves as substrate for at-
tached growth to help to retain anammox bacteria and
improved settling ability. It also can serve as a source of
alkalinity and treat the poorly buffered wastewater
(Lackner et al. 2014).
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Biofilm/granular system

For granular system, lamella separator is used for gran-
ule retention. For IFAS, fine particle sludge is retained
with a settler. According to Lackner et al. (2014), high
volumetric loading rates were observed from 1.0 to
7.0 kg N m~ day' in the anammox stage of the two-
stage system. This is due to higher biomass concentra-
tion (15-20 g L") in carrier-based biofilm systems and
granular systems (25-35 g L™'). Bentonite clays can
function as carrier and pH stabilizer. Sludge loading rate
is less than 100 kg N g ' TSS day '. HRT is less than
24 h. More robust behavior of biofilm/granular-based
system compared with SBR, however energy demand
seems higher for the biofilm/granular system (Lackner
etal. 2014).

Performance comparison of PN/A process with other
selected biological treatment process

Comparison of the performance of PN/A process with
other selected biological treatment technologies such as
membrane bioreactor (MBR), internal circulation of
upflow sludge blanket reactor (ICUSbR), and sequenc-
ing batch biofilter granular reactor (SBBGR), and it is
shown in Table 5. The chosen biological treatment
technology for PN/A process is a two-stage treatment
via anoxic/aerobic (A/O) reactor and upflow anaerobic
sludge blanket (UASB-anammox) (Wang et al. 2016).
The advantage of a two-stage process over one-stage
process is high nitrogen removal in the lab scale exper-
iment. Nitrogen removal rate for one-stage process and
two-stage process is 76.7 and 0.06—1.80 kg
N (m® day) ', respectively, as reported in the UASB
process (Wang et al. 2016; Tang et al. 2011; Van Hulle
et al. 2010).

Nitrification process is developed in the MBR where-
by ammoniacal nitrogen is converted to nitrate. Though
ammoniacal nitrogen removal was 98.2%, nitrate accu-
mulation was observed in the leachate (Zolfaghari et al.
2016). Unlike the MBR process, simultancous denitrifi-
cation process takes place in SBBGR as the total content
of nitrate and nitrite concentration is also reduced by
98%. A similar reduction performance of ammoniacal
nitrogen was achieved in MBR and SBBGR. The re-
moval of ammoniacal nitrogen and nitrite in anammox
process is not affected by the presence of COD in A/O
reactor—UASB which has strong COD-shock resistance.

Both the processes have removal rates around 98%.
However, the anammox process is not favorable for
removal of recalcitrant compound which could be seen
in low COD removal rate (i.e., 17.6%) for the stabilized
leachate as shown in the research by Wang et al. (2016).
COD is closely related to the recalcitrant compounds
which is removed in MBR by 63.4% (Zolfaghari et al.
2016). The biological process can remove most of the
biodegradable compounds which are represented by
BODs with low value at the effluent discharge as com-
pared with COD (Zolfaghari et al. 2016; Cassano et al.
2011). DO has a significant effect on removal of ammo-
niacal nitrogen than COD. This is due to the occurrence
of nitrification process in the aerobic condition where
high removal of ammoniacal nitrogen is observed under
4.0 mg L' of DO (Abood et al. 2013). However, the
anammox reactor is separated from the nitrification
reactor as the existence of DO can act as inhibitor to
the anammox activity (Wang et al. 2016).

It can be concluded that SRT cannot be used as the
only selection criteria for combined PN/A due to the
slower growth rate of the anammox biomass (Lackner
et al. 2014). The most practical approach is to operate
PN/A at low oxygen concentration which favors the
growth of aerobic ammonium oxidizing bacteria instead
of nitrite oxidizing bacteria (Blackburne et al. 2008;
Wyftels et al. 2004). The selective biomass enable
wash-out of nitrite oxidizing bacteria in small flocs
and retains the anammox bacteria in larger aggregates
(Lackner et al. 2014).

Challenges and perspectives

With the concern of the government of Malaysia, land-
fills should be properly designed as sanitary landfills
with suitable leachate treatment system, a gas ventila-
tion system for waste treatment before disposal (Manaf
et al. 2009). The challenge is to establish an efficient
treatment for the leachate management especially deal-
ing with the disposed biowaste into the landfill (Amr
et al. 2014). The complexity of the leachate characteris-
tics of biowaste depends on the habit of segregation of
the recyclable domestic wastes before ending up to the
landfills. Recycling can reduce the operational cost of
the leachate treatment plants. Biowaste contribute or-
ganic compounds that are required to be further treated
in the leachate treatment system. Therefore, the fluctu-
ation of the landfill leachate composition is one of the
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Table S Performance comparison of PN/A process with other selected biological treatment processes

System Operating condition Influent Effluent Removal Reference
(mgL™") (mgL™") percentage
(%)
Parameter: COD
MBR HRT (h) 32 1550+£239* 568+121 63.4+12.2 Zolfaghari et al.
SRT (day) 80 (2016)
TS(gL™ 16.48
VS(gL™ 8.94
F/M ratio (kg COD 0.174+£0.073
kg ' VS day )
OLR (g COD L™" day ™) 1.3+0.282
Source of Inoculation of activated sludge
microorganism seeds from municipal wastewater
treatment plant
ICUSDHR reactor Aeration 1:3 860.5 98.21 88.59 Abood et al. (2013)
time:recycling time
HRT (h) 12
pH 7.0-8.5
Upflow velocity (m h™") 2
DO (aerobic tank) 4mgL™!
DO (anoxic tank) 0.5-1 mg L™
DO (anaerobic tank) <0.5 mg L
MLSS (aerobic tank) 4000-5000 mg L™!
MLSS (anoxic tank) 3000-3500 mg L
MLSS (anaerobic tank) 2000-2500 mg L
Source of Activated sludge from
microorganism seeds wastewater
treatment plant
SBBGR HRT (h) (filling:biological 8 (0.5:7:0.5) 2609 1200 54 Cassano et al.
degradation:decant) (2011)
OLR (g COD L' day ™) 1.0
Air supply (during the 250
biological
degradation) (NL h'™")
Recycling (during the 90
biological
degradation) (L h™")
Medium Biomass support material
Dimension (mm) (Ht x Dia) 7x8
Specific area (m® m™) 650
Relative density 0.95
Bed porosity 0.74
Source of -
microorganism seeds
A/O MLSS (mg L™ 3500 1050 865 17.6 Wang et al. (2016)
reactor-- pH 7.15-8.33
UASB Cra (mg L™) 29.5
(anammox) 4
Crna (mg L7 0.095
Alkalinity (mg L") 1748
NO, :NH, N ratio 1.24-1.39
NO; :NH, "N ratio 0.32-0.44
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Table 5 (continued)

System Operating condition Influent Effluent Removal Reference
(mgL™"  (mgL™") percentage
(%)
Source of microorganism Sludge from lab-scale
seeds nitrification
SBR
Parameter: ammoniacal nitrogen
MBR HRT (h) 32 288112  5+4.5 98.2+1.7 Zolfaghari
SRT (day) 80
TS (g LY 16.48 et al. (2016)
VS(gL™) 8.94
F/M ratio (kg COD kg™ 0.174+0.073
VS day ")
OLR (g COD L™! day ) 1.3+0.282
Source of microorganism Inoculation of activated sludge
seeds from

municipal wastewater
treatment plant

ICUSDR reactor Aeration time:recycling time ~ 1:3 172 13.50 92.15 Abood
HRT (h) 12 etal. (2013)
pH 7.0-8.5
Upflow velocity (m h™") 2
DO (aerobic tank) 4 mg Lt
DO (anoxic tank) 0.5-1 mg L™
DO (anaerobic tank) <0.5 mg L!

MLSS (aerobic tank) 4000-5000 mg L™
MLSS (anoxic tank) 3000-3500 mg L!
MLSS (anaerobic tank) 2000-2500 mg L
Source of microorganism Activated sludge from
seeds wastewater
treatment plant
SBBGR HRT (h) (filling:biological 8 (0.5:7:0.5) 600 6 99 Cassano
degradation:decant) et al. (2011)
OLR (g COD L' day ™" 1.0
Air supply (during the 250
biological
degradation) (N L )
Recycling (during the 90
biological
degradation) (L h™")
Medium Biomass support material
Dimension (mm) (Ht x Dia) 7%x8
Specific area (m® m) 650
Relative density 0.95
Bed porosity 0.74
Source of -
microorganism seeds
A/O MLSS (mg L) 3500 280 5 98.2 Wang et al. (2016)
reactor-- pH 7.15-8.33
UASB Cra (mg L7 295
(anammox) 4
Cena (mg L) 0.095
Alkalinity (mg L") 1748
NO, :NH,*N ratio 1.24-1.39
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Table 5 (continued)

System Operating condition Influent Effluent Removal Reference
(mgL™"  (mgL™") percentage
(%)
NOs :NH, "N ratio 0.32-0.44
Source of Sludge from lab-scale
microorganism seeds nitrification SBR
Parameter: nitrate (NO3 )
MBR HRT (h) 32 0.5+0.6 189+£102 — Zolfaghari
et al. (2016)
SRT (day) 80
TS(gL™) 16.48
VS(gL™ 8.94
F/M ratio (kg COD kg ' 0.174+0.073
VS day ')
OLR (g COD L' day ™" 1.3+0.282
Source of Inoculation of activated sludge
microorganism seeds from municipal wastewater
treatment plant
Parameter: nitrite (NO, )
A/O MLSS (mg L") 3500 240 3 98.8 (Wang et al. 2016
reactor-- pH 7.15-8.33
UASB Cra (mg L7 295
(anammox) 4
Crna (mg L) 0.095
Alkalinity (mg L") 1748
NO, :NH, "N ratio 1.24-1.39
NO;:NH,"-N ratio 0.32-0.44
Source of Sludge from lab-scale
microorganism seeds nitrification SBR
Parameter: NO,—N
SBBGR HRT (h) (filling:biological 8 (0.5:7:0.5) 450 9 98 (Cassano et al.
degradation:decant) 2011
OLR (g COD L' day ™) 1.0
Air supply (during the 250
biological
degradation) (N L h™")
Recycling (during the 90
biological
degradation) (L hh
Medium Biomass support material

Dimension (mm) (Ht x Dia)

Specific area (m? m?)
Relative density
Bed porosity

Source of
microorganism seeds

7x8
650

0.95
0.74

MBR, membrane bioreactor; /[CUSB reactor, internal circulation of upflow sludge blanket reactor; SBBGR, sequencing batch biofilter
granular reactor; A/O reactor + UASB (anammox), anoxic/aerobic (A/O) reactor and upflow anaerobic sludge blanket (UASB-anammox)

 Average =+ standard deviation

challenges in operation of the leachate treatment plant.
Further research is required to study the microorganism
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including ammonium oxidizing bacteria and nitrite ox-
idizing bacteria for performance stability of the process.
Rapid cultivation method needs to be developed for
anammox bacteria in the commercial application. The
remaining challenges are to solve the solids regime and
unknown inhibitory effect. Focus should be given to
discover novel pathways including the kinetic process
and SRT for comprehensive understanding of the AME-
D and PN/A process. In the AME-D process, excess
dosage of methanol to support the denitrification could
cause the secondary pollution. Understanding of opti-
mum gas supplies of methane and oxygen needs to be
studied comprehensively. Integration of MBfR and
AFMBR could increase the mass transfer of the gas to
the microorganism while solving the issue of membrane
fouling. Additional usage of chemical and gas supply
could incur high operation cost in a long run. Better
understanding in biodegradability kinetics is required to
know the leachate characteristic of the biowaste (Amr
et al. 2014).

Conclusions

The recycling process in Malaysia is still at the infant
stage and landfilling rate high; it causes the complexity
of the leachate composition. Most of the treatment op-
tions used in the leachate treatment system are based on
the non-renewable source of physicochemical treatment
and the energy-intensive of biological process. In this
review, the biological process using the combination of
the microorganism community resulting in the novel
shortcut pathway is studied. This pathway can replace
the conventional nitrification-denitrification process. In
future researches, integration of different best available
technologies could further enhance the contaminants
removal rate from leachate-generated form biowaste.
That will be helpful in order to meet the national water
quality standards applied for the river water quality
monitoring for Malaysia. Finally, the goals of national
solid waste management policy could successfully be
implemented using proper leachate treatment systems.
The aim of the proper waste management is to generate
a universal system which is cost effective, sustainable,
and acceptable to the community. The emphasis of the
system should be the environmental conservation with
adopting the technology which are affordable and assure
public health. Implement of the solid waste management
and treatment system should be based on the waste

management hierarchy that gives the priority to waste
reduction through 3R (reduce, reuse and recycle) prin-
ciple, intermediate treatment, and final disposal. Adap-
tation of this strategy will protect the environment keep-
ing control on resource and energy consumption to the
most favorable actions.
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