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Summary

Anaerobic digestion (AD) of organic fraction of municipal solid waste (OFMSW) or
food waste has aroused attention increasingly as it can achieve both environment and
economic benefits. The by-product from AD, the digestate, still rich in putrescible
components and nutrients, is mainly considered for reutilization as a bio-fertilizer or a
compost after its treatment. However, the limitations exist for digestate agricultural
application because of nutrients surplus, fertilization seasons, high cost of long-distance
transportation and low market acceptance. Besides, digestate from OFMSW and food
waste needs to be disposed as “waste” when it does not comply with the regulation

requirements.

The chapter 1 of the work is an overview on the digestate characterizations, regulations
of agricultural use and application techniques. The concept of Back to Earths
Alternatives (BEAs) introduced in the literature review involves that the residues, after
appropriate treatment, "should be returned to their non-mobile state as they were before
they were extracted from the ground to be used as raw materials ". The specific aim of
BEA is to bring elements and materials back into the environment either as soil
amendments or functional components for landfills. The novel concept can deal with

the two dilemmas of digestate management and achieve the close of material loop.

Aim of the Chapter 2 was to develop an alternative option to use digestate to enhance
nitrified leachate treatment through a digestate layer in landfill bioreactors. Two
identical landfill columns (Ra and Rd) filled with the same solid digestate were set and
nitrified leachate was used as influent. Nitrate nitrogen removal efficiency of 94.7%
and 72.5% were achieved after 75 days and 132 days, respectively. These results
suggest that those solid digestates could be used in landfill bioreactors to remove the

nitrogen from old landfill leachate.

The study of Chapter 3 aims to evaluate the application of digestate in simulated landfill
columns to enhance nitrogen conversion via short-cut nitrogen removal. Two identical
simulated landfill reactors filled with solid digestate were setup and partial nitrified
leachate was fed through the columns. After 109 days of operation, the average nitrite
nitrogen and nitrate nitrogen removal efficiencies were 92.6% and 85.8%, respectively.
The high concentrations of nitrite (1004 mg-N/L) did not significantly inhibit methane

production during denitrification in the digestate-added landfill columns.

Aim of the Chapter 4 was to use a digestate layer in aged refuse bioreactors to enhance
the denitrification capacity of aged refuse, stabilize digestate and mitigate the ammonia
emission from digestate leaching with leachate recirculation. Six identical landfill
columns filled with 0% (RO), 5% (RS), and 15% (R15) of solid digestate above aged
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refuse, were set and nitrified leachate was periodically fed and recirculated. Nitrate
removal rate in RS and R15 were 3.4 and 10.0 times higher than that of control (no
digestate added). The results showed that instead of land use, solid fraction of digestate
could be exploited as an inexpensive functional layer embedded in old landfill site to
enhance denitrification capacity and achieve digestate stabilization with little ammonia
leaching from digestate.

In conclusion, solid digestate was effective in reducing the oxidized nitrogen (nitrate or
nitrite) content of nitrified leachate or partial nitrified leachate. Meanwhile, the organic
matter content of the solid digestate was degraded under anaerobic conditions with low
methane emission. Solid digestate with or without further treatment can be utilized as
an engineered landfill biocover. Besides, solid digestate could be applied in external
reactors to ex-situ treat nitrified leachate. At last, solid digestate can be used as
functional layer embedded landfill to removal nitrogen in those old landfills with low

denitrification capacities.
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Background and Aim of the Ph.D. activity

The biogas plants with OFMSW as substrate is increasingly installed to achieve the
energy recovery and waste stabilization. After the recovery of the biogas, the biogas
residual, digestate, needs to be well disposed as it still contains high content of
undigested organic matter, nutrients, especially ammonia and other pollutants. Despite
the agricultural use of digestate originated from agricultural biomass (manure, rice
straw, etc.) can be legally applied, the digestate from OFMSW might be regarded as
“waste”. Consequently, agricultural use of digestate from OFMSW is not allowed.
Therefore, innovative technologies of digestate management based on the concept of
circular economy and Back to Earths Alternatives (BEAs) are indispensable for the

sustainability of anaerobic digestion of OFMSW.

During the first Ph.D. year, much time was spent on the literature review of digestate
management so that I have a general idea on the state of the art of the digestate
management. The review paper entitled “Sustainable Management of Digestate from

the Organic Fraction of Municipal Solid Waste and Food Waste Under the Concepts

of Back to Earth Alternatives and Circular Economy” was published in Waste and

Biomass Valorization. The three critical issues were addressed in the review paper.

e Considering to the complex composition of digestate from OFMSW, there is the

lack of consensus on whether defines the digestate from OFMSW as “waste”.

e Although the incineration and pyrolysis of dry solid digestate and dozens of
techniques for liquid digestate treatment have been studied in recent years, there is

still a lack of a systematic concept to guide digestate management.

e Beyond agricultural land use, landfills and other non-agricultural land utilizations
could be other BEAs when digestate agricultural application is not feasible. There
are limited studies on how to treat digestate prior to landfilling, how to apply
digestate on a landfill (e.g., as a daily cover or mixing with MSW), and what effects

digestate will have on landfill emissions and leachate quality.
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Only if the source segregated OFMSW were virgin and uncontaminated, the digestate
from OFMSW can be used as agricultural products. In practice, the OFMSW generally
undergoes co-digestion with other substrates, like sewage sludge. Besides, the
mechanically sorted OFMSW is contaminated in most cases. When the agricultural use
was excluded from the BEAs, emerging sustainable landfill techniques could be

adopted to achieve the final storage quality and close the material loops.

ﬁrified Leachate

Denitrified Leachate

Nitrification

Closed Landfill

Facultative landfill bioreactor

Mature Landfill Leachat

Figure 1. The digestate landfilling concept
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Nitrogen removal
Stabilization NO3- removal in FLB from leachate &
(Chapter 2) digestate
stabilization
Digestate Low-cost nitrogen

Facultative landfill

.Managemen‘t- B NO2-removalin FLB | re_moval &
Literature review (Chapter 1) (Chapter 3) d|g_e_stat_e
(Chapter 1) stabilization
‘ Optimizing
[ AgedrefuseFLB digestate ratio &
Denitrification (Chapter 4) avoiding NH4+
Problems: leaching

* Risk of using digestate from OFMSW
* Lack of alternative options to manage digestate
* Methane emission from digestate

Figure 2. Sketch of the activities during the PhD
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Chapter 1: Literature Review
1.1 Digestate management: State of the Art!

The organic fraction of municipal solid waste (OFMSW) is a heterogeneous material
which has various characteristics depending on the origin and collection system
(Alibardi and Cossu, 2015). Despite the heterogeneity, OFMSW, mostly comprised of
food waste, is characterized by high moisture content and high biodegradability
(Alibardi and Cossu, 2015, Lebersorger and Schneider, 2011, Zhang et al., 2007). Food
waste 1s generally defined as "materials for human consumption that are subsequently
discharged, lost, degraded, or contaminated” (Girotto et al., 2015) and is composed of
organic waste and leftovers from residences, restaurants, cafeterias, canteens, and
markets (Alibardi and Cossu, 2015). Anaerobic digestion (AD) of the OFMSW or food
waste to recover energy by producing methane-rich biogas and stabilize wastes by
degrading organic matter has been the subject of research from many decades (Mata-
Alvarez et al., 1992; Peres et al., 1992). Meanwhile, digestate, the major byproduct of
the process should be managed by composting and other biological conversion
processes under the current economic and environmental policies (Mdller and Miiller,

2012; Teglia et al., 2010).

Digestate is a semi-stabilized material rich in organic matter and minerals (Tampio et
al., 2016). During digestate management, this waste stream is commonly separated into
solid and liquid fractions by using a solid-liquid separation unit on site (Fuchs and

Drosg, 2013).

Agricultural wastes and energy crops digestate are almost exclusively land applied,
while digestate generated from OFMSW and food waste needs to be further managed
as waste. Some researchers believe that biowastes like OFMSW and food waste treated
at AD plants are not considered a waste according to the definition of waste outlined in

the European Waste Framework Directive 2008/98/EC. This directive states that "any

1 This work has been accepted for publication. Peng W, Pivato A (2017) Sustainable Management of Digestate
from the Organic Fraction of Municipal Solid Waste and Food Waste Under the Concepts of Back to Earth
Alternatives and Circular Economy. Waste and Biomass Valorization 1-14. doi: 10.1007/s12649-017-0071-2 (In
press)
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substance or object which the holder discards or intends or is required to
discard"(European Parliament and Council, 2008; Fachverband Biogas et al., 2013). In
the European Waste Catalogue (European Commission, 2000), there are two codes
concerning digestate: “19 06 04 Digestate from anaerobic treatment of municipal waste”
and “19 06 03 Liquor from anaerobic treatment of municipal waste”. This catalogue
suggests that digestate from anaerobic treatment of OFMSW should be considered as a
“waste”. Furthermore, digestate from OFMSW and food waste needs to be further
treated according to Article 6 of the Waste Framework Directive (Fachverband Biogas
et al., 2013). According to this article the ‘end-of-waste status’ states that certain
specified wastes shall cease to be waste when they undergo some sort of recovery
process. To date there is not specific criteria that has been set at the European level. It
is up to member states to determine the final fate of digestate on a case-by-case basis
(Fachverband Biogas et al., 2013). In Italy, digestate from AD plants treating OFMSW
is considered a waste that needs to be further treated to comply with the national

fertilizer regulations or disposal standards (Saveyn and Eder, 2014).

Recently, the end-of-waste criteria allows for the use of the digestate as a "product"
under certain requirements. These requirements include product quality, input materials,
treatment processes and techniques, provision of information, quality assurance
procedures, etc. (Saveyn and Eder, 2014). Digestate which fails to comply with the
quality protocol at the national or European level (end-of-waste criteria) is classified as

waste that needs to undergo proper waste management control (WRAP, 2009).

All three forms of the digestate (i.e., whole, liquid and solid) can be land applied as the
final disposal destination once it meets relevant regulatory standards and can be
qualified as a “product” (Nkoa, 2014; Teglia et al., 2010). In Europe, some countries
have their own digestate quality standards (e.g. PAS 110:2010 in UK (WRAP, 2010),
RAL GZ245 and RAL GZ246 in Germany (Siebert, 2007), SPCR 120 in Sweden
(Sverige, 2016), Italian Legislative Decree 217/06(Gazzetta Ufficiale, 2006), NFU44-
051 French standards for organic amendments (AFNOR, 2006). These digestate quality

standards have specifications for hygienic standards, impurities, degree of fermentation,
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odor, organic matter content, heavy mental content, and on parameters for declaration.
The parameter for declaration outlines the essential characteristics and constituents of
digestate products that help the end user determine the best practice of digestate land
application (Siebert, 2007). However, high transportation costs have the potential to
restrict the large-scale direct land application of the digestate (Delzeit and Kellner,
2013). The high nutrient content can also increase the potential of nitrogen pollution in
aquatic ecosystems and could promote eutrophication of fresh water reservoirs
(Lukehurst et al., 2010). Furthermore, the agriculture demand for nutrient supply can
fluctuate during peak crop (e.g., beginning of spring) (Wellinger et al., 2013). In some
areas, the land application of digestate is not an option due to potential to over saturate
fields with phosphorus and nitrates (Neumann et al., 2016). Thus, alternative
utilizations or destinations of digestate need to be developed besides direct land

application.
Characterization of solid digestate from the AD of OFMSW and food waste

In this study, only the literature concerning the AD of OFMSW and food wastes was
considered. Furthermore, this review separately outlined the treatment and management
practices utilized for whole digestate, liquid digestate, and solid digestate. The

characterization of the three forms of digestate are presented and discussed separately.
Basic characteristics

Digestate characteristics are outlined in Table 1.1.1 and include pH, total solids (TS),
volatile solids (VS), and total carbon (TC). These parameters are the declaration
parameters used to assess the digestate quality when it is being used for agricultural

applications (WRAP, 2010).

The digestate quality of OFMSW or food waste usually depends on the type of AD
system (e.g., wet or dry, batch or continuous, single stage or multi-stage, co-digestion
or mono-digestion). For example, the moisture content of the digestate is influenced by
the choice between wet or dry AD process. Similarly, when the OFMSW undergoes a

dry AD process, a digestate of nearly 35% solids content is produced (De Baere, 2008).
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Therefore, the digestate from a dry AD process usually does not require a solid-liquid
separation process. As observed in Table 1.1.1, the TS content of the whole digestate
from OFMSW varied from 0.72-51.2% whereas TS contents of digestate from food
waste was consistently under 10%. The latter observation could be explained by the
preferential choice of wet AD process for this stream. Despite the significant variability
in TS content, the VS content was relatively high for both types of OFMSW and food
waste digestate, showing that high amounts of organic matter of the feedstock remained
undigested. High organic matter content (61.7-80.4% TS), especially in the solid
fraction of food waste digestate, can help to enhance soil physical properties (Rollett et
al., 2015). The pH of both OFMSW (8.3-8.0) and food waste digestates (7.6-8.3) were
above 7, which suggests that these materials are weakly alkaline. The alkaline pH of
digestate has been regarded as a useful property in consideration of the global soil
acidification problem (Makadi et al., 2012). Additionally, when digestate is used for
heavy metal contaminated land remediation, its alkalinity can increase the pH level of
soil and consequently enhance the immobility of heavy metals (Steele and Pichtel,

1998).
Nutrients

Digestate with high levels of ammonia nitrogen can be directly applied on agricultural
land as a replacement for chemical fertilizer (Tampio et al., 2016). As shown in Table
1.1.1, digestate of OFMSW has a lower total Kjeldahl nitrogen (TKN=2.79-14 g/L) and
ammonia content compared to food waste digestate (TKN=15.4 g/L) which is
presumably due to the difference in the initial composition, especially the protein
component, of these two feedstocks. After anaerobic digestion, the soluble ammonia
concentration tends to increase with the degradation of protein present in the feedstock
(Kayhanian, 1999). The ammonia content of the digestate accounts for approximately
60-80% of its total N content (Makadi et al., 2012). After solid-liquid separation of the
digestate, the nutrients are distributed between the solid and liquid fractions. It is
estimated that liquid digestate contains 70-80% of the total NH4"-N while the remaining
20-30% of the total NH4'-N are distributed in solid fraction (Fuchs and Drosg, 2013).
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However, 55-65% of the total phosphorus remained in solid fraction after separation
with the remaining total phosphorus (35%-45%) was found in the liquid (Fuchs and
Drosg, 2013; Bauer et al., 2009). The P,Os/K>0O ratios of both OFMSW and food waste
digestate (whole digestate) is around 1:3 (Table 1.1.1). This ratio is ideal for grain and
rape growth (Makadi et al., 2012). Therefore, digestates from OFMSW and food waste

can be suitable to supplement of phosphorus and potassium in soils.

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 12
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Table 1.1.1 Characterization of digestate from OFMSW and food waste

OFMSW OFMSW Food Waste Food Waste
Types Whole Solid Whole Solid
Basic characteristics
pH 8.30 8.80 7.60-8.30 7.97
TS (%) 0.72-51.2 7.23-27.0 1.99-7.88 9.00
VS (%TS) 62.1 68.0-71.0 61.7-73.6 80.4
TC (%TS) 34.6 12.8-22.7 32.8-39.5 -
Nutrients contents
N-NH;" (g/L) 1.7-27.5 - 3.37 5.7
TKN (%TS) 2.79-14 - 15.4 -
C/N 1.3-29.8 12.1-20.9 2.63 -
TN (%TS) 1.3-124 1.09 4.15 3.97
P>0s (%TS) 0.2-0.9 1.49 0.93 0.9
K20 (%TS) 0.6-1.0 0.78 2.33 2.33
Biological stability
TOC 27.5-45.9 (%TS) 52.9 (%VS) 34.6 (%TS) -
COD (g/g-VS) 1.62 - 1.50 1.90
VFA (g/kg FM?) 0.3 - 0.18 -
OURP (g02/(kgVS h)) 2.82-3.78 - 0.68-0.91 -
RBP° (L/gVS) 0.346 - 0.061-0.311 0.185-0.418

Wei Peng-Ph.D. Thesis-XXXI cycle-2018
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Heavy metals

Cd (mg/kg) 0 - <0.4 -
Pb (mg/kg) 15 - 9.8-36 -
Cu (mg/kg) 55 - 14-80 -
Hg (mg/kg) - - <0.23 -
Ni (mg/kg) 50 - 11-20 -
Zn (mg/kg) 78 - 56-300 -
Cr (mg/kg) 188 - 6-40 -
Reference (Tampio et al., 2016; (Bustamante et al., 2012; (Boni et al., 2016; Tampio (Phil Wallace et al., 2011;

Michele etal., 2015; Quina Eliyan, 2007; Rao and etal.,2016; Drennanand Tampio etal., 2016)
et al., 2015; Teglia et al., Singh, 2004; Tamboneet DiStefano, 2010; Phil
2011a; Antoine et al., al.,2010; Zeshan, 2012) Wallace et al., 2011;
2011; Zeng et al., 2012; Opatokun et al., 2017;
Zhang et al., 2012) Buss et al, 2016;
Govasmark et al., 2011)

4 FM: Fresh Matter
> OUR: Oxygen Uptake Rate

¢ RBP: Residual Biogas Potential
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Digestate stability

Biological stability is an important indicator for the utilization and final disposal of
digestate, such as agricultural use, compost and landfill mining (Teglia et al., 2011b;
Pivato et al., 2016; Lii et al., 2017). Unstable digestate are inclined to produce high
level of leachate and odors (Lii et al., 2017). The chemical oxygen demands (COD) of
digestate originated from food waste are 1.5 and 1.9 g/g VS, as shown in Table 1.1.1,
which exceeds the limit of 0.43 g/g-VS set by PAS110-2010 (Table 1.1.2). The oxygen
uptake rate (OUR) represents the aerobic stability indicator while residual methane
potential (RMP) represents the anaerobic stability of the digestate (PAS, 2013; Gémez
et al., 2006). Drennan et al. (2010) reported the OUR of food waste digestate around
0.68-0.91 g O> /kg-VS/h. As a majority of the organic matter remains in the solid
fraction of digestate, solid digestate might be less stable with respect to the liquid and
whole digestate (Drennan and DiStefano, 2010). Phil Wallace (2011) reported that each
of the solid and liquid fractions of food waste digestate had different residual biogas
potential (RBP) (Phil Wallace, et al., 2011). The whole digestate and separated liquid
fractions were reported to be well below the RBP limit value of 0.25 liters biogas/g VS
while the solid fraction of digestate showed an even higher RBP (Phil Wallace et al.,
2011). These data suggest that the solid fraction of the digestate might need further
stabilization to meet the RBP stability limit because the methane (main component of
residual biogas) emissions will exert a negative impact on global warming when

digestate is used as a bio-fertilizer.
Heavy metals

Comparing heavy metal content of the digestate from food waste (Table 1.1.1) with the
compliance criteria (Table 1.1.2), it is observed that all the heavy metals were below
the regulatory limits, suggesting that the digestate from food waste could be less of a
risk to agricultural use. However, Cr content of digestate from OFMSW, 188 mg/kg-
TS, was above the compliance criteria (Trzcinski and Stuckey, 2011). When the
digestate failed to meet the criteria, it should be defined as “waste” and it can be used

as a component in artificial soils or on land not utilized for food production or fodder

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 15



University of Padova-Department of Industrial Engineering Chapter 1: Literature Review

crops (Trzcinski and Stuckey, 2011; European Commission, 2001).
Required digestate quality
Soil utilization

Despite presenting numerous reuse potentials, final utilization of digestate (classified
both as “waste” or as a “product”) needs to meet specific quality and functional
requirements. These requirements are mainly aimed at avoiding risk to human health
and the environment (Saveyn and Eder, 2014). In Europe, several countries, including
Germany, United Kingdom (UK), and Italy have digestate standards that mainly define
limits of specific parameters for agricultural applications only (WRAP, 2010; Siebert,
2007; Gazzetta Ufficiale, 2006). In addition to the digestate, agricultural use as a
biofertilizer, contaminated soil remediation by digestate, and digestate-derived biochar

were also discussed.

The existing standards of regulation for heavy metals vary slightly among different
countries (Table 1.1.2). In practice, the anaerobic co-digestion of food waste with
sewage sludge is conducted in AD plants to improve the overall process performance.
The digestate originating from these sources have the potential to get contaminated by

heavy metals found in the sewage sludge (Dai et al., 2013; Kim et al., 2003).

Organic pollutants could be another threat to digestate quality (Table 1.1.2). Organic
pollutants appearing in the digestate could be attributed to the co-digestion substrates,
especially sewage sludge and manure (Dai et al., 2013; Kim et al., 2003; Kupper et al.,
2008). Except for potential risk from PAHs, other organic pollutants contaminated
digestate were not identified (Kupper et al., 2008). PAH concentration in one fourth of
the samples were above the Swiss guide value for compost (4 mg/kg-TS) (Briandli et
al., 2007).

As for biological and ecotoxicological parameters, digestate used as a fertilizer must
ensure that the quality of the product has limited pathogens, viruses, and weed seeds
(Seadi et al., 2012). These unwanted biological contaminants can be reduced by the

proper control of the AD process or by applying specific post-treatment processes that

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 16



University of Padova-Department of Industrial Engineering Chapter 1: Literature Review

target specific biological contaminant (Seadi et al., 2012). Specific measures include
distinguishing "dirty area" and "clean area" at each AD plant, controlling the source of
feedstock, conducting hygiene measures to avoid cross-contamination between raw
feedstock and digestate (Seadi et al., 2012). Therefore, digestate quality regulations not
only provide limit values for specific contaminants but they also provide guidance on

how to control these parameters during the AD process (Table 1.1.2).

As shown in Table 1.1.2, the concentration of organic acids (RAL-GZ 245), volatile
fatty acids (VFAs) (PAS 110:2010) and the RBP (PAS 110:2010) of the digestate can
be used as indicators of the degree of fermentation which are measures of the stability

of digestate.

The composition of the digestate should be described and declared before it is utilized
as a fertilizer or soil amendment (Seadi et al., 2012). Declaration of pH, nutrients, dry
matter content, organic matter are all part of the assurance schemes for digestate quality
in some European countries (Seadi et al., 2012). Indigestible materials and large
particles could remain in the digestate as physical impurities which include stone, glass,

sands, and plastics.
Landfill

Digestate of unacceptable quality should be regarded as “biowaste”, which cannot be
used on agricultural land for food and fodder crop production (EuropeanCommission,
2001; Antoine P Trzcinski and Stuckey, 2011). The possible pathways to use this
stabilized biowaste is as a daily, temporary or final landfill cover. According to
European Union (EU) landfill directive, the amount of biodegradable waste that can be
disposed of in landfills should be reduced progressively (Council, 1999). Despite this
directive, the landfill might be an important destination for the biowaste to close the

material loop (EuropeanCommission, 2001).

Council Directive 1999/31/EC offers several key points for a landfill site (Council,
1999):

e Landfill sites can be divided into three categories: hazardous waste, non-hazardous
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waste, and inert waste landfills.
e Landfill sites will not accept liquid waste.
e Only treated waste may be landfilled.

Thus, only the solid fraction of digestate with post treatment could be sent to non-
hazardous waste landfill sites. Specific limit values for wastes acceptable for disposed

in a landfill are comprehensively described in Directive 2003/33/EC (Council, 2003).
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Table 1.1.2 Regulations for applying digestate as biofertilizer for soil

Parameters Unit Upper limit value Reference
Heavy metal (Siebert, 2007; WRAP, 2010; AFNOR,
Cd mg/kg-TS 1.0-3.0 2006; Gazzetta Ufficiale, 2006; Sverige,
Pb mg/kg-TS 100 -180 2016)
Cu mg/kg-TS 100-600
Hg mg/kg-TS 1-2
Ni mg/kg-TS 50-100
Zn mg/kg-TS 400-800
Cr mg/kg-TS 100-120
Cr®* mg/kg-TS 0.5 (Gazzetta Ufficiale, 2006)
Organics
PAHs Polycyclic aromatic hydrocarbons mg/kg-TS 6 (Republik Osterreich (BGBL.), 1994)
PCDD/F Dioxins and furans ng TE/kg TS 20 (Republik Osterreich (BGBL.), 1994)
HCH, DDT, DDE etc. (Chlorinated pesticides) mg/kg Products 0.5 (Republik Osterreich (BGBL.), 1994)
PCB (Polychlorinated biphenyls) mg/kg TS 0.2 (Republik Osterreich (BGBL.), 1994)
AOX (Absorbale organic halogens) mg/kg TS 500 (Republik Osterreich (BGBL.), 1994)
LAS (Linear alkylbenzenesulphonates) mg/kg TS 1300 (Miljeministeriet, 2006)
NPE (Nonylphenol and nonylphenolethoxylates) mg/kg TS 10 (Miljeministeriet, 2006)
DEPH Di (2-ethylhexyl) phthalate mg/kg TS 50 (Miljeministeriet, 2006)
Impurities
Weight of impurities %TS 0.5 (Siebert, 2007; WRAP, 2010)
Area sum of the selected impurities cm?/L fresh matter 25 (Siebert, 2007)
Biological contaminants
Germinable weeds and sprouting number/liter 2 (Siebert, 2007)
Salmonella Absent in g fresh matter 25-50 (Siebert, 2007; WRAP, 2010)
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Stability and odor

Organic acids (total)
Volatile fatty acids

Residual biogas potential
Organic matter

Parameters for declaration
Basic information

Physical Characteristic

Nutrient Parameters

Harmful elements

Others

g/L 4

gCOD/gVS 0.43
L/gVSs 0.25
%TS >30

Product type (digestate product liquid or solid); Name
and detail of producer; Name and detail of customer;
Date of dispatch

Dry matter content; Organic matter; pH-value; Weight
or volume; Density; Salt content

Plant nutrients (total) (N, P, K, Mg, S); Nitrogen
soluble (NH4*-N, NO,N); Micro-nutrients; C/N
ration

Water soluble chloride (Cl-); Water soluble sodium
(Na); Heavy metals if the thresholds have been
exceeded

Alkaline effective matter (CaO); Reference for good
practical use

(Siebert, 2007)
(WRAP, 2010)
(WRAP, 2010)
(Siebert, 2007)

(Siebert, 2007; WRAP, 2010) (Fuchs, et
al., 2001)

(Siebert, 2007; WRAP, 2010) (Fuchs, et
al., 2001)
(Siebert, 2007, WRAP, 2010) (Fuchs, et
al., 2001)

(Siebert, 2007; WRAP, 2010) (Fuchs, et
al., 2001)

(Siebert, 2007; WRAP, 2010) (Fuchs, et
al., 2001)
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Other land applications

As akind of biowaste, other land applications of digestate include landscape restoration
in discarded quarries and mines, anti-noise barriers, road construction, golf courses, ski
slopes and football pitches (EuropeanCommission, 2001). The stabilized biowaste
should meet the requirements of Table 1.1.3 (EuropeanCommission, 2001). Comparing
to the quality criteria for digestate products (Table 1.1.2), the limit values of stabilized
digestate are much higher. Furthermore, stabilized biowastes should also fulfil the
sanitation regulations if they are spread on land likely accessible to the public

(EuropeanCommission, 2001).

Table 1.1.3 Regulations for applying stabilized biowaste as land use

Parameters Cd Cr Cu Hg Ni Pb Zn PCBs PAHs Impurities

>2 mm

Limit 5 600 600 5 150 500 1500 0.4 3 <3%

value ?

? Normalized to an organic matter content of 30%

Enhancement techniques for management of solid digestate
Composting & thermal drying

Compared to the whole digestate, the separated solid fraction of digestate is more
suitable for agricultural use based on both logistical and agro-technical reasons.
Nonetheless, solid digestate could be further post-treated through composting to harvest
high-quality compost (Torres-Climent et al., 2015). However, composting the digestate
can reduce the fertilizer’s nutrient value and has the potential to cause the emission of
greenhouse gases (e.g. nitrous oxide) (Mdller and Miiller, 2012). A new alternative
digestate valorization route could be a thermal conversion technique (Monlau et al.,

2015). Thermal drying of the digestate could reduce transportation costs due to the
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volume reduction and could handle the surplus of nutrients in areas vulnerable to excess
nutrient load (Maurer and Miiller, 2012). Cheap sources of energies like Combined Heat
and Power (CHP) and solar represents a means to accomplish thermal drying of the
digestate (Fuchs and Drosg, 2013; Maurer and Miiller, 2012). However, the potential
for ammonia emissions is a drawback to the drying process (Maurer and Miiller, 2012).
During the drying process the pH needs to be kept constant to avoid ammonia loss

through volatilization (Pantelopoulos et al., 2016).
Incineration

Incinerating the digestate can reduce a significant fraction of the volume and organic
matter. Additionally, fertilizer elements such as phosphorous, potassium and calcium
present in the bottom ash could be recycled (Kratzeisen et al., 2010). Dried solid
digestate could also be used as a solid fuel for combustion (Kratzeisen et al., 2010).
Properties of digestate fuel pellets depends on the type of substrates used in an AD plant
(Kratzeisen et al., 2010). The digestate in the study by Kratzeisen (2010) originated
from agricultural biomass including maize silage, grass, grass silage, sugar sorghum,
poultry manure, and corn cob which were mainly lignocellulosic material and
combustible (Kratzeisen et al., 2010). The combustion quality of digestate from

OFMSW and food waste combustion still needs to be investigated further.
Pyrolysis

Pyrolysis of digestate can produce biochar, bio-oil, and syngas ( Monlau et al., 2015;
Neumann et al., 2016, 2015; Opatokun et al., 2015). Bio-oil obtained from digestate
pyrolysis can be used as an engine fuel (Hossain et al., 2016). Biochar and syngas can
be utilized as a fuel but more importantly these products could be applied to AD to
improve the overall performance (Ellen MacArthur Foundation, 2013; Monlau et al.,
2015). Biochar has been reported to enhance the stability of the AD process and
methane yield (Luo et al., 2015; Mumme et al., 2014; Lii et al., 2016). The syngas,
which is enriched in hydrogen (H») and carbon dioxide (CO>), could be an important

substrate for hydrogenotrophic methanogens (Ellen MacArthur Foundation, 2013).

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 22



University of Padova-Department of Industrial Engineering Chapter 1: Literature Review

Pyrolysis of the digestate from food waste can produce bio-oil with calorific value as
high as 13.5 MJ/kg, syngas consisting of CH4, H2, CO», and CO, and biochar (Opatokun
etal., 2015).

When digestate is classified as a “waste”, post treatments are often required (Figure
1.1.1). Pyrolysis is an emerging option for digestate management (Fabbri and Torri,
2016) and converts the organic matter into char, bio-oil, and syngas in an oxygen free
atmosphere (Neumann et al., 2015). The char can be used as a soil amendment or as a
source of energy while the syngas and bio-oil are fuels with high calorific values and
can be used as a form of renewable energy (Monlau et al., 2015). Another option for
digestate is the use as material for daily, temporary, and final cover at a sanitary Landfill.
The digestate would need to be dewatered and stabilized prior to disposal to ensure the

material meets the stringent standards for landfills.
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Figure 1.1.1. General process of digestate management: from Anaerobic Digestion

(AD) to Back to Earth Alternatives

The circular economy concept could be a systematic strategy to address the challenges
of digestate management, limitations of land application (as a products), and of the need
for post-treatment (as a waste). A well-designed waste management strategy along with

the concept of circular economy presents a restorative and regenerative option for
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sustainable digestate management (Gregson et al., 2015; Ellen MacArthur Foundation,
2012). This concept can also fully exploit the nutrient value of the digestate, ensure
maximum water reuse and/or enable a more efficient conversion to energy (Dahlin et
al., 2016; Monlau et al., 2016; Riding et al., 2015). Nonetheless, circular economy
cannot achieve ambitious goals such as closing the materials loop without addressing
the issue of management of residues from production and recycling processes (Cossu,
2016). To put circular economy concept into practice for digestate management, an
integrative approach could be the Back to Earth Alternatives (BEAs). The concept of
BEAs involves that the residues, after appropriate treatment, “should be returned to
their non-mobile state as they were before they were extracted from the ground to be
used as raw materials, which would provide for the actual closing of material cycles”
(Cossu, 2016). Based on the BEAs, digestates with or without appropriate treatment are
brought back into the environment either as a soil amendment or as functional
component for a landfill (e.g., cover material). Generally, digestate of acceptable
quality can be applied on agricultural land, while dewatered digestate of unacceptable
quality can be used for the landfill cover system. This approach could facilitate the

closing of the digestate material cycle in the environment
Digestate management with circular economy concept and BEA

Solutions for handling digestate from OFMSW and food waste and recovering nutrients
without additional risks to environment and human health could be achieved by
integrating AD into digestate management (Figure 1.1.2). Generally, AD and digestate
management are separate units in AD plants even though a portion of the digestate can
be recirculated back to anaerobic digesters as inoculum (Pognani Michele et al., 2015;
Wu et al., 2017). However, AD can be integrated with digestate management under
circular economy concepts. Progressive integrations (“‘industrial symbiosis™) of AD and
liquid digestate land use, AD and digestate pyrolysis, AD and digestate incineration,
will establish functional connections and links across these different processes

according to the system view of circular economy concept (Monlau et al., 2016).

OFMSW and food waste can be the feedstocks of AD and the control of AD substrates
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and performance of AD mainly determine the quality of digestate (Al Seadi and
Lukehurst, 2012). Besides, energy crops cultivated from the marginal land with
digestate as biofertilizer (Nabel et al., 2014), can be used as AD co-substrate with
OFMSW and food waste (Nordberg and Edstrom, 2005). Nabel et al. (2014) found that
the application of 40 tons of digestate per hectarea showed obvious fertilization effect
on Side hermaphrodita (an energy crop), cultivating on a marginal sandy soil.
Anaerobic co-digestion of energy crops and OFMSW achieved a methane yield of 0.33-
0.38 L g/VS and the good performance can be attributed to a better nutritional
composition (Nordberg and Edstrom, 2005). At last, pyrolyzed digestate (biochar) can
also serve as a supplement for AD and the biochar can work as a supporting material to
enrich methanogens and to relieve ammonia inhibition (Mumme et al., 2014). In these

ways, both high-efficiency AD and complete digestate utilization can be fulfilled.

When solid digestate is qualified as a biofertilizer for soil, “food to waste to food”
concept includes the AD of food waste and sequent digestate used as a biofertilizer for
vegetable production in a greenhouse (Stoknes et al., 2016). This concept could be used
at a small-scale anaerobic digester, as small amounts of digestate can easily be utilized
on the nearby land without long-distance transportation which is costly. Except for
using digestate as a biofertilizer for agricultural production, a small quantity of solid
digestate is also sent to a landfill either for disposal or used as component in the cover

system (Mouat et al., 2010).

When digestate is classified as a “waste” or large amounts of surplus digestate is
produced, one possible solution is the integration of pyrolysis into AD (Figure 1.1.2),
which could improve the efficiency of resource utilization (Monlau et al., 2016). A well-
designed dual system (i.e., AD and pyrolysis) can produce several biofuels such as
biomethane from AD, and bio-oil, biochar, and syngas from pyrolysis (Fabbri and Torri,
2016; Monlau et al., 2015; Monlau et al., 2016; Opatokun et al., 2015). Biochar can
improve the overall soil fertility and can be used as an additive for anaerobic digestion
to improve the overall methane yield (Lii et al., 2016; Luo et al., 2015; Monlau et al.,

2016; Mumme et al., 2014). The amounts of surplus digestate can be significantly
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reduced by incineration even though incineration does not make best value use of this
resource due to the nitrogen loss (Baddeley, 2014). It was found that the electricity
generated by combusting solid digestate from co-digestion OFMSW, food waste and
energy crops, could cover 13-18% of total electricity consumption (Li et al., 2013).
When integrating digestate combustion with AD, the digestion period should be
optimized as it will not only determine the biogas yield but also affect heating value of
the solid digestate (Li et al., 2013). Besides, it is still lack of in-depth knowledge on the
phosphorus recovery from ashes of digestate combustion. Liquid digestate identified as
a product or waste can be used as a medium for microalgae cultivation and can be
integrated with AD under the concept of biorefinery (Uggetti et al., 2014). The
biorefinery aims to maximize the value derived from microalgae to produce added-
value chemicals, products (feeds and energy crops), and biofuels (biodiesel, bioethanol
and biogas) (Uggetti et al., 2014). Harvest microalgae could be co-substrate that can be
fed into anaerobic digesters (Xia and Murphy, 2016). Microalgal biomass produced in
reactors with liquid digestate as a nutrient medium, can be further extracted for
biochemicals, biofuels, feeds, and soil conditioners (Xia and Murphy, 2016). WWTPs,
reclaimed water utilization, or direct discharge could be the destinations for surplus

liquid digestate.

The concept of circular economy holds that waste does not exist as the delicate design
of materials, products, and system can eliminate waste (Ellen MacArthur Foundation,
2013). Although waste can be reused as much as possible, the aim of closing the
material loop cannot be achieved without confronting the management of residues from
production and recycling process (Cossu, 2016). As for digestate management, the
residues could be surplus digestate, ashes from digestate incineration, and biochar from
digestate pyrolysis. Under the concept of BEAs, the destinations of these residues may
include utilization of compost/digestate in agriculture, production of landscape

restoration materials, and disposal in a permanent waste deposit site (Cossu, 2016).
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Figure 1.1.2. Digestate management with circular economy concepts: integrating AD

and digestate disposal ( Monlau et al., 2015; Xia and Murphy, 2016)
Conclusions

Digestate needs to be well disposed of and treated in AD plants with OFMSW and food
waste as feedstocks. The three different forms of digestate, whole digestate, solid
digestate, and liquid digestate, have various qualities, which dictate their utilizations
and treatment techniques. Digestate quality depends mainly on the feed types and
operating conditions of a specific anaerobic digester while gaps between solid digestate

and liquid digestate were determined by solid-liquid separation units.

Although the incineration and pyrolysis of dry solid digestate and dozens of techniques
for liquid digestate treatment have been studied in recent years, there is still a lack of a
systematic concept to guide digestate management. For example, the integration of AD
and pyrolysis of digestate could make full use of all materials and produced energy,
which will be in accordance with the concept of circular economy. Introducing the
circular economy concept into digestate management could help to close the material
loop. However, the best practice of digestate management with circular economy

concept are still under development.

BEA, as core value chain links of the circular economy concept, can be introduced into
digestate management. Beyond agricultural land use, landfills and other non-

agricultural land utilizations could be other BEAs when digestate agricultural
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application is not feasible. There are limited studies on how to treat digestate prior to
landfilling, how to apply digestate on a landfill (e.g., as a daily cover or mixing with

MSW), and what effects digestate will have on landfill emissions and leachate quality
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1.2 An alternative option to manage solid digestate: Facultative Bioreactor

Landfill
Introduction of facultative bioreactor landfill

Unlike a conventional landfill, bioreactor landfill can accelerate the stabilization and
degradation municipal solid waste because of the enhancement of microbial activity by
input of air and liquid (US, EPA). Four types of bioreactor landfill were described as
Table 1.2.1. Facultative landfill bioreactor aims at combining the degradation of waste
with the in-situ removal of nitrogen from leachate. It can be operated with an on-situ
leachate nitrification followed by in-situ leachate denitrification by leachate
recirculation (Berge, 2005). Nitrate, present in high concentrations in the nitrified
leachate, can be removed by facultative microorganisms which use it for their
respiration (Berge, 2005). This process is applied to anaerobic landfills since
denitrification process occurs in anoxic conditions. The in-situ treatment of leachate
can also reduce the costs related to the construction and management of a denitrification

plant.
Waste types of facultative bioreactor landfill

As shown in Table 1.2.2, municipal solid waste (MSW) with different ages have been
used in facultative landfill bioreactors (Jokela et al., 2002, Price et al., 2003, Fu et al.,
2009, Zhong et al., 2009, Chen et al., 2009). 1-year-old refuse rich in biodegradable
organic carbon shows much higher denitrification capacity compared to 11-year-old
refuse (Chen et al., 2009). However, autotrophic denitrification (anammox) was found
in aged refuse bioreactor landfill, which also contributed to the nitrogen removal (Wei
et al., 2017, Xie et al., 2013). Nonetheless, there is less knowledge on the behavior of

facultative landfill bioreactors filled with digestate from anaerobic digestion of MSW.
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Table 1.2.1 Four types of bioreactor landfills (Summarized from Berge, et al., (2005))

Aerobic Operation e Adding air; Leachate recirculation

Advantages v Increased settlement; Decreased metal
mobility; Reduced leachate; Reduced cost for

methane control

Disadvantages <-Landfill fires; High cost for aeration
Anaerobic  Operation ¢ Moisture addition
Advantages v Increased methane production; Lower

operation cost

Disadvantages <-Lower degradation rate; Ammonia

accumulation; Physical instability of waste

mass
Hybrid Operation e Sequential acrobic-anaerobic
Advantages v'Removal of nitrogen; More biologically stable
leachate
Disadvantages <-No full-scale operation experience
Facultative Operation e Ex-situ nitrified leachate recirculation
Advantages v’ Simultaneously removing nitrogen and

stabilizing waste

Disadvantages <> Extra nitrification
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Table 1.2.2 Facultative bioreactor landfill used to remove nitrogen from landfill

leachate
Waste type Nitrification ~ Nitrate  Pathways ANRR® Ref.
(mg-N/L) (mg N/kg TS/d)
9-year-old MSW Aerobic filter 50-150  Heterotrophic 3.8 (Jokela et
t 1., 2002
45-year-old MSW reactor e )
Composed and Add nitrate 400 Heterotrophic 140 (Price et
fresh MSW al., 2003)
Fresh MSW Add nitrate 4000 Heterotrophic 1625 (Fu et al.,
2009)
15-year-old MSW  CSTR 200- Heterotrophic ~ 28.6 (Zhong et
2200 al., 2009)

1-year-old MSW Add nitrate 1000 Heterotrophic ~ 163.2 (Chen et

& al., 2009)
6-year-old MSW 72

Autotrophic
11-year-old MSW 26.4

* ANRR: Average Nitrogen Removal Rate
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Nitrification and Denitrification pathways

Landfill leachate generally rich in ammonia-nitrogen/ammonium because of the
degradation of organic nitrogen and solubilization of ammonia-nitrogen/ammonium.
The ammonia will accumulate in landfill leachate and the nitrification (Reactions (1)
and (2)) are unlikely to occur as no extra oxygen addition or air infiltration in
conventional landfill sites. As shown in Reaction (1) and (2), the typical nitrification is
a two-step process. Nitrifying bacteria include ammonia-oxidizing bacteria (AOB) and
nitrite-oxidizing bacteria (NOB). The reaction (1) is regarded as the limiting step as the
AOB grows more slowly than NOB (Grady et al., 1999). However, the growth rates of
AORB are faster than that of NOB under low dissolved oxygen (Ma et al., 2015). Thus,
the nitrite will accumulate under low dissolved oxygen. As shown in Reaction (1), the
generated hydrogen ion will consume the alkalinity. As the rate of heterotrophic
nitrification are very low (Barraclough and Puri, 1995), autotrophic nitrification is
generally a major pathway, which suggest that no extra carbon source is required for
the nitrification of landfill leachate. Extra nitrification is compulsory for facultative
bioreactor landfill. The common nitrification reactions were summarized in Figure

1.2.1.
NHf + 150, > NO, +2H* + H,0 (1)

NO, +0.50, > NO, (2)

Biological heterotrophic denitrification is an anoxic process, which NO3™ will be
reduced to NO, ™, NO, N,O and finally molecular N>, as shown in Reaction (3)(4)(5)(6).
Denitrifying bacteria  (denitrifier) includes heterotrophic and facultative
microorganisms. Under anoxic conditions, nitrate is reduced to N> and carbon sources
are oxidized to CO; by the Gram-negative aerobic heterotrophs, which abundantly exist
in water and soil (Gémez et al., 2000). Thus, young municipal solid waste rich in
organic matter has better denitrification capacity than that of aged municipal solid waste
(Chen et al., 2009). The biological heterotrophic denitrification will not only convert

NO;™ to N2 gas but also stabilize the waste as the consumption of organic carbon.
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NO, +2e  +2H* - NO, +H,0 (3)
NO, +e” +2H' - NO+H,0 (4)
2NO 4+ 2e =+ 2H* - N,0+H,0 (5)

N,O + 2e = + 2H* - N,(g)+H,0 (6)

Recently, the anaerobic ammonium oxidation (Anammox) was considered to have
contributed to the nitrogen removal in bioreactor landfill simulators (Valencia et al.,
2011, Wei et al., 2017, Xie et al., 2013). However, possible of ammonia oxidation via
anammox might be excluded in solid digestate bioreactor, as the solid digestate is fresh
and containing high concentrations of COD, as well as high nitrite in the feed and

effluent, which is all unbeneficial for anammox growth.

Autotrophic denitrification (Anammox):

NH} + 1.32NO, - N,+0.26N0, (7)

Autotrophic denitrification via Reaction (8) might occur in the solid digestate
facultative bioreactor landfill. The solid digestate could be rich in sulfide as the

reduction of sulfate in anaerobic digestion (Moller and Miiller, 2012).

Autotrophic denitrification (sulfide):

8NO, +5HS +3H" > 4N2+55Qf “+4H,0 (8)
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Figure 1.2.1 Nitrification and denitrification pathways in facultative bioreactor

landfills (Modified from Ma et al., (2015))
Nitrogen removal via facultative bioreactor landfill

Facultative bioreactor landfills filled with fresh MSW or treated MSW have been used
for nitrogen removal from landfill leachate (Jokela et al., 2002, Price et al., 2003, Fu et
al., 2009, Zhong et al., 2009, Chen et al., 2009). As presented in Table 1.2.2, fresh
MSW shows high denitrification capacity while aged MSW has less denitrification
potential compared to the fresh MSW (Chen, et al., 2009). Besides, the mature landfill
leachate is usually generated from old landfill site. Therefore, it could be a challenge to
in-situ treat mature landfill leachate. Based the concept of circular economy and BEAs,
solid digestate might be applied in the old landfill site to simultaneously achieve

nitrogen removal of mature landfill leachate and digestate stabilization.
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Abstract

Anaerobic digestion of organics is one of the most used solution to gain renewable
energy from waste and the final product, the digestate, still rich in putrescible
components and nutrients, is mainly considered for reutilization (in land use) as a bio-
fertilizer or a compost after its treatment. Alternative approaches are recommended in
situations where conventional digestate management practices are not suitable. Aim of
this study was to develop an alternative option to use digestate to enhance nitrified
leachate treatment through a digestate layer in a landfill bioreactor. Two identical
landfill columns (Ra and Rb) filled with the same solid digestate were set and nitrified
leachate was used as influent. Ra ceased after 75 day’s operation to get solid samples
and calculate the C/N mass balance while Rb was operated for 132 days. Every two or
three days, effluent from the columns were discarded and the columns were refilled

with nitrified leachate (average N-NO;™ concentration=1,438 mg-N/L). N-NOz™

removal efficiency of 94.7% and N-NO3™ removal capacity of 19.2 mg N-NO;/gTS-
digestate were achieved after 75 days operation in Ra. Prolonging the operation to 132
days in Rb, N-NO3™ removal efficiency and N-NO;™ removal capacity was 72.5% and

33.1 mg N-NO3~/gTS-digestate, respectively. The experimental analysis of the process

2 This work has been published on Waste Management. Peng W, Pivato A, Lavagnolo MC, Raga R (2018)
Digestate application in landfill bioreactors to remove nitrogen of old landfill leachate. Waste Manag. 74:335-
346. doi: 10.1016/j.wasman.2018.01.010
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suggested that 85.4% of nitrate removal could be attributed to denitrification while the
contribution percentage of adsorption was 14.6%. These results suggest that those solid
digestates not for agricultural or land use, could be used in landfill bioreactors to

remove the nitrogen from old landfill leachate.

Keywords: Solid digestate; Leachate; Nitrate; Adsorption; Denitrification; Landfill
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2.1 Introduction

Solid digestate from the anaerobic digestion of organic waste is a semi-stable material
that is rich in organic matter and minerals. With or without further treatment, this type
of solid digestate is often used as a bio-fertilizer or soil conditioner applied to
agricultural fields. In Italy, the digestates from agricultural residues (manure and energy
crops) are almost exclusively spread to the land while digestates from organic fraction
of municipal solid waste (OFMSW) is classified as wastes, which cannot be directly
used in agriculture but need to be further treated. Besides, high transportation costs
(Delzeit & Kellner, 2013), the potential for eutrophication (Lukehurst et al., 2010), low
agriculture demand during some seasons (Wellinger et al., 2013) and strict regulations

in nitrate sensitive zone (Neumann et al., 2016) could also restrict land use of digestate.

When digestate is not qualified for land use or land use is not possible, alternative
options for digestate disposal could be based on the concept of Back to Earth
Alternatives (BEA), which considers a landfill as a necessary sink to close the material
loop (Cossu, 2016; Peng & Pivato, 2017). When solid digestate is applied to a landfill

site, it might be possible to combine solid digestate disposal with leachate treatment.

It is generally known that leachate from old landfill sites is usually rich in ammonia,
but its low content of biodegradable organics make denitrification the rate limiting step
for a good nitrogen removal (Kozub & Liehr, 1999). Leachate treatment options to
remove nitrogen include conventional denitrification through wastewater treatment
technologies (Renou et al., 2008), phytotreatment (Garbo et al., 2017; Lavagnolo et al.,
2016) and on-site denitrification by recirculation of nitrified leachate (Berge et al., 2006;
Bolyard & Reinhart, 2016; Shao et al., 2008; Shou-liang et al., 2008). Either strategy

for nitrogen removal includes nitrification and denitrification.

A functional layer of digestate in the temporary top cover of a landfill might facilitate
nitrate biological conversion and physical/chemical removal, when nitrified leachate is
recirculated on the top. Several studies tested nitrified leachate denitrification in landfill

reactors filled with old waste because of its low cost (Jokela et al., 2002; Zhong et al.,
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2009; Sun et al., 2014). However, limited organic carbon in old waste could decrease
the nitrate reduction rate (Wu et al, 2009). On one hand, digestate rich in organic matter
could offer a partial external carbon source for nitrate denitrification as digestate
contains an amount of total organic carbon (TOC) in the range of 27.5-45.9%-total solid
(TS) (Michele et al., 2015; Quina et al., 2015; Zhang et al., 2012). Unlike the high
nitrogen content in digestate from agricultural biogas production using manure and
energy crops, digestate from OFMSW with less nitrogen content is preferred to be used
as carbon source because less ammonia will be transferred into the leachate with
leaching. In addition to the heterotrophic denitrification potential by using digestate as
an external carbon source, nitrogen in both leachate and digestate might also be
removed through autotrophic metabolic pathways (Valencia et al., 2011; Xie et al.,
2013). On the other hand, solid digestate might have a nitrate adsorption capacity, as it
happened with the municipal solid waste (MSW) in a landfill bioreactor experiment (Fu
et al., 2009). Activated carbon, sepiolite, surfactant-modified zeolite and zeolite
clinoptilolite has been used as absorbents for nitrate removal (Malekian et al., 2011;
Oztiirk & Bektas, 2004), however they might not be suitable in case of leachate because
of the high cost (Della Rocca et al., 2007).

In this study nitrate removal from nitrified leachate was investigated, using a digestate
layer in two reactor columns. The nitrate removal pathway and the effect of solid

digestate on nitrate adsorption were evaluated.
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2.2 Materials and methods
Solid digestate and leachate

The solid digestate was obtained from a full scale thermophilic two-stage wet anaerobic
digestion facility (Camposampiero, Padua, Italy) for the treatment of sewage sludge
and source-segregated biodegradable waste. This plant has a total reactor volume of
3300 m® and operates at a hydraulic retention time of 22 days. After the end of anaerobic
digestion, the digestate was separated by centrifugation. The solid digestate was
composted to stabilize the material prior to land use whereas the liquid was treated
internally at the wastewater treatment plant. The average characteristics of the solid
digestate samples were: Total Solids (TS) = 25.6%, Volatile Solids (VS) = 64.1% TS,
TOC =314 g-C/kg-TS, Total Kjeldahl Nitrogen (TKN) = 48.5 g-N/kg-TS.

Raw leachate was collected from a MSW landfill located in Northern Italy where
untreated MSW were disposed of during the 1980s. The physical-chemical
characteristics of the raw leachate and nitrified leachate are reported in Table 2.2.1. The

raw leachate was nitrified in a nitrification tank described below.

Table 2.2.1. Raw and nitrified leachate characteristics

Parameters Raw Leachate Nitrified leachate *
Average Range Average Range
pH 8.95 8.85-9.05 7.08 5.69-8.30
TOC (mg-C/L) 264 252-276 415 273-565
TC (mg-C/L) 1600 1580-1620 553 366-725
BOD 60 58-62 30 15-45
COD 1014 987-1041 952 814-1090
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TKN (mg-N/L) 1723 1698-1748 90 35-236
N-NH,* (mg-N/L) 1703 1665-1741 71 7-208
N-NO,(mg-N/L) 1.9 1.6-2.2 1.8 0.0-62.3
N-NO;—(mg-N/L) 0 0 1438 605-1791
042~ (mg-N/L) 206 201-211 188 184-192

4 Unlike the stable characteristics of raw leachate, the characteristics of nitrified
leachate depend on the performance of the nitrification reactor, which slightly changed

over time.

Experimental setup

Nitrified Leachate

Air umg fias dampling hag

(aeration)
L0, Feed

ﬁ%udge

Kaw leachate tank Nitrification reactor recireulation Fa Bb Dinension
unit: mn

# Leachate spray

ALY 5 1

Moo

olid digestate

Effluent outlet

PEFECE,
B2z

il
| M,
22

Figure 2.2.1. Reactor setup and experimental sketch

The experimental setup includes two parts: leachate nitrification reactors and landfill
simulation columns. The experiment schematic is shown in Figure 2.2.1. For complete
nitrification, the dissolved oxygen in the aeration tank was kept around 4 mg O>/L. For
every liter of raw leachate, 2 grams of sodium bicarbonate was added to provide
alkalinity and to buffer the pH. Temperature for nitrification was maintained at 25+2 °C.
The landfill simulation reactors were operated using two identical reactors (Ra and Rb)
by using polymethyl methacrylate columns (height 100 cm and inner diameter 10 cm).

A gravel layer (10-cm thickness) was placed at the bottom and at the top of each column
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for leachate drainage. 3.0 kg of raw solid digestate was added to each reactor, resulting
an average density of 764 kg/m?. Before the start-up of the two columns, pure nitrogen
gas was used to flush the columns to maintain anaerobic conditions. Every two or three
days, 0.50 L or 0.75 L of nitrified leachate (equivalent to 0.76 g-N/kg-VS day) produced
from the leachate nitrification reactor were added to the landfill bioreactors and the
effluent collected from columns was sampled and discharged at the same time. Every
day effluent from the landfill bioreactors were recirculated to the digestate body three
times. The nitrified leachate volume was set according to Xie et al., 2013 and based on
preliminary experiments, which indicate that a loading rate around 0.73 g-N/kg-VS/day

was necessary to maintain a stable nitrate removal.

Landfill reactor Ra’s operation ceased after 25 feeding cycles (approximately 75 days)
to get solid samples and calculate the C/N mass balance while the operation of reactor
Rb was extended until 48 feeding cycles (132 days). Each feeding cycle lasted 2-3 days. .
At the end of the experiments, the total liquid-to-solid ratios (L/S) were equivalent to

17 ml/g and to 32 ml/g, respectively, for Ra and Rb.

Nitrate removal efficiency was calculated by equation (1) and was used to evaluate the

denitrification performance of the landfill columns:

, . CinfiVinfi—CerfiVers.
Nitrate removal efficiency = Y7, 2Ll _efLEelI 1000 (1)
CinfiVinf,i

where:

Cini and Cep; = influent and effluent concentrations of nitrate in the landfill columns at

feeding cycle i,

Vi, i and Ve, i = influent and effluent volumes at i feeding cycle;

n = total feeding cycles; n equal to 25 and 48, for Ra and Rb, respectively.
Analytical method

All liquid samples were analyzed according to the CNR-IRSA Italian standard methods.

Leachate samples were analyzed periodically for pH, Total Carbon (TC), TOC, TKN,
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N-NOs;—, N-NO,—, N-NH4" and SO4>—. TC and TOC were measured by a TOC-VCSN
Shimadzu Analyzer. N-NOs;—, N-NO,—, N-NH4" and SO4°~ were determined using a
UV-vis spectrophotometer (Shimadzu UV-1601). TKN was measured by a distillation

titration procedure after acid digestion.

Solid digestate samples were characterized before filling the reactors (referred to as SD)
and at the end of both the tests after 75 days and 132 days of treatment (referred to as
SD-T, SD-M, SD-B according to their positions, top-T, middle-M and bottom-B, in the
columns). TS, VS, TKN, TOC, N-NOz~, Respiration Index (RI4 and RI;) were
determined for all solid samples. TS, VS were measured according to Standard Methods
(APHA, 2005). Solid samples were dried in an oven at 105 °C for 24 hours prior to
analysis using a TOC-VCSN Shimadzu analyzer. TKN was determined by the Kjeldahl
method. Rl4 and RI; were analyzed by a Sapromat apparatus (H+P Labortechnik,
Germany). N-NOs™ in the solid digestate was calculated from the results of analyzing
the eluate from the leaching test. The biochemical methane potential (BMP) test of the
initial solid digestate referred to those described in (Girotto et al., 2017). All tests on

the solid samples were performed in duplicate.

Leaching tests were conducted according to the standard EN-12457-2 and the eluates
obtained were analyzed for pH, TC, TOC, N-NO;—, N-NO,—, N-NHs", SO+,
Chemical Oxygen Demand (COD) and Biochemical Oxygen Demand (BOD) following

the aforementioned methods for liquid samples.

Gas emissions were monitored in the two reactors and samples were collected
periodically for characterization. Gas compositions (CO2, CHs, N> and O>) was
analyzed by a micro-gas chromatograph (Varian 490-GC) equipped with a 10 m MS5A
column, 10 m PPU column, and a thermal conductivity detector. The carrier gas was
argon. The water displacement method was used to measure the volume of biogas

collected from the landfill simulation columns (Berge et al., 2006).

All statistical analyses were carried out using Statgraphics Centurion XVII (version

17.1.08).
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Adsorption tests

Adsorption of nitrate ions onto solid digestate was studied using batch tests (Oztiirk &
Bektas, 2004). Solid digestate was oven-dried at 105 °C for 2 h before being used
(Oztiirk & Bektas, 2004). Batch experiments were conducted using different adsorbent
doses (0.2 g, 0.5 g, 1.0 g, 5.0 g, and 10 g of dry solid digestate) and 50 ml nitrified
leachate (1438 mg N-NO3 /L) added to a capped bottle (60 ml) and rotated at 20 rpm.
The corresponding L/S were 250 ml/g, 100 ml/g, 50 ml/g, 10 ml/g, and 5 ml/g,
respectively. The room temperature (20+2°C) was maintained for all adsorption test.
After 24 hours, the nitrate concentration in the supernatant was determined. This time
was considered sufficient to reach the equilibrium as suggested by other authors
(Oztiirk & Bektas, 2004; Wang et al., 2007) and by the standard adsorption test (OECD,
2000). During this period, any biological activity (denitrification) was assumed to be

negligible.

For comparison, adsorption tests were also conducted by applying potassium nitrate
(KNO3) solution (100 mg/L) instead of nitrified leachate. KNOj3 solution (100 mg/L)
was chosen as a standard nitrate source for nitrate adsorption assessment, as reported

by other researchers (Krayzelova et al., 2014; Song et al., 2016).

Nitrate removal efficiency (R) was calculated following equation (2):

R=2"Ex100% (2)

Cr

The adsorption capacity of adsorbent (Qr, mg-N/g-TS) was calculated following

equation (3):

Qs = (€ = Cp) x 22 (3)

where:
Cr = initial concentrations of nitrate in solution (mg-N/L),

Cg = equilibrium concentrations of nitrate in solution between solid and liquid phases

(mg-N/L)
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V' = solution volume (ml),
M = dry mass of adsorbent (g-TS).
Mass balance

At the end of the experiment, the carbon and nitrogen balance for each column was

calculated, based on the following equation (4):

Winitiars + Winput.l = Wfinal.s + Woutput.l + Woutput.g + Wynaccountea (4)

where:

Winiriars=Total mass of carbon or nitrogen in initial solid digestate, g/kg-TS of SD;
Winpue. = Total mass of carbon or nitrogen input from nitrified leachate, g/kg-TS of SD;

Wiinais= Total mass of carbon or nitrogen in solid digestate at the end of experiment,

g/kg-TS of SD;
Woupur.= Total mass of carbon or nitrogen loss through liquid effluent, g/kg-TS of SD;
Wouput.e= Total mass of carbon or nitrogen loss through gas emission, g/kg-TS of SD

Wunaccountea=Total mass of unaccounted carbon or nitrogen, g/kg-TS of SD
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2.3 Results and discussion
Effluent characteristics variation in the columns
N-NO:;— and N-NO;— concentrations

The influent and effluent concentrations of N-NO>— and N-NO3; ™ for each column are

shown in Figure 2.3.1.

In Ra, the effluent N-NOs;™ concentrations were close to zero until day 54. When Ra
operation ceased after 75 days, the N-NO3™ content was 482 mg-N/L and the average
N-NO;™ removal efficiency was 94.7%. In Rb, the effluent N-NO3;™ concentrations
were almost zero until day 33 and then fluctuated around 120 mg N-NO;~/L until day
49. Afterwards, the N-NOs™ concentration in Rb gradually increased to 791 mg/L at
day 77 because of the elevated N-NO3; ™ loading rate in Rb. Ra operation ceased and Rb
continued to run until N-NO3™ concentration in the effluent were stable and around 937

mg/L.

Meanwhile, effluent N-NO>"concentrations in both Ra and Rb exhibited similar trends
to N-NOs™ variation. The correlation coefficients between N-NO3;™— and N-NO>™
variation over time, calculated by Statgraphics Centurion XVII, were 0.831 and 0.723,
respectively for Ra and Rb. N-NO; started to accumulate from 40 days with
corresponding nitrate removal efficiency deteriorating, which suggested that N-NO>™
accumulation is a marker of over loading of denitrification process. Extracellular nitrite
would accumulate when nitrate respiring bacteria grow more rapidly than denitrifiers

(Glass & Silverstein, 1998).
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Figure 2.3.1. Dynamics of N-NO;™ and N-NO; ™ influent and effluent concentrations

in landfill simulation columns

N-NH,* and TKN concentrations

As presented in Figure 2.3.2., concentrations of TKN for Ra and Rb had similar trends.

Ahigh TKN level (average 2,133 mg-N/L) was maintained during the initial period (0-

12 days), which were consistent with the variation of TOC. TKN eventually dropped

rapidly to 1,085 mg-N/L since day 14. After this period, there was a gradual decrease

to 51 mg-N/L. The N-NH4"/TKN ratio of the treated leachate varied between 0.41 and

1.0 and the average percentage of N-NH4"/TKN was 0.77. It was found that ammonia

originating from the solid digestate could be solubilized and released into the effluents.
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However, the ammonia releases gradually subsided and ceased after 75 days of
operations as the ammonia concentrations in both the influent and effluent were almost

equal after 75 days.
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Figure 2.3.2. Dynamics of N-NH4" and TKN of influent and effluent concentrations in

landfill simulation columns
pH and sulfate

The pH of the effluent in Ra varied between 7.55 and 9.48 while in Rb it ranged from
7.62 to 9.81, as shown in Figure 2.3.3 (a). The pH decreased in the beginning can be
attributed to the digestate hydrolysis and then fermentation as BMP and R4 of the

digestate were around 0.032 L/g-VS and 31.1 mg O2/g-TS, respectively. The pH
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increased and fluctuated around 9.0, presumably due to the consumption of H' ions
caused by denitrification (Glass & Silverstein, 1998). The decrease in pH during 98-
121 days could also be due to the low pH of the influent. The pH mean square deviations
of the influent, effluent-Ra and effluent-Rb were 0.87, 0.42, 0.50, respectively. These
values suggest that there is a potential for high pH buffering of the digestate added

landfill bioreactors.

Figure 2.3.3 (b). shows that average sulfate effluent concentrations during operation in
the two columns, Ra and Rb. In the first 20 days of operation, average sulfate
concentrations for Ra and Rb decreased from 1,644 mg SO4°~ /L to 1,053 mg SO4*~
/L, which could be attributed to the leaching of solid digestate as its eluate contain high
sulfate concentration (Table 2.3.1). Sulfate in the effluent of both Ra and Rb increased
gradually after 33 days, suggesting that the sulfur-based autotrophic denitrification
presumably occurs in the columns (Berge et al., 2006; Sahinkaya et al., 2011). Three
inorganic sulfur forms, hydrogen sulfide ion (HS™), sulfur (S) and thiosulfate were
reported to work as electron donors for nitrate denitrification (Berge et al., 2006; Mora
etal., 2014; Sahinkaya et al., 2011). As digestate contains hydrogen sulfide and reduced
sulfur compound formed from the reaction between sulfate and protons under anaerobic

conditions (Mdller & Miiller, 2012), the following reaction (1) may have happened.

1/5N03 + 1/8HS™ + 3/40H* - 1/10N, + 1/8S02™ + 1/10H,0 (5)

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 48



University of Padova-Department of Industrial Engineering

Chapter 2: Results and Discussion

Influent —a— Effluent-Ra —v— Effluent-Rb

v—vv/V

2500

2000 -

1500

(mg-N/L)

— 1000+

ok

500+

60 80
Time (days)

100 120 140

Figure 2.3.3. Dynamics of pH (a) and sulfate (b) of influent and effluent concentrations

in landfill simulation columns

TOC and TC concentrations

As illustrated in Figure 2.3.4., the evolution of TOC was similar to that of TC. The

average effluent TOC concentrations were between 1,607 and 1,775 mg-C/L during the

initial period between days 0 and 12. The high level of TOC in this period is due to the

leaching of organic matter from the solid digestate, which might add the burden for

leachate treatment. In the following 120 days, TOC kept stable which suggested TOC

might be mainly consisted of refractory organic substances. The estimation of organic

matter transferring from digestate to leachate during

the early stage should be better
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investigated in a further development. As the TOC will gradually be washed away along
leaching, it is necessary to define the limiting time of digestate to support denitrification.
It depends on the substrate, on the quality of leachate and on the environmental
conditions. For full-scale application, lab tests as the one performed are necessary to

estimate the limiting time. In this study, the results show a time of 75 days in which the

nitrate removal efficiency was high (Figure 2.3.1).

Compared to the low inorganic carbon content (137+£24 mg-C/L) in the influent, the

high inorganic carbon (ranged from 608-1,710 mg-C/L) in the effluent suggests that the

mineralization of solid digestate in the columns occurred.
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Figure 2.3.4. Dynamics of TC and TOC concentrations in landfill columns
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Table 2.3.1 Quality parameters of digestate sample at the beginning, middle-phase, and the end of the test: characterization of solid samples and

the eluate from a standard leaching test

SD Ra (Middle-phase) Rb (End-phase)
(Initial) SD-T SD-M SD-B Mean SD-T SD-M SD-B Mean
Solid phase TS (%) 25.6 21.0 215 21.0 21.2+0.2 196 202 20.8 20.2+0.5

VS (%TS) 64.0 603 60.8 594 60.240.6 579 56.7 569 57.2+0.5
RlIs (mg O2/g-TS) 31.1 7.5 7.2 8.9 7.9+0.7 2.9 5.2 10.0  6.0£3.0
RI7 (mg O2/g-TS) 53.5 121 12.6 13.6 12.8£0.6 8.0 10.7 18.6 124445
TKN (g N/kg-TS) 48.6 362 36.0 389 37.0+1.3 358 362 359 36.0+£0.2
N-NO3™ (mg N/kg-TS)* 10 5040 3890 490  3140+1930 6230 5000 1620 4280+1950
TOC (g C/kg-TS)® 314 291 288 283 28743 286 293 299 293+5
BMP (L/g-VS) 0.032 - - - - - - - -
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Eluate from leaching test pH 7.72 825 820 8.1
TOC (mg C/L) 283 123 71 83
COD (mg O2/L) 896 370 398 460
N-NH;" (mg N/L) 348 13 15 38
N-NO3™ (mg N/L) 1 320 250 32
N-NO>™ (mg N/L) 0.3 341 725  118.0
SO4*~ (mg/L) 1327 171 228 692

8.19+0.06

92422

409+38

22+12

200£123

74.9+34.3

364+233

7.93

166

486

82

469

63.5

185

8.40

161

458

116

387

14.5

165

8.09

100

458

177

129

22.5

431

8.14+0.19

142+30

467+13

125+39

328+145

33.5+21.5

260+121

a.

b.

N-NOs™ in solid digestate was calculated from the results of analyzing eluate from leaching test.

TOC can also be regarded as TC in the solid digestate because inorganic carbon is lower than the detective limit
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Mass balance

Carbon and nitrogen mass balances were estimated considering the TC and total
nitrogen (TN) content in the solid, liquid and biogas samples at the beginning, middle
(Ra) and at the end (Rb) of the anaerobic landfill process (Table 2.3.2) (Figure 2.3.5).
Carbon mass balance showed differences among the analyzed and the calculated
content of TC. TOC in solid samples represented TC as inorganic carbon accounted for
less than 5%. The losses or unaccounted quantity in the system for Ra and Rb were 15.1
g C/kg-TS (4.7% of TC in column) and 7.7 g C/kg-TS (2.3% of TC in column). The TC
in the column was calculated by taking the sum of TC in initial solid digestate and
nitrified leachate. A significant gap between the analyzed and calculated final content
can be explained by waste heterogeneity (Cossu et al., 2016). In this study, only 4.7%
and 2.3% of the TC was unaccounted which suggests that the solid digestate was
homogenous. Despite of the low loss of TOC in Ra and Rb (Figure 2.3.5), the
degradability of TOC decreased greatly as the Rl4 of the initial solid digestate decreased
from 31.1 mg O2/g-TS to 7.9 mg O»/g-TS (Ra) and 6.0 mg O»/g-TS (Rb) (Table 2.3.1).
Liquid output for Ra and Rb were 5.9% and 9.2% of the initial carbon content in the
solid digestate respectively, which is comparable to previous research (Cossu et al.,
2016). Methane emissions were negligible in this study and were most likely a result of
nitrate and nitrite inhibition on methanogenesis (Percheron et al., 1999). Besides, the

organic carbon in solid digestate is not easily degradable for anaerobic digestion.
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Figure 2.3.5. Carbon and nitrogen distribution in Ra and Rb

TN emissions were associated with TKN and NOx™ in the effluent. Approximately,
26.3% and 33.6% of the total nitrogen in Ra and Rb, respectively, were unaccounted
(Table 2.3.2) (Figure 2.3.5), which could be due to denitrification although nitrogen
gas was not well measured in Ra and Rb. The difficulty of monitoring nitrogen gas,
recognized by other authors (Berge et al., 2006), is a limit of the current research.
Although a high nitrate removal was achieved in both Ra and Rb (Figure 2.3.2),
nitrogen outputs from the effluents for Ra and Rb were as high as 13.1 g N/kg TS and
28.0 N/kg TS, respectively (Table 2.3.2). These results can be explained by a significant

fraction of ammonia or TKN leaching from solid digestate, especially in the initial
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phase (Fig 2.3.2). The TN removals included those of liquid fraction (nitrified leachate)
and solid fraction (digestate), as shown in Figure 2.3.5. The TN removals (TN input
minus TN output in the columns) were 17.9 g N/kg TS-SD (Ra) and 32.5g N/kg TS-SD
(Rb), which accounted for 26.3% (Ra) and 33.6% (Rb) of TN input, as shown in Table
2.3.2. Considering the operation time, the average specific rates of TN removal were
0.239 g N/day/kg TS-SD (0.373 g N/day/kg VS-SD) for Ra and 0.256 g N/day/kg TS-
SD (0.384 g N/day/kg VS-SD) for Rb. These values are higher than 0.117 and 0.196 g
N/day/kg TS found in the experiment developed by Berge et al. (2006), but lower than
0.666 g N/day/kg VS found in the experiment of Xie et al. (2013). Thus, it is also
intriguing to develop various nitrogen removal pathways in the digestate-added
bioreactor. Beyond nitrogen removal in the nitrified leachate, the TN of solid digestate,
mainly TKN, decreased to 76.3% (Ra) and 74.3% (RD) of the initial solid digestate in

the two columns.
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Table 2.3.2 Mass balance in the digestate landfill columns

Ra Rb
Carbon g C/kgTS % g C/kgTS %
Cinitial.s (Initial carbon in solid digestate) 313.7 97.6 313.7 4.7
Cinpur.1 (Carbon input from leachate) 7.6 2.4 17.6 53
Cfinars (Final carbon in solid digestate) 287.6 89.5 293 88.4
Coutput.l (Carbon output from leachate) 18.9 5.9  30.6 9.2
(C:’;;Tz ,rgn i(SCS?(l)rE;)n output from CO> and 0.0 0.0 0.0 0.0
Cunaccounted (Unaccounted) 15.1 4.7 7.7 2.3
Nitrogen g N/kgTS % g N/kgTS %
Ninirials (Initial nitrogen in solid digestate) 48.6 71.4 48.6 50.3
Ninpurs (Nitrogen input from leachate) 19.5 28.6 48.0 49.7
Nfinas (Final nitrogen in solid digestate) 37.1 545 36.1 37.4
Noupur.1 (Nitrogen output from leachate)  13.1 19.2 28.0 29.0
ivgit’; Zi) n)(Nitrogen output  from N Undetected - Undetected -
Nunaccountea (Unaccounted) 17.9 26.3 325 33.6
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Effects of adsorption on nitrate removal

Figure 2.3.6 shows the removal efficiency of nitrate as a function of the solid digestate
as the adsorbent dosage in two different nitrate sources (i.e., KNO3 and nitrified
leachate). Using 100 mg/L of KNOs as a nitrate source, the removal efficiency of nitrate
increased with the increased weight of solid digestate. Theoretically, the experimental
values expressed that a maximum adsorption rate is reached at 5 g/50 ml according to
the Langmuir adsorption isotherm. Increasing the dosage did not improve the removal
efficiency. The nitrate removal efficiency of 1 g of solid digestate per 50 ml of KNO3
solution was 24%, while 1.0 g activated carbon per 50 ml of KNOj3 solution could
achieve around 71% removal efficiency (Oztiirk & Bektas, 2004). When nitrified
leachate was used as a nitrate source, the optimum removal efficiency was around 11%,
which is significantly lower compared to using KNOj3 as a nitrate source. This behavior
can be attributed to the different initial nitrate concentrations in nitrified leachate (1,438
mg N-NO3;7 /L) and KNO; solution (100 mg/L) because the initial nitrate
concentrations greatly influence the removal efficiency according to equation (2). The
results mentioned above revealed that nitrate concentrations for a given source can
influence the mass of nitrate adsorption at equilibrium (Wang et al., 2007). The
equilibrium adsorbent mass decreased from 5 g to 1.0 g with an increase in the initial
concentration from 14 mg N- NO; /L (equivalent to 100 mg/L KNOs3) to 1438 mg N-
NO37/L, respectively. This behavior suggests that a much higher availability of nitrate
anions at a higher initial concentration can increase the adsorption process. Figure
2.3.6(a) shows that the slope of curve in the KNOs3 solution was higher than that of
nitrified leachate and a significant portion of the available nitrate anions in the nitrified
leachate could explain the slope of flattening curve (Mohsenipour et al., 2015). It is
worth mentioning that less knowledge was available on the adsorption of leachate
dissolved organic nitrogen (DON) with hydrophobic and hydrophilic chemical
properties while DON of leachate may significantly contribute to nitrogen discharge
(Bolyard & Reinhart, 2017).

Based on the L/S ratios, adsorption capacity of the dry solid digestate, with nitrified
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leachate as nitrate source was plotted in Figure 2.3.7. When the L/S was equal to 16
(L/S of Ra) and 28 (L/S of Rb), the predicted adsorption capacities for Ra and Rb were
3.78 mg-N/g-TS and 7.21 mg-N/g-TS, respectively. These two predicted values were
comparable with N-NO3™ concentration of solid digestate at the end of the experiments,
3.14+£1.93 mg-N/g-TS for Ra and 4.28+1.95 mg-N/g-TS for Rb (Table 2.3.1).
Furthermore, it can be estimated that the nitrate removal from adsorption in Ra (765 g-
TS of digestate) and Rb (765 g-TS of digestate) were around 2,402 mg N-NOs;™— and
3,274 mg N-NOs ™, respectively. These nitrate removal in Ra and Rb accounted for 15.5%

and 9.38% of total nitrate input.

— KNO3 —O— Nitrified Leachate
100

(o] o]
o o
I I

H
o
L

Removal rate (%)

Adsorption capacity
= 2 NN
OO O O O O
1 1 1 1 1
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Figure 2.3.6. Nitrate removal efficiency (a) and adsorption capacity (b) with 100 mg/L
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KNO:s or nitrified leachate as the nitrate source
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Figure 2.3.7. Adsorption capacity of solid digestate with increasing L/S ratio
Effect of autotrophic denitrification on nitrate removal

As shown in Table 2.3.1, TOC in the solid digestate decreased by 8.6% in Ra.
Interestingly, the TOC in Ra and Rb at the end indicated no significant differences while
the partial nitrate removal (38.8%-84.4% calculated by Figure 2.3.2) still occurred in
Rb, which suggests that autotrophic denitrification might appear in the digestate-added

landfill bioreactor after a prolonged operation.

Nitrate removal in both Ra and Rb was coupled with production of sulfate concentration
(Figure 2.3.3(b)), which suggested partial nitrate removal might be due to autotrophic
denitrification. Presumably the sulfate in the effluents was produced by the reaction (1)
instead of leaching from 33 days of operation, which is based on the gradual increase
in sulfate concentrations. It is estimated that the cumulative sulfate productions in Ra
and Rb were 2,808 mg and 5,168 mg, respectively. Based on reaction (1), it is calculated

that 655 mg of N-NO3™ in Ra and 1,538 mg of N-NO3™ in Rb were removed through

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 59



University of Padova-Department of Industrial Engineering  Chapter 2: Results and Discussion

autotrophic denitrification, which accounted for approximately 4.3% and 4.4% of the
total nitrate input in Ra and Rb, respectively. Berge et al (2006) found that 10-15% of
the nitrate removal was via autotrophic denitrification in MSW landfill reactors in the
laboratory (Berge et al., 2006). Comparatively, the percentage of nitrate removal
through autotrophic pathway was relatively low in the digestate-added system.
However, the autotrophic denitrification potential of the treated solid digestate was still
significant as the sulfate concentration in Rb remained around 623 mg/L after 126 days

of operation.

Besides, sulfate concentration from leaching test on SD-B sample was much higher
than those of SD-T and SD-M, which may suggest that the strong activity of autotrophic

denitrification occurred in the bottom of the columns.
Effect of heterotrophic denitrification on nitrate removal

Beyond nitrate removal through adsorption and autotrophic denitrification, nitrate
removals in Ra and Rb were also assumed to be converted into nitrogen gas via

heterotrophic denitrification.

For every 1 g of N-NO3™ removal, denitrification consumes approximately 3.7 g of
biodegradable COD and produces 3.93 g of CO2 and 1 g N> which can be calculated
from reaction (2) (Chiu & Chung, 2003; Maté&ji et al., 1992).

5C¢Hy,06 + 24N035 + HY > 12N, + 30C0, + 42H,0 (2)

The biodegradable organic matter in both Ra and Rb were degraded given the decrease
in the Rls of both Ra and Rb by 74.6% and 80.6% of initial values, respectively.
Meanwhile, the reduction in biodegradable organic matter in Ra and Rb could not be
attributed to effluent loss as the TOC concentration was stable in the effluent after the
initial 0-12 days, which suggested that the TOC residual of the effluent was recalcitrant.
It was obvious that the inorganic carbon was continuously produced in the effluent of
both Ra and Rb by comparing the TC and TOC (Figure 2.3.4). This trend supports the
occurrence of heterotrophic denitrification with undigested organic matter in solid

digestate as carbon source. However, quantification of the denitrification processes is
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complicated as due to periodic nitrogen diffusion to the atmosphere as nitrogen gas

(Berge et al., 2006).

Besides, transfer of nitrified leachate in the landfill simulation columns may also affect
the heterotrophic denitrification. As shown in Table 2.3.1, the nitrate concentrations
from top of the columns to the bottom decreased significantly. Meanwhile, leaching
TOC also decreased from SD-T, SD-M to SD-B, similar to nitrate, which might be an
indicator for heterotrophic denitrification. The low-speed nitrified leachate transfer
observed in the two columns may have caused a longer nitrate retention time in the
bottom of the bottom of column relative to that of the top, which may explain the
concentration gradient phenomenon in the columns. After considering the balance of
hydraulic pattern and biological process, accelerating leachate recirculation rate could
help improve the low-speed nitrate transfer observed. Besides, no relevant settlement

was observed during the experiments.
Comparison with bioreactors filled with refuse

As shown in Table 2.3.3, the denitrification rates of Ra and Rb were 254 mg N/kg TS/d
and 249 mg N/kg TS/d, respectively. The denitrification capacities achieved in this
study show significantly higher efficiency compared with the bioreactor filled with
fresh or old municipal solid waste (Price et al., 2003; Chen et al., 2009; Zhong et al.,
2009). Nonetheless, drainage clogging occurred at the late phase of the two columns in
this study. The low hydraulic conductivity of the digestate might limit the leachate
recirculation (Jokela et al., 2002). Besides, ammonia and TOC leaching loss from solid

digestate at the beginning stage should be considered in the real application.
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Table 2.3.3 Denitrification capacity of bioreactors filled with waste or digestate

Nitrate Waste type ANRR Reference
(mg-N/L) mg N/kg TS/d
400 Composed refuse 140 (Price et al., 2003)
200-2200 Landfill refuse 28.6 (Zhong et al., 2009)
1000 1-year-old refuse 163.2% (Chen et al., 2009)
6-year-old refuse 72.0%*
11-year-old refuse 26.4%
1438 Solid digestate 256 This study

*the data were calculated by the authors.

Wei Peng-Ph.D. Thesis-XXXI cycle-2018

62



University of Padova-Department of Industrial Engineering Chapter 2: Conclusions

2.4 Conclusions

Solid digestate was effective in reducing the nitrate content of nitrified leachate.
Meanwhile, the organic matter content of the solid digestate was degraded under
anaerobic conditions without producing methane. Approximately 94.7% of the nitrate
removal efficiency was achieved after 75 days of operation in Ra, which means that the
capacity of nitrate removal was 19.2 mg N-NO3™/g TS-digestate. Extending the
operation to 132 days in Rb resulted in an average N-NO3™ removal efficiency and N-
NO;™ removal capacity of 72.5% and 33.1 mg N-NO; /g TS-digestate of nitrate
removal, respectively. Adsorption to solid digestate contributed to 16.4% and 12.9 %
of nitrate removal in Ra and Rb, respectively. The remaining portion of the nitrate
removal in both Ra and Rb could be attributed to the heterotrophic and autotrophic
denitrification. Beyond the high nitrate removal, the average specific rates of TN
removal were 0.239 g N/day/kg TS-SD (Ra) and 0.256 g N/day/kg TS-SD (Rb). These
results suggest that the solid digestate could be applied in external reactors to ex-situ
treat nitrified leachate. Besides, solid digestate can be used as functional layer
embedded landfill to removal nitrogen in those old landfills with low denitrification
capacities. At last, solid digestate with or without further treatment can be utilized as

an engineered landfill biocover.
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Abstract:

The management of solid digestate from organic fraction of municipal solid waste is
essential component of sustainable biogas plants. Beyond land use, this study aims to
evaluate the application of digestate in simulated landfill columns to enhance nitrogen
conversion of partially nitrified landfill leachate (PNL). Two identical simulated landfill
reactors filled with solid digestate were setup and PNL was fed through the columns.
The PNL characteristics were 1004 mg N-NO>7/L, 428 mg N-NOz~/L, and 434 mg N-
NH,'/L. After 109 days of operation, the average N-NO>—and N-NOs ™ removal
efficiencies were 92.6% and 85.8%, respectively. The high concentrations of nitrite did
not significantly inhibit methane production during denitrification in the digestate-added
landfill columns as the average specific methane production yield was 20.1 L CHs/kg
VS. These results suggest that the novelty of applying solid digestate in a landfill can
achieve denitrification in a carbon limited environment observed in mature landfill

leachate and stabilization of the digestate.

3 This work has been accepted for publication by the journal Waste Biomass and Valorization. Peng W, Pivato A,
Cerminara G, Raga R (2018) Denitrification of Mature Landfill Leachate with High Nitrite in Simulated Landfill
Columns Packed with Solid Digestate from Organic Fraction of Municipal Solid Waste. Waste and Biomass
Valorization 1-14. doi: 10.1007/s12649-018-0422-7 (In press)
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3.1 Introduction

Solid digestate (SD) from the organic fraction of municipal solid waste (OFMSW) and
sewage sludge is an anaerobically decomposed waste produced in biogas plants. In Italy,
digestates from the OFMSW needs to be further treated while digestates from
agricultural substrates (e.g., manure and energy crops) are exclusively land applied
(Saveyn and Eder, 2014). Beyond the land application and a fraction of the liquid or
solid digestate recirculated back to anaerobic digesters as inoculum (Peng et al., 2015;
Wu et al., 2017), digestate that does not meet regulatory standards or surplus solid
digestate could be treated in landfill under the concept of Back to Earth Alternatives
(Peng and Pivato, 2017). Peng et al. (2018) applied solid digestate in a landfill
bioreactor column and demonstrated that the digestate was a suitable denitrification

layer to remove nitrogen from old nitrified landfill leachate.

Old landfill leachate is generally characterized by a high concentration of ammonia
nitrogen and recalcitrant organic matter such as humic and fulvic-like compounds
(Kulikowska and Klimiuk, 2008; Zhang et al., 2009). Low concentration of
biodegradable organic matter generally limits the biological denitrification as there is a
shortage of organic carbon source (Zhang et al., 2007). The remaining organic matter
in the digestate could provide an additional source of carbon for heterotrophic
denitrification in partially nitrified landfill (PNL) leachate rich in nitrite and bio-

refractory organics (Wu et al., 2016, Chung et al., 2015).

In a facultative landfill bioreactor with in situ nitrogen removal, where leachate is on-
site nitrified and recirculated (DeAbreu, 2003), nitrate can be converted to nitrogen gas
through denitrification as several microorganisms can use nitrate as an electron acceptor
for respiration (Berge et al., 2005; DeAbreu, 2003; Kristanto et al., 2017; Price et al.,
2003). The facultative bioreactor landfills showed a much higher nitrate removal rate
than conventional landfills and a bioreactor landfill with raw leachate recirculation

(DeAbreu, 2003).

Compared to the traditional process for biological nitrogen removal via nitrate, nitrogen
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removal via nitrite as a shortcut biological nitrogen removal process could reduce the
oxygen consumption by 25% and a reduction in the carbon source by 40% (Hellinga et
al., 1998; Wu et al.,, 2009a). Therefore, recirculating PNL in a digestate-added

bioreactor landfill would be a cost-effective way to remove ammonia.

Moreover, in a facultative landfill reactor filled with digestate, it is possible to facilitate
the anaerobic ammonium-oxidizing process, known as Anammox, as anammox
bacteria has been proven to be present in the digestate from agricultural wastes (Di
Domenico et al., 2015). Anammox was considered to have, to a large extent, contributed
to the nitrogen removal in bioreactor landfill simulators (Valencia et al., 2011, Wei et
al., 2017). Furthermore, Xie et al (2013) identified the microbial community structure
and demonstrated that 10% of the total nitrogen removal was attributed to Anammox in

an aged refuse bioreactor.

Based on the understanding from the aforementioned studies, the aim of this study was
to assess the performance of nitrogen removal in PNL added to landfill bioreactor

columns filled by digestate.

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 67



University of Padova-Department of Industrial Engineering Chapter 3: Materials and Methods

3.2 Materials and methods
Raw Leachate and Digestate

Solid digestate was obtained from a full-scale biogas plant (Camposampiero, Padua,
Italy). The digester was fed with the OFMSW and sewage sludge. The characteristics
of the raw solid digestate samples were: Total Solids (TS)=19.4+0.1%, Volatile Solids
(VS)=62.0+0.3%TS, Total Organic Carbon (TOC)=285+1.2 g-C/kg-TS, Total
Kjeldahal Nitrogen (TKN)=51.0+0.2 g-N/kg-TS. Raw leachate was collected from a
closed municipal solid waste landfill located in Northern Italy. Untreated municipal
solid wastes were disposed during the 1980s. The raw leachate was partially nitrified
in a laboratory-scale nitrification reactor (Figure 3.2.1). The physical-chemical

characteristics of raw leachate and PNL are given in Table 3.2.1.

Table 3.2.1. Characteristics of raw and partially nitrified leachate

Parameters Raw leachate =~ PNL
pH 8.68 6.67
TOC (mg-C/L) 466 565
TC (mg-C/L) 3030 955
BOD:s 21.5 6.11
COD 1998 1526
TKN (mg-N/L) 1723 550
N-NH4" (mg-N/L) 1660 434
N-NO2™(mg-N/L) 0.8 1004
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N-NO; (mg-N/L) 3.6 428
TON (mg-N/L) 4.4 1432
SO4>~ (mg-N/L) 42 72

Experimental Setup

The partial nitrification of leachate was performed in a 10 L laboratory-scale aeration
tank. The schematic of the aeration tank is shown in Figure 3.2.1. Intermittent aeration,
ran for 30 seconds and stopped for 15 seconds, was applied to the aeration tank. The
dissolved oxygen (DO) in the reactor was maintained in the range of 0.3-0.5 mg O/L
(Chen et al., 2016). Alkalinity was not added during the partial nitrification process.
The temperature was kept at room temperature 25+2 °C by an air conditioner. All the
PNL generated was collected and stored in the PNL collection tank (Figure 3.2.1) for

future use in the simulated landfill reactor columns.

The simulated landfill reactors were operated using two identical columns (Rc and Rd)
as shown in Figure 3.2.1. The height of the two polymethyl methacrylate columns
was100 cm while their inner diameter was 10 cm. A 10 cm thick gravel layer was set at
the bottom and at the top of each column to promote adequate leachate drainage. Three
kg of raw solid digestate was added to each column, resulting in an average density of
764 kg/m>. Periodically, well mixed PNL was fed through the two columns using a
peristaltic pump. At the same time, effluent collected from the bottom of the columns
was sampled and stored at 4 °C. The loading rate in terms of oxidized nitrogen (i.e.,
nitrite and nitrate) was 0.79 g total oxidized nitrogen (TON)/ (kg-V'S digestate-day) up
until 31 days of operation. The first period (0-31 days) can be considered as a high
loading rate stage. The TON loading rate was set according to Peng et al. (2018) and
based on preliminary experiments. After the nitrogen reduction through denitrification,
the total nitrogen (TN) loading rate was adjusted to 0.23 g TON/ (kg-VS digestate-day)

since day 31 to day 109 to achieve a high nitrogen removal percentage. The second

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 69



University of Padova-Department of Industrial Engineering Chapter 3: Materials and Methods

period (32-109 days) was considered a low loading rate stage. The two simulated

landfill reactor columns, Rc and Rd, were operated until 109 days.

Nitrogen removal efficiency and average nitrogen removal rate (ANRR, mg N/kg TS/d)
were calculated by equation (1) and equation (2), respectively, which were used to

evaluate the denitrification performance of the simulated landfill reactor columns:

E1(CingiVingi=CerriVers)
1 mf.rll infi—-effi’effi X 100% (1)
21CinfiVingi)

Nitrogen removal efficiency =

n
Yi=1(CinfiVinfi-CeftiVesti)

ANRR = ini 2)

where:

e Ciyi and Ce; = influent and effluent concentrations of nitrogen species, TN,

TON, N-NOs;™ or N-NO>7, in the landfill columns at feeding cycle i;
o Vi iand Ve = influent and effluent volumes at i feeding cycle;
e 1 =total feeding cycles; n equal to 25 for Rc and Rd;
e M=total solid (TS) of total digestate, kg;
e r=operation time, days.
Physical and Chemical Analysis

The test parameters for gas samples included gas composition and volume. Gas
compositions (CO2, CHs and N>) were analyzed by a micro-gas chromatograph (Varian
490-GC) equipped with a 10 m MS5A column, 10 m PPU column, and a thermal
conductivity detector. The carrier gas was argon. Volume of the produced biogas was
determined using the water displacement method. Leachate samples were characterized
for pH, Total Carbon (TC), TOC, TKN, N-NOs;—, N-NO,—, N-NH4*, SO4>~, Chemical
Oxygen Demand (COD), and five-day Biochemical Oxygen Demand (BODs)
according to the CNR-IRSA Italian standard methods (CNR-IRSA, 2003). pH was
determined by a pH meter (Titromatic, Crison). TC and TOC was measured by a TOC
analyzer (Shimadzu TOC-V CSN) according to the standard Italian method IRSA-CNR
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29/2003 vol. 2 n. 504. TKN was determined by a distillation titration (VELP®
Scientifica UDK 127 Distillation Unit and HACH® Crison TitroMatic 2S) procedure
after acid digestion. N-NO3;—, N-NO>—, N-NH4" and SO4*~ were measured by a UV-
Vis spectrophotometer (Shimadzu UV-1601). COD was measured according to the
standard Italian method IRSA-CNR 29/2003 vol. 2 n.5130 (digestion with K2Cr207 in
an acid solution). BODs was determined according to the standard Italian method
IRSA-CNR 29/2003 vol. 2 n. 5120 B2. The 5-day dissolved oxygen concentration was

measured with a dissolved oxygen probe.

Solid digestate samples were taken for characterization prior to filling the reactors and
after treatment with PNL addition. TS, VS, TKN, TOC, Biochemical Methane Potential
(BMP) and respiration index (RIs+ and RI7) were measured for all samples. TS and VS
were determined on approximately 30 g samples according to the standard Italian
gravimetric method IRSA-CNR Q 64/84 vol.2 n.2. TKN was measured by the Kjeldahl
method. Prior to analyzing the TOC content using a TOC analyzer (Shimadzu TOC-V

CSN), the solid samples were dried in a 105°C oven for 24 hours.

The equipment and procedure used to run the BMP tests as described in Girotto et al.
(2017) with granular sludge as the inoculum. Blank BMP tests were conducted using
only inoculum were carried out to quantify the methane produced by the granular sludge.

The R14 and RI; were measured by a Sapromat apparatus (H+P Labortechnik, Germany).

Leaching tests were conducted conforming to the standard EN-12457-2 (BSI, 2002)
and the eluates were analyzed for the following parameters, pH, TC, TOC, N-NOs ™,
N-NO>—, N-NH4", SO4*—, COD and BODs which were determined following the same

methods for liquid samples.
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3.3 Results and discussion
Effluent Characteristics Variation in the Columns
N-NO>;— and N-NO;— Concentrations

Figure 3.3.1 illustrates the evolution of influent N-NO>™—, N-NO3™, TON and TN and
the corresponding characteristics of the effluent. The loading rate was 0.79 g TON/ (kg-
VS digestate-day) for 31 days after which the loading rate decreased to 0.23 g TON/
(kg-VS digestate-day). After the start-up phase (0-4 days), 15-30% of TON remained
in the effluents while TON content of the effluent was kept low in the following days
of the first phase (0-31 days). The average TON removal efficiency of Rc and Rd was
95.2 £ 0.01 % during the first phase (0-31 days) while it decreased to 79.9 = 0.09 %
during the second phase (32-109 days). The TON removal efficiency decrease in the
second phase can be attributed to the reduction in the biodegradable organic carbon
with operation time since heterotrophic denitrification depends on the availability of

biodegradable carbon.

In this study, the TN removal depended on both nitrogen reduction from N-NO;™ or N-
NOsdenitrification and nitrogen augment from ammonia release. TN removal
efficiencies during the first phase were around 22% while they gradually increased to
50% with the decrease of ammonia released from the digestate. At the second phase
(32-109 days), 49%-63% of TN removal efficiencies were achieved when considering

the ammonia release.
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Figure 3.3.1. Dynamics of N-NO>™ (a), N-NO3;™(b), TON (c) and TN(d) influent and

effluent concentrations in simulated landfill bioreactor columns
N-NH," and TKN Concentrations

During this study the average N-NH4"/TKN ratio of the effluent leachate varied
between 90.0% and 91.7% during the first and second phases, respectively (Figure
3.3.2). The amount of ammonia in the effluent was relatively high at the beginning
because of leaching and degradation of the digestate. However, the decrease of
ammonia with time was due to two mechanisms (1) the decrease in the solubility of
ammonia and release from digestate and (2) the possibility of nitrite removal via

ammonia oxidation cannot be excluded especially when the BODs in the effluents
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dropped below 1 mg-O,/L (Valencia et al., 2011, Xie et al., 2013).

® Influent —&— Effluent-Rc —v— Effluent-Rd
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Figure 3.3.2. Dynamics of N-NH4", N-NH4"/TKN and sulfate influent and effluent

concentrations in simulated landfill bioreactor columns
Sulfate

Figure 3.3.2 illustrates the sulfate concentrations of the denitrified effluents during
operation in the two columns (Rc and Rd). In the first phase, the average sulfate
concentrations for Rc and Rd decreased from 936+268 mg SO4>~ /L to 401+44 mg
SO4*~ /L, which could presumably be due to the sulfate leaching from the solid
digestate as the eluate contain 1117 mg SO4>~ /L (Table 3.3.1). Sulfate in the effluents

of columns Rc and Rd increased gradually after 24 days, suggesting the possible
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occurrence sulfur-based autotrophic denitrification (Berge et al., 2006; Sahinkaya et al.,

2011).

Table 3.3.1. Quality parameters of the digestate samples at the beginning and the end
of the test period: characterization of solid samples and the eluate from a standard

leaching test

End of the test
Initial
Rc Rd
TS (%) 19.4+0.1 17.2+0.1 17.8+0.1
VS (%TS) 62.0+0.3 60.0+0.5 59.5+0.1
RIs (mg O2/g-TS) 13.8+0.40 14.2+0.59 11.6+0.04
Solid phase RI7 (mg O2/g-TS) 22.4+0.98 22.5+0.53 18.6+0.07
TKN (g N/kg-TS) 51.0+0.2 41.8+0.5 38.8+0.7
TOC (g C/kg-TS) 285+1.2 279+3.6 281+2.5
BMP (L/kg-VS) 27.0+0.3 6.8+0.5 9.0+0.2
pH 8.73 8.68 8.49
TOC (mg C/L) 725 392 394
COD (mg O2/L) 964 978 768
Eluate  from
. BOD (mg O2/L) 452 305 222
leaching test
N-NH;" (mg N/L) 801 610 512
N-NO>™ (mg N/L) <0.2 <0.2 <0.2
SO4*~ (mg/L) 1117 250 273
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T0C, TC, COD and BODs/COD

The measured TOC was high at start up, as observed in Figure 3.3.3, which could be
due to a high rate of TOC leaching from the digestate. The measured TOC decreased
until day 40 due to the reduction of its release. After day 40, a reduction in the
fluctuation of TOC was observed as the balance between TOC production and

consumption was achieved.

The variations of COD concentrations were similar to those of TOC, which showed a
slight decrease at the beginning and then a reduction in fluctuation. However, the COD
at the end increased slightly which could be attributed to the transfer of the refractory

organic matter from the solid phase (digestate) to the liquid phase (leachate).

The BODs/COD during the first phase increased at the beginning then gradually
decreased close to zero. The augment of BODs/COD can be due to both leaching of
soluble organic matter and partial hydrolysis of the digestate while the observed decline
of BODs/COD resulted from the consumption of carbon from both denitrification and

biogas production.

As illustrated in Figure 3.3.3, TOC in the effluent from the simulated landfill reactors
columns did not show an obvious decrease during the biogas production (Valencia et
al., 2011), which can be attributed to the additional TOC added to the system from the
PNL. The TOC of the effluent from the simulated landfill reactor was lower than that
of the influent and remained stable, which may suggest that the effluent TOC was
recalcitrant (Berge et al., 2006). The lower biodegradability of the denitrified effluents
was also supported by the low BODs/COD that ranged from 0 to 0.146 (Figure 3.3.3)
and falls within the typical BODs/COD ratio (0.02 and 0.13) that is generally accepted
as low biodegradable (Agdag and Sponza, 2005). Inorganic carbon was continuously
produced in the effluent, which suggests the occurrence of heterotrophic denitrification

(Nascimento et al., 1997).
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Figure 3.3.3. Dynamics of TC, TOC and COD and BODs/COD influent and effluent

concentrations in simulated landfill bioreactor columns
Biogas Production

Both columns produced biogas before starting the addition of PNL. After the addition
of PNL, the average concentrations of CH4 and CO:> in the biogas was 36.6% and
8.69 %, respectively. The methane percentage in the biogas accounts for a specific
methane production yield of 20.1 NL CHa/kg VS. The continuous methane production
suggests that anaerobic digestion of the digestate occurred in the columns, which further
indicated that intermediate chemicals (such as volatile fatty acids and hydrogen) of

anaerobic digestion which can work as electron donors for the denitrification of

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 77



University of Padova-Department of Industrial Engineering ~ Chapter 3: Results and Discussion

N-NO>™ and N-NO;(Chung et al., 2015).

N-NO>™ and N-NO;™ can inhibit methanogenesis by recirculating nitrified leachate
(Chung et al., 2015, Jokela et al., 2002, Zhong et al., 2009, Sun et al., 2017). A TON
loading greater than 0.0114 g N/ (kg TS-d) could result in the decrease of CH4 in a
landfill column filled with municipal solid waste (Sun et al., 2017). In the present study,
0.492 and 0.141 g N/ (kg TS-day) of TON loading did not show significant delay in

methane production.
Carbon and Nitrogen Mass Balance

Carbon and nitrogen mass balances were conducted at the beginning and at the end of
the operation of the simulated landfill reactors columns (Table 3.3.2 and Figure 3.3.4).
The TC in the column was calculated by taking the sum of TC in initial solid digestate,
PNL, and biogas emissions. The TC in the liquid output for Rc and Rd were 9.7% and
11.0% of the total carbon content (solid digestate and accumulative input from PNL),
respectively, which is comparable to previous research (Peng et al., 2018). Methane
production yields were 19.8 NL/kg VS (Rc) and 20.4 NL/kg VS (Rd), respectively. The
unaccounted carbon in Rc and Rd was approximately 13.9 g C/kg TS (4.7% of total

carbon in column) and -1.3 g C/kg TS (-0.5% of total carbon in column), respectively.

TN emissions were consisted of TKN and TON in the effluent. Approximately 1.5 %
and 0.2% of the TN in Rc and Rd, respectively, was unaccounted in the mass balance
calculations (Table 3.3.2 and Figure 3.3.4). TON removal efficiencies of 88.5% and
71.3% were achieved in Rc and Rd, respectively, while nitrogen emission from the
denitrified effluents for Rc and Rd were as high as 12.5 g N/kg TS and 15.8 g N/kg TS,
respectively (Table 3.3.2). These results can be due to a significant ammonia or TKN
leaching from the solid digestate which was observed to be significant in the initial
phase (Figure 3.3.2). The TN removals were 22.5 g N/kg TS-SD (Rc) and 24.4 g N/kg
TS-SD (Rd), which accounted for 29.1% (Rc) and 31.6 % (Rd) of TN input, as shown
in Table 3.3.2. Considering the operation time, the average specific rates of TN removal

were 0.111 g N/day/kg TS-SD (0.179 g N/day/kg VS-SD). Compared to the TN
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concentration in the influent, the TN concentration in the effluent was reduced with a
clear N> gas production (Figure 3.3.1 and Figure 3.3.5), which suggests denitrification
occurred. Additionally, the contribution of digestate adsorption on TN removal could
be negligible since N-NO>™ and N-NO;™ concentrations of the leaching eluate of the

final digestates were less than 0.2 and 5.0, respectively (Table 3.3.1).

Table 3.3.2 Mass balance of the simulated landfill reactors columns

Re Rd
Carbon g Ckg-TS % gCkg-TS %
Cinitial.s (Initial carbon in solid digestate) 285.0 95.2 285.0 95.2
Cinput: (Carbon input from leachate) 14.3 4.8 14.3 4.8
Cfinars (Final carbon in solid digestate) 247.4 82.7 257.8 86.2
Coumpur.1 (Carbon output from leachate) 29.0 9.7 33.0 11.0
Courpur.g (Carbon output from CO; and CHy

8.9 3.0 9.8 33
emission)
Cunaccounted (Unaccounted) 13.9 4.7 -1.3 -0.5
Nitrogen gN/kg-TS % g N/kg-TS %
Ninitiars (Initial nitrogen in solid digestate) 51.0 66.0 51.0 66.0
Ninpur.s (Nitrogen input from leachate) 26.3 340 263 34.0
Nrinas (Final nitrogen in solid digestate) 41.8 54.1 38.8 50.2
Noupur.1 (Nitrogen output from leachate) 12.5 16.2 15.8 20.4
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Figure 3.3.4. Carbon and nitrogen distribution in Rc and Rd
Biodegradability of Digestate

To evaluate the biodegradability of the digestate, the respiration index and BMP of the
digestate were analyzed before and after the PNL addition. The losses of TOC in Rc
and Rd were almost negligible (Table 3.3.1). Meanwhile, the aerobic degradability of
treated digestate in Rc and Rd did not change significantly given the Rl4 of the initial
solid digestate was 13.84+0.4 mg O/g-TS, which is comparable with the RI4 (14.2 mg
02/g-TS (Rc) and 11.6 mg O»/g-TS (Rd)) at the completion of this study (Table 3.3.1).
The slight difference in the aerobic degradability between the raw and the treated
digestate could be due to the contribution of the carbon adsorbed on the digestate given

the COD and TOC were equal to 1526 mg O»/L and 565 mg C/L, respectively, as shown
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in Table 3.3.1. The leaching of the PNL through the solid digestate could have favored
the organic matter adsorption and therefore the RI4 of the digestate did not decrease
significantly. On the other hand, the BMP decrease (Table 3.3.1) was supported by the
biogas production shown in Figure 3.3.5. No decrease in RI but a decrease in BMP
might suggest that there was a removal of anaerobically degradable components but not

the aerobic components.
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Figure 3.3.5. Dynamics of biogas, CHs4 and N production in simulated landfill

bioreactor columns
Denitrification Capacity of the Solid Digestate

The denitrification rates of Rc and Rd were 204 mg N/kg TS/d and 194g mg N/kg TS/d,
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respectively. The N-NO;™ removal rates for Rc and Rd were 145 mg N/kg TS/d, 139
mg N/kg TS/d, respectively. The N-NO3; ™ removal rates for Rc and Rd were only 59
mg N/kg TS/d and 55 mg N/kg TS/d, respectively. The relatively low N-NO3;™ removal
rate could be attributed to the low N-NO3 ™ concentration (428 mg-N/L) of the PNL
additions. We et al. (2009b) and Cerminara et al. (2017) demonstrated that increasing
the initial N-NO3™ concentrations, from 80-850 mg-N/L to 700-3000 mg-N/L, resulted
in a higher N-NO;™ removal rate. Furthermore, competition for substrate electrons
between N-NO;— and N-NO;™ might also explain the low N-NOs;™— removal rates
(Glass and Silverstein, 1998). As shown in Table 3.3.3, the average denitrification
capacity of 199 mg N/kg TS/d achieved in this study shows a significantly higher
efficiency compared with a bioreactor filled with either fresh or old municipal solid
waste (Chen et al., 2009; He et al., 2006; Price et al., 2003; Zhong et al., 2009). However,
the denitrification capacity in this study (199 mg N/kg TS/d) was lower than 256 mg
N/kg TS/d achieved in a study by Peng et al., 2018 in which completely nitrified
leachate was added. This difference can be attributed to the fact that N-NO3;™ is a
preferred electron acceptor relative to N-NO>™ when biodegradable organic matter is

limited (Glass and Silverstein, 1998)
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Table 3.3.3. Denitrification capacity of bioreactors filled with waste or digestate

ANRR
TON concentration (mg-N/L)  TON composition Waste type
(mg N/kg TS/d)
(Price et al., 2003) 400 100%NO;— Composed refuse 140
1335 58% NO3~+42% NO, ™
— — Fresh waste
(He et al., 2006) 1504 97% NO3™+3% NO» 92%*
+composed refuse
1329 81% NO3;+19% NO>—
Zhong et al (2009) 2000-2200 NO3™+ NOy ™ ** Landfill refuse 28.6
1-year-old refuse 163.2%
(Chen et al., 2009) 1000 100% NO3™ 6-year-old refuse 72.0%*
11-year-old refuse 26.4%
. 763 101
(Cerminara et al., 2017) 100% NO3™ Old landfill refuse
3188 162
(Peng et al., 2018) 1438 99.9% NO3™ Solid digestate 256
In this study 1432 70.4% NO27+29.6% NO;—  Solid digestate 199

*the data were calculated by the authors.

** The TON composition is not described in the cited paper.
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3.4 Conclusion

N-NO2™ can be effectively removed in a solid digestate simulated landfill reactors
columns with the recirculation of PNL. The average TON removal efficiency was
95.2+0.01% during the first 31 days of operation while it decreased to 79.9+0.09% until
109 days of operation. Meanwhile, the significant fraction of the solid digestate organic
carbon was consumed under anoxic conditions with methane production. These results
suggest that PNL from an old landfill could be cost-effectively denitrified in external
reactors fed with digestate. Results also demonstrate that solid digestate can act as a
functional denitrification layer that could be embedded into an old landfill to remove
the nitrogen from old leachate. One drawback observed with this approach was the
leaching of ammonia from the solid digestate. Although this increase in ammonia
occurred, further studies would need to identify the possibility to simultaneously treated

N-NO>™ from the PNL through the Anammox process.
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Abstract

Digestate from biogas plants of municipal solid waste need to be well treated. Aim of
this study was to use a digestate layer in aged refuse bioreactors to enhance the
denitrification capacity of aged refuse, stabilize digestate and mitigate the ammonia
emission from digestate leaching with leachate recirculation. Six identical landfill
columns filled with 0% (RO), 5% (RS), and 15% (R15) of solid digestate above aged
refuse, were set and nitrified leachate was periodically fed and recirculated. Nitrate
removal rate in R5 and R15 were 3.4 and 10.0 times higher than that of control (no
digestate added). Solid digestate biostability was confirmed by tests performed under
both aerobic and anaerobic conditions. The results showed that instead of land use, solid
fraction of digestate could be exploited as an inexpensive functional layer embedded in
old landfill site to enhance denitrification capacity and achieve digestate stabilization

with little ammonia leaching from digestate.

Keywords: Solid Digestate; Aged Refuse; OFMSW; Landfill Leachate; Nitrogen

Removal; Circular economy

4 This work has been submitted to the Journal of Environmental Management.
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4.1 Introduction

The valorization of Organic Fraction of Municipal Solid Waste (OFMSW) can be
addressed to the production of renewable energy (biogas) and biofertilizer (digestate),
thereby closing the waste-energy-food loop (Sisto et al., 2017; Fuldauer et al., 2018).
Digestate obtained from the biogas plants of OFMSW is an unstable material affluent
in undigested organic carbon and pollutants (Tampio et al., 2016; Peng and Pivato,
2017). In Italy, digestate from agricultural biomasses (energy crops or animal manures)
can be directly applied as biofertilizer while the digestate from OFMSW is classified
as organic wastes which need to be aerobically treated (Saveyn and Eder, 2014).
However, aerobic post-treatment of digestate should be carefully operated because of
the high nitrogen emissions, especially nitrous oxide (Tremier et al., 2013).
Furthermore, anaerobically digested OFMSW mechanically separated from unsorted
waste needs to be disposed to landfills or incinerators (Bolzonella et al., 2006; Li et al.,
2011). Based on the concept of circular economy, those digestates which fail to meet
the agricultural requirements, might consider alternative options to completely utilize
the digestate (Peng and Pivato, 2017). Digestates from OFMSW might be innovatively
applied for nitrogen removal from mature landfill leachate (Peng et al., 2018). Both
nitrogen removal from mature landfill leachate and stabilization of municipal solid
waste (MSW) can be achieved in facultative landfill bioreactors with recirculating
nitrified landfill leachate (Chen et al., 2009; He et al., 2006; Price et al., 2003; Sun et
al., 2017; Xie et al., 2013; Zhong et al., 2009). As a result of the absence of easily
biodegradable organic carbon in aged refuse, 11-year-old refuse showed significantly
lower denitrification capacity compared to 1-year-old refuse (Chen et al., 2009). Even
though autotrophic metabolic pathways (e.g. Anammox) might occur in waste landfill
bioreactors, its contribution on nitrogen removal was low (Valencia et al., 2011). Thus,
biodegradable organic matters, working as electron donors, still play essential roles in
nitrate denitrification. Carbon source derived from food waste was successfully applied
in mature landfill leachate treatment (Yan et al., 2018). Digestate with undigested food

fraction from OFMSW could be used in old landfill sites to enhance the in-situ
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denitrification capacity for treating oxidized mature landfill leachate. Despite of the
high denitrification potential, ammonia leaching from digestate or MSW might be
considered as a drawback when digestate is applied in bioreactor landfills (Peng et al.,
2018; Lubberding et al., 2012). To solve the problem, aged refuse with adsorption
capacity can be used as a biofilter to relieve the ammonia emission (Zhao et al., 2002).
Furthermore, soluble ammonia nitrogen in aged refuse bioreactors could be removed
through biological nitrification. After leachate recirculation and drainage, the “dry
condition” will be created, which restores the high porosity of aged refuse and allow

air or oxygen to invade the reactor for nitrification (He et al., 2017).

As limited studies are available on applied digestates in bioreactor landfills, it is
necessary to investigate application techniques for landfilling digestate. In this study,
digestate stabilization and denitrification of mature landfill leachate were investigated

in landfill simulation columns with dual layers consisted of digestate and aged refuse.
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4.2 Materials and methods
Mature landfill leachate, aged refuse and solid digestate

Mature landfill leachate was obtained in the landfill site in Northern Italy. The raw
leachate underwent a nitrification process in an aerobic reactor. The qualities of raw
and aerobically nitrified landfill leachate are summarized in Table 4.2.1. The aged
refuse was excavated from the same landfill. The aged refuse was regarded as 40-years-
old refuse. The aged refuse samples were characterized as Total Solids (TS) =
94.7+£0.7 %, Volatile Solids (VS) = 3.5+0.2% TS, Total Kjeldahl Nitrogen (TKN) =
3.3+0.2 g-N/kg-TS and Total Organic Carbon (TOC)=27.1+11.7 g-C/kg-TS.

The solid fraction of digestate was collected from a biogas plant in Camposampiero
(Italy) treating source-segregated OFMSW and sewage sludge. The digestate was
centrifuged for solid-liquid separation. The solid digestate were characterized as: TS =
19.4+0.1 %, VS = 62.0+0.3% TS, TKN = 51.0+£0.2 g-N/kg-TS and TOC = 285.0£1.2
g-C/kg-TS.
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Table 4.2.1. Characteristics of raw mature leachate and nitrified landfill leachate

Raw leachate Nitrified leachate
Parameters

Mean Range Mean Range
pH 8.87 8.68-9.05 7.86 7.28-8.56
TOC (mg-C/L) 907 478-1336 834 351-1030
TC (mg-C/L) 2570 2110-3030 1221 705-1500
BODs (mg-O,/L) 60 58-62 20.6 6.5-32.9
COD ¢r (mg-02/L) 1360 722-1998 1325 444-1590
N-NH4" (mg-N/L) 1250 758-1741 34.5 16.4-38.8
N-NO;™ (mg-N/L) 1.9 1.6-2.2 16.2 0.9-56.5
N-NOs;™ (mg-N/L) 0 0 1131 517-1332
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Experimental setup

The experiment was consisted of a nitrification reactor and six landfill simulation
columns. Figure 4.2.1 described the graphic experiment. The landfill simulation
bioreactors were operated through six identical columns with volume 7.85 liters and
height 100 cm. The columns were called ROA, ROB, R5A, R5B, R15A and R15B, where
R indicates reactor, the number indicates the solid digestate percentages (%) based on
the TS, 4 or B represents the duplicates. Accordingly, solid digestates and aged refuses
were filled to each column. The initial nitrate loading rate was set as 0.76 g-N/ (kg-VS
day) for each column to ensure the occurrence of a stable denitrification (Peng, et al.
2018). Effluents (denitrified leachate) obtained from the bottom of each column were
weekly characterized and then discharged. Nitrified leachates were weekly replenished
to each column. Effluents from the landfill columns were drained from the bottom and
recirculated to the top of the landfill simulation columns twice a day. The experiment

lasted 100 days after 14 feeding cycles (14 weeks).
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Figure 4.2.1 Schematic diagram of experimental design
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The N-NO3™ removal efficiencies (%), N-NOs;™ removal capacity (g-N/g-TS-solid
digestate) and average nitrogen removal rate (ANRR, mg N/kg-TS/d) were calculated

using the following equation.

_ . _ X¥CingiVingi=CefriVerr.i) o
N — NO3 removal efficiency = - X 100% (1)
2T CinfiVingi
S (CintiVingi—CeffiVersi) )
. @)

N — NO3 removal capacity =

Y CinfiVingi—Cerfi'Verf,i
ANRR = 21 (Ciny, Lol ff,)(3)

where:

Cin1, Cer=1nfluent and effluent concentrations of nitrate in the landfill columns at feed

cycle i;

Vinti, Vei=influent and effluent volumes of nitrate in the landfill columns at feed cycle

i

n=total feeding cycles; n equal to 14 in this study;

M=the dry mass of solid digestate in the simulated landfill columns, kg;
t= the operation time, days.

Adsorption test

Adsorption of ammonium ions onto the aged refuse were studied using batch tests
(OECD, 2000). The aged refuses samples are air-dried at ambient temperature (20-
25 °C) before being used. Batch experiments were carried out using 10 g aged refuse
sample and 250 cm® ammonium solution (100 mg-NH4*/L in 0.01 M CaCl,) added to a
capped plastic bottle (270ml) and rotated at 20 rpm. The corresponding L/S were 25
ml/g. Triplicate experiments are done at laboratory ambient temperature (20+£2 °C).
After 3h, 6h, 24h, 72h, 96 h, the ammonium concentration in the supernatant was
determined. Two control samples (only the ammonium in 0.01 M CaCl, solution
without aged refuse sample) and two blank samples (with the aged refuse and 0.01 M

CaCl; solution without ammonium) were subjected to the same test procedure.
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Adsorption capacity of aged refuse (Qe, mg-NH,"/g-TS) was calculated as following

equation:

/1000
M

Qe = [Ci = (Cc = Ceprani)] X
C=Initial concentrations of ammonium in contact with aged refuse (mg-NH4'/L),
Ce=equilibrium concentrations of ammonium in contact with aged refuse (mg-NH4"/L),
Ce piam=equilibrium concentrations of ammonium in blank (mg-NH4"/L),
V= solution volume (ml),
M= dry mass of aged refuse (g-TS).
Analytical method

Liquid samples were determined by the IRSA-CNR methods (IRSA-CNR, 2003).
Effluent samples from the landfill simulation columns were periodically analyzed for
TOC, Total Carbon (TC), Chemical Oxygen Demand (CODc;), Biochemical Oxygen
Demand (BODs), N-NH4", TKN, N-NO>~ and N-NO; . TOC and TC were determined
through a TOC analysis meter (Shimadzu TOC-V CSN). CODc; was measured by
digestion with KoCr,O7 in acid solution (Spectroquant® COD Cell Test and
Spectroquant® 320) and determined by a COD analyzer (Spectroquant® NOVA 60).
BODs was determined by measuring five days' oxygen consumption by a dissolved
oxygen probe. TKN was determined by a distillation (VELP® Scientifica UDK 127
Distillation Unit) and titration (HACH® Crison TitroMatic 2S) procedure after acid
digestion. N-NH4", N-NO,~ and N-NOs— were analyzed by a spectrophotometer
(Shimadzu UV-1601).

Solid digestate and aged refuse were characterized at the beginning and at the end of
experiments. TS, VS, TOC, Respiration Index (RI4 and RI7) and TKN were measured.
TS and VS were analyzed through Standard Analytical Methods (IRSA-CNR, 2003).
TOC of dried solid samples were determined by a TOC analyzer (Shimadzu TOC-V

CSN). Respiration Index were determined through the four days’ cumulative oxygen
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consumption in a Sapromat apparatus (Labortechnik, Germany). The Kjeldahl method
was used to determine the TKN. To evaluate the anaerobic biostability of original solid
digestate and treated digestate, the biochemical methane potential (BMP) of all solid
samples were carried out in 500 ml serum bottles. Granular sludge was used as
inoculum and the initial ratio of inoculum and substrate was set as 2.0 on basis of VS.

All analyses on the solid-state samples were operated in triplicate.

The standard method, EN-12457-2 (BSI, 2002), was used to guide the leaching test.
All eluates were measured for TOC, TC, COD¢;, BODs, N-NH4*, TKN, N-NO,~ and

N-NOs3™. All the results of the duplicate columns are reported as the arithmetic means.
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4.3 Results and discussion
Nitrogen characteristics of the effluents
N-NO;3;— and N-NO>— concentrations

Variations of N-NOz™ and N-NO,™ for the reactors are presented in Figure 4.3.1. As
illustrated, all the columns achieved low nitrate effluent at the first sampling which can
be attributed to the adsorption of digestate and aged refuse (Fu et al., 2009; Peng et al.,
2018). Nitrate concentrations in samples from columns without digestate addition (RO)
fluctuated around the influent throughout the entire duration of the experiment, which
suggested that aged refuse has limited denitrification capacity. Zhao et al. (2007) also
found that the aged refuse had a weak denitrification ability. Contrarily, nitrate removal
efficiency of both R5 and R15 were averagely 43.8% and 59.6% (calculated by eq. (1))
higher than 23.2% of RO, respectively, which suggested the digestate addition enhanced
the denitrification capacity of aged refuse in landfill simulation columns. The optimal
nitrate removal efficiency was achieved in R15, which suggests that increase of

digestate addition can enhance the nitrate removal under the same nitrate loading rate.

The nitrite concentration in the influent drastically dropped after 16 days because of the
full nitrification of landfill leachate. Effluents nitrite concentrations in all columns were
much lower than those of nitrate because of the low nitrite input. The significant
removal of nitrite in all columns were observed at the first 16 days, which could be due
to the adsorption and denitrification. However, the nitrite concentrations in effluents
were comparable with those of the influent after day 16. Nitrite accumulation in R15 in
the day 37 indicated that the over-loading of nitrate could occur as nitrite might increase

because the carbon sources was limited (Oh and Silverstein, 1999).
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Figure 4.3.1. Dynamics of N-NO3;~ and N-NO;™~ of influent and -effluent

concentrations in landfill simulation columns
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N-NH;* and TKN

Ammonia concentrations in the effluents of R0, R5 and R15 fluctuated around 40 mg/L
that was similar to the ammonia concentrations of the influent, as shown in Figure 4.3.1.
In the previous study, the ammonia concentrations in the effluent approximated 2000
mg/L in a simulated landfill bioreactor with sole solid digestate packed (Peng et al.,
2018). These results suggested that aged refuse used in this study can abate the
ammonia release originated from digestate. Aged refuse has a high ammonia adsorption
capacity (Chen et al., 2009; He et al., 2017). As shown in Figure 4.3.2, the ammonia
adsorption capacity was 0.49+0.02 mg/g lower than the 0.83 mg/g reported by He et al.
(2017), which could be explained by the different characteristics of aged refuse. The
ammonia adsorption by aged refuse was reversible as the desorption capacity was
0.12+0.06 mg/g. The ammonia adsorption by aged refuse occurs when aged refuse layer
in the columns undergoes a “water distribution period” after the feeding with nitrified
leachate or recirculating the effluent leachate. After leachate drainage, aged refuse layer
will be porous and permeable, which could allow air to enter for ammonia nitrification.
The average N-NH4"/ TKN ratio for RO was 0.459, which is comparable with 0.475 of
the influents. The average N-NH4"/ TKN ratios for R5 and R15 were 0.773 and 0.501,
respectively. The high N-NH4"/ TKN ratios for R5 and R15 could be contributed to the

ammonia release from digestate solubilization.
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Figure 4.3.2 Ammonium adsorption/desorption kinetics from the aged refuse within 96

hours
Biological Parameters of the effluents

The variations of TOC were similar to those of TC among RO, R5 and R15 (Figure
4.3.3). The low level of TOC in the effluents of RO could be due to the TOC removal
capacity of aged refuse (Lei et al., 2007). As aged refuse worked as a filter in the bottom
layer, TOC in the effluents of both R5 and R15 were comparatively lower than those of
previous study (Peng et al., 2018), which can suggest that the addition of aged refuse
layer impeded the TOC emission from the digestate to the effluent. Additionally, it was
observed that the original dark brown nitrified leachate became a pale-yellow effluent
because of filtration of aged refuse in the bottom layer. The TOC removal by aged
refuse reactors with or without digestate resulted from the combined effect of biological
removal and physico-chemically adsorption. Because of TOC leaching from digestate
and depletion of TOC removal capacity of aged refuse, TOC reduction in all the six

columns gradually weakened over time, as shown in Figure 4.3.3.

As shown in Figure 4.3.3, all the CODc; in the effluents were lower than those in the
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influent at the beginning, which could be due to the adsorption of aged refuse. The
following CODc; increase could not be resulted from the emission from solid digestate
but originate from aged refuse since the CODc; of the control (R0) also increased. The
effluent BODs in all treatments were lower than 20 mg-O»/L. The low BODs values, on
one side, were due to the low BODs content of the influent. Besides, BODs from
leaching of solid digestate were presumably consumed in the aged refuse layers. The
average influent BODs/CODcr was 0.016 assumed as low biodegradability (Sekman et
al., 2011). Nonetheless, the average BODs/CODc; of the effluent in RO, R5 and R15
were 0.008, 0.005, 0.003, respectively. The lower BODs/CODc; of the effluents

suggested that nitrified leachate was slightly degraded in the columns.
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Figure 4.3.3. Changes of TC, TOC, COD¢; and BOD5/CODc:; of influent and effluent

concentrations in landfill simulation bioreactors
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Carbon and Nitrogen Mass balance

Table 4.3.1 and Figure 4.3.4 demonstrated the mass balance of carbon and nitrogen.
At the first week, biogas production was observed in the R15 (data not shown) while
afterwards no significant biogas was generated as the inhibition effect from high nitrate
concentrations. Because of the possible diffusion of atmospheric nitrogen gas into gas
collecting bags and little amounts of biogas production, nitrogen gas collection for
denitrification quantification was difficult in this study (Berge et al., 2006). The low
methane emission of solid digestate due to the inhibition of high nitrate concentrations
might be a benefit for avoiding greenhouse gas (e.g. CHs) emission, which is a growing
concern of digestate management (Baldé¢ et al., 2016). The mass balances (Table 4.3.1)
revealed that on average, 50.7% of carbon in RO, 17.6% of carbon in R5 and 4.8% of
carbon in R15 were unaccounted. However, the unaccounted or losing TC in the RS
and R15 were mainly due to the TC reduction of solid digestate and influent leachate,
as shown in Table 4.3.1 and Figure 4.3.4. The TC reduction were coincident with the
degradation of organic matters in solid digestate. On average, 58.5% of nitrogen in RO,
51.6 % of nitrogen in RS and 50.6 % of nitrogen in R15 were lost, as reported in Table
4.3.1. Like the TC in RO, the TN reduction in RO might be due to the TN loss from aged
refuse (Figure 4.3.4). Differently, TN reduction of liquid leachate and solid digestate

in RS and R15 contributed to the TN losses by denitrification.

Table 4.3.1 Mass balance distribution in landfill simulation bioreactors

RO RS R15
Carbon (C) gC % gC % gC %
Cinpu1 (C input from leachate) 8.5 11.7 12.8 10.6 19.5 114

Cinitial.s-ar (Initial C in aged refuse) 639 883 51.1 42.3 32 18.7

o
o

Cinitials-sp (Initial C in solid digestate) 56.8 47.1 119.1 69.8

Coupur.1 (C output from leachate) 5.7 7.8 94 7.7 147 8.6
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Cfinars-4r (Final C in aged refuse) 30,0 415 513 425 383 224
Cfinais-sp (Final C in solid digestate) 0 0 38.8 322 1094 64.1
Clunaccounted (Unaccounted) 36.7 507 21.25 17.6 82 4.8
Nitrogen (N)
Ninpurr (N input from leachate) 8.5 353  12.7 359 19.5 40.1
Ninitial.s-4r (Initial N in aged refuse) 15.6 647 125 353 7.8 16
Ninitials-sp (Initial N in solid digestate) 0 0 10.2 28.8 213 438
Noupur: (N output from leachate) 6.95 28.85 7.8 22.1 8.7 17.9
Nrinais-ar (Final N in aged refuse) 3.05 12.7 3.6 10.1 2 4.1
Nfinars-sp (Final N in solid digestate) 0 0 5.75 16.2 133 274
Nunaccountea (Unaccounted) 14.1 58.5 18.25 51.6 246 50.6
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Figure 4.3.4 Carbon and nitrogen partitions in landfill simulation bioreactors
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Degradation of solid digestate and aged refuse

The initial and final characteristics of the digestate and aged refuse from the landfill
columns are presented in Table 4.3.2. Compared to initial solid digestate, VS of solid
digestate in the end of RS and R15 were on average reduced by 13.7% and 9.8%,
respectively. Those VS reductions partly can be due to the organic matters transferring
from solid digestate to the aged refuse as the VS of the aged refuse in RS and R15
slightly increased compared to the initial ones. Additionally, the eluate of BODs from
the leaching test of treated digestate in R5 and R15 separately decreased 81.8% and
87.1% compared to that of initial digestate. The anaerobically degradation by
methanation and anoxic activities of denitrifiers could contribute to the reduction of VS
and BOD:s. R1 is generally used as a descriptor of the biostability of organic wastes. Rl
and RI7 clearly shows the degradation of solid digestate as RI of both solid digestate
and aged refuse in RS and R15 was reduced. Compared to the initial, the final RI7 of
solid digestate in RS and R15 decreased by 33.9 % and 32.6 %, respectively. Meanwhile,
the final RI; of aged refuse in R5 and R15 reduced 58.3% and 52.1%, respectively,
compared to the initial conditions. As the ratio of BODs/CODc; in all effluent was kept
quite low as mentioned before, the reduction of RI was not a result of moving the
biodegradable matter of aged refuse to the effluents with leachate recirculation, thus

deteriorating the bio-stability of effluent leachate.

Except for the aerobic stability, the anaerobic stability of solid digestate were also
achieved as the decrease of BMP. Compared with the BMP of initial solid digestate,
31.5% of BMP reduction in R5 and 35.9 % of BMP reduction in R15 were achieved.
These decreased proportions of BMP were comparable with those of RI;, which
suggested both aerobic stability and anaerobic stability of solid digestate were obtained
in the aged refuse reactors packed with solid digestate. The partial BMP reduction could
result from the biodegradable organic carbon transferring from the digestate to the aged

refuse as the slight increase of BMP occurred in aged refuse samples (Table 4.3.2).
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Table 4.3.2 Characteristics of solid digestate, aged refuse and their eluates from

leaching test at the start and the end of the experiment

Solid Digestate Aged Refuse
RS R15 RO R5 R15
Start End End  Start End End End

Solid samples

TS (%) 19.4+0.1 22.2 19.9 94.7+0.7 89.9 863 82.3
VS (%TS) 62.0£03 53.5 559 3.5+02 24 34 41
R (mg O2/g-TS) 13.8£04 9.7 10.1 24+02 20 16 1.6
RI;

22.4£1.0 14.8 15.1 48+19 3.0 20 23
(mg O2/g-TS)

TKN (g N/kg-TS)  51.0£02 264 312 3302 06 10 09

TOC (g C/kg-TS) ~ 285+12 180 258 1440 6 14 18

BMP(L-CHy/kg-VS) 27+0.3 18.5 173 0.015 29 39 5l

Eluates from leaching test

pH 8.73 877 841 8.6 834 829 7.8
TC (mg C/L) 2670 1144 1595 31 114 139 154
TOC (mg C/L) 725 211 359 18 55 50 41
COD¢ (mg Ox/L) 964 432 732 37 112 101 85
BOD:s (mg 0,/L) 452 82 584 <5 <5 <5 <5
N-NH,* (mgN/L) 801 <30 <30 <30 <30 <30 <30
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N-NO;™ (mg N/L) <5 11 16 12 10 11 12

N-NO;™ (mg N/L) <0.2 0.8 05 05 02 02 02

Enhancement of denitrification capacity of aged refuse without ammonia emission

Table 4.3.3 represented the average nitrogen removal rate (ANRR) (Calculated by eq.
(2)) of different studies. Even though partly degraded aged refuse have a strong
denitrification capacity (Chen et al., 2009), the aged refuse in this study, approximately
40 years old, has only 4.2mg N/ (kg-TS day) of capability for denitrification as lack of
biodegradable organic matter (Table 4.3.2). Nonetheless, the aged refuse excavated
from a 40-year old landfill can be used as the biofilter in the column to reduce ammonia
concentration (Figure 4.3.1) in the effluent and improve the hydraulic condition of
leachate recirculation as no clogging problem happened in RO columns. Based on the
TS in the landfill simulation columns, the ANRR of R5 and R15 were 3.4 and 10.0
times higher than that of RO, respectively. After deducting the contribution of aged
refuse on the nitrate removal, the ANRR of solid digestate in RS and R15 were 203 mg-
N/ (kg-TS day) and 257 mg-N / (kg-TS day), which were comparable with the 256 mg-
N / (kg-TS day) achieved in reactors packed with single solid digestate (Peng, et al.
2018).

Despite of the high denitrification capacity, the ammonia leaching from solid digestate
as a drawback might impede the application of landfilling digestate. Compared to the
ammonium concentrations in the influents, no significant increase of ammonium
concentrations in the effluents was observed during the operation (Figure 4.3.1).
However, ammonium concentrations in the eluate of treated digestates in RS and R15
were lower than 30 mg-N/L while ammonium concentrations in the eluate of original
solid digestate was as high as 801 mg-N/L. Unlike the high ammonia leaching in sole
digestate columns (Peng, et al. 2018), the ammonia emission was dramatically

mitigated by applying the excavated aged refuse in this study.

The significant enhancement of denitrification capacity by digestate addition in aged
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refuse will benefit the in-situ nitrogen removal from mature landfill leachate. It can be
concluded that the solid digestate integrated with the aged refuse could be superior to

the sole aged refused landfill columns.

Table 4.3.3 Nitrate removal rates of landfill simulation columns with different types of

wastes
Waste Types Nitrate Content  ANRR ANRR?® Reference
(mg-N/L) mg N/ (kg-TS day)

Composed MSW 400 140 - (Price et al., 2003)

MSW 200-2200 28.6 - (Zhong et al., 2009)

1-year-aged MSW 1000 163.2° - (Chen et al., 2009)

6-year-aged MSW 1000 72.0° - (Chen et al., 2009)
(Chen et al., 2009)

11-year-aged MSW 1000 264> -

Solid Digestate (SD) 1438 256 256 (Peng et al., 2018)

100% Aged Refuse (AR) 517-1332 4.2 -

95% AR+5% SD 517-1332 141 203  'Mmsstudy

85% AR+15% SD 517-1332 42.1 257

#the ANRR was calculated based on the TS of solid digestate. The results had deducted

the contribution by aged refuse

bthe data were calculated by the authors
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4.4 Conclusions

After 100 days’ recirculation of nitrified leachate in the aged refuse bioreactors packed
with solid digestate, approximately 4.2 mg N/ (kg-TS day), 14.1 mg N/ (kg- TS day)
and 42.1 mg N/ (kg-TS day) of the nitrate removal rate were separately achieved in RO,
R5 and R15. Additionally, both the aerobic biostability and anaerobic biostability of
treated solid digestate in RS and R15 increased 31.5-35.9%. These results suggest that
the solid digestate with high denitrification capacity could be applied as a denitrification
layer in old landfill site for in-situ nitrogen removal from mature landfill leachate and

obtain stabilized digestate.
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Conclusions and Perspectives

The development of integrating landfill leachate treatment into digestate management
could achieve both economic and environmental benefits. The facultative bioreactor
landfill consists of two core components: Solid digestate layer for denitrification; Aged
refuse layer for avoiding ammonia leaching. Additionally, recirculating the partial or
complete nitrified landfill leachate in the facultative bioreactor landfill is also

indispensable.
Based on the main results obtained in this study, some general conclusions can be drawn:
Organic matter stabilization:

e The application of FBLs with recirculating partially or completely nitrified
leachate stabilizes the organic matter in the solid digestate. The degree of
oxidation (partial or complete nitrification) and whether integrating aged refuse

will affect the both aerobic and anaerobic bio-stability.

e  With the leachate recirculation, the high leaching TOC from the digestate at the
initial stage can be transferred to the effluent leachate, thereby deteriorating the
quality of effluent leachate. However, the TOC of effluent does not increase when

an aged-refuse layer is filled under the digestate layer.
Nitrogen Management:

e Digestate from OFMSW shows high denitrification capacity, varied from 199 to
257 mg-N/ (kg-TS day), which is much higher than those of MSW with different

ages.

e Although less energy consumed to produce partially nitrified leachate, FBL with
recirculating nitrified leachate did not show any advantage by evaluating the
denitrification capacity and digestate stability. However, nitrite pathway can help

to develop the autotrophic denitrification via the Anammox process.

e Comparing to the aged refuse FBL, tenfold denitrification capacity is enhanced in

aged refuse FBL 15% digestate addition.
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e  With the leachate recirculation, the high leaching ammonium from the digestate
at the initial stage can be transferred to the effluent leachate, thereby deteriorating
the quality of effluent leachate. However, the ammonium of effluent does not

increase when an aged-refuse layer is filled under the digestate layer.

Applicability of the study to full-scale landfills or AD plants

Anaerobic Organic Fraction of Municipal
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Scenarios for digestate application to remove nitrogen from mature landfill leachate

e Scenario I: Nitrified landfill leachate added into the digestate storage tank to in-

situ mitigate the greenhouse gas emission.

e Scenario II: Ex-situ nitrogen removal of landfill leachate in biogas plants and

application of stabilized digestate as soil amendment

e Scenario III: In-situ nitrogen removal of landfill leachate in old landfill sites and
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application of stabilized digestate as final cover for landfill remediation
Suggestions for further studies

e The pilot-scale application of solid digestate to treat landfill leachate is necessary

to conduct according to the three scenarios.

e  Short-cut nitrogen removal of landfill leachate through autotrophic denitrification
like Annammox should be developed in the digestate-based facultative bioreactors
because heterotrophic denitrification cannot last for long time when the

biodegradable organic matters exhausted.

e The nitrous oxide emission and fate of possible heavy metals from landfill leachate

should be considered in the future research.

e The final quality of treated digestate should be well evaluated for its further use as

soil improver or landfill cover.

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 111



University of Padova-Department of Industrial Engineering Reference

Reference
AFNOR, 2006. Amendements organiques, dénominations, spécifications et marquages.

Agdag, O.N., Sponza, D.T., 2005. Effect of alkalinity on the performance of a simulated

landfill bioreactor digesting organic solid wastes. Chemosphere 59, 871-879.

Al Seadi, T., Lukehurst, C., 2012. Quality management of digestate from biogas plants

used as fertiliser, in: IEA Bioenergy, Task.

Alibardi, L., Cossu, R., 2015. Composition variability of the organic fraction of
municipal solid waste and effects on hydrogen and methane production potentials.

Waste Manag 36, 147-155.

American Public Health Association (APHA). 2005. Standard methods for the
examination of water and wastewater. American Public Health Association

(APHA): Washington, DC, USA.

Baddeley A., 2014. Assessing the costs and benefits for production and beneficial
application of anaerobic digestate to agricultural land in Wales. WRAP, Cardiff,
UK.

Baldé¢, H., VanderZaag, A.C., Burtt, S.D., Wagner-Riddle, C., Crolla, A., Desjardins,
R.L., MacDonald, D.J., 2016. Methane emissions from digestate at an

agricultural biogas plant. Bioresour. Technol. 216, 914-922.

Barraclough, D., Puri, G., 1995. The use of °N pool dilution and enrichment to separate
the heterotrophic and autotrophic pathways of nitrification. Soil Biol. Biochem.

27 (1), 17-22.

Bauer, A., Mayr, H., Hopfner-Sixt, K., Amon, T., 2009. Detailed monitoring of two
biogas plants and mechanical solid-liquid separation of fermentation residues. J.

Biotechnol. 142, 56-63.

Berge, N.D., Reinhart, D.R., Dietz, J., Townsend, T., 2006. In situ ammonia removal in

bioreactor landfill leachate. Waste Manag. 26, 334-343.

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 112



University of Padova-Department of Industrial Engineering Reference

Berge, N.D., Reinhart, D.R., Townsend, T.G., 2005. The Fate of Nitrogen in Bioreactor
Landfills. Crit. Rev. Environ. Sci. Technol. 35, 365-399.

Bolyard, S.C., Reinhart, D.R. 2016. Application of landfill treatment approaches for

stabilization of municipal solid waste. Waste Manag. 55, 22-30.

Bolyard, S.C., Reinhart, D.R. 2017. Evaluation of leachate dissolved organic nitrogen

discharge effect on wastewater effluent quality. Waste Manage. 65, 47-53.

Bolzonella, D., Pavan, P., Mace, S., Cecchi, F., 2006. Dry anaerobic digestion of
differently sorted organic municipal solid waste: A full-scale experience. Water

Sci. Technol. 53, 23-32.

Boni, M.R., D’Amato, E., Polettini, A., Pomi, R., Rossi, A., 2016. Effect of
ultrasonication on anaerobic degradability of solid waste digestate. Waste Manag

48,209-217.

Bréndli, R.C., Bucheli, T.D., Kupper, T., Furrer, R., Stahel, W. a, Stadelmann, F.X.,
Tarradellas, J., 2007. Organic pollutants in compost and digestate. Part 1.
Polychlorinated biphenyls, polycyclic aromatic hydrocarbons and molecular

markers. J. Environ. Monit. 9, 456-464.

British Standards Institution (BSI). 2002. BS EN 12457 Characterisation of Waste-
Leaching-Compliance test for leaching of granular waste materials and sludges.

British Standards Institution (BSI), London, UK.

Buss, W., Graham, M.C., Shepherd, J.G., Masek, O., 2016. Suitability of marginal

biomass-derived biochars for soil amendment. Sci Total Env. 547, 314-322.

Bustamante, M.A., Alburquerque, J.A., Restrepo, A.P., de la Fuente, C., Paredes, C.,
Moral, R., Bernal, M.P., 2012. Co-composting of the solid fraction of anaerobic
digestates, to obtain added-value materials for use in agriculture. Biomass and

Bioenergy 43, 26-35.

Cerminara, G., Agostini, G., Raga, R., Pivato, A., 2017. Denitrification capacity of an

old msw landfill under anoxic conditions, in: Proceedings Sardinia 2017.

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 113



University of Padova-Department of Industrial Engineering Reference

Sixteenth International Waste Management and Landfill Symposium.

Chen, Y., Wu, S. wei, Wu, W. xiang, Sun, H., Ding, Y., 2009. Denitrification capacity
of bioreactors filled with refuse at different landfill ages. J. Hazard. Mater. 172,

159-165.

Chen, Y. xu, Wu, S. wei, Wu, W. xiang, Sun, H., Ding, Y., 2009. Denitrification capacity
of bioreactors filled with refuse at different landfill ages. J. Hazard. Mater. 172,

159-165.

Chen, Z., Wang, X., Yang, Y., Mirino Jr, M. W., Yuan, Y., 2016. Partial nitrification and
denitrification of mature landfill leachate using a pilot-scale continuous activated

sludge process at low dissolved oxygen. Bioresour. Technol. 218, 580-588.

Chiu, Y.-C., Chung, M.-S. 2003. Determination of optimal COD/nitrate ratio for

biological denitrification. Int. Biodeterior. Biodegradation. 51(1), 43—49.

Chung, J., Kim, S., Baek, S., Lee, N.-H., Park, S., Lee, J., Lee, H., Bae, W., 2015.
Acceleration of aged-landfill stabilization by combining partial nitrification and

leachate recirculation: A field-scale study. J. Hazard. Mater. 285, 436—444.

Cossu, 2016. Back to Earth Sites: From ‘“nasty and unsightly” landfilling to final sink

and geological repository. Waste Manag. 55, 1-2.

Cossu, R., Morello, L., Raga, R., Cerminara, G. 2016. Biogas production enhancement
using semi-aerobic pre-aeration in a hybrid bioreactor landfill. Waste Manag. 55,

83-92.

Council, E., 1999. Directive 1999/31/EC on the landfill of waste. Off J Eur Union L
182, 1-19.

Council, E.U., 2003. Council Decision 2003/33/EC of 19 December 2002 establishing
criteria and procedures for the acceptance of waste at landfills persuant to Article

16 of and Annex II to Directive 1999/31/EC. Off. J. Eur. Communities 16, L11.

Dahlin, A.S., Eriksson, J., Campbell, C.D., Oborn, 1., 2016. Soil amendment affects Cd

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 114



University of Padova-Department of Industrial Engineering Reference

uptake by wheat - are we underestimating the risks from chloride inputs? Sci.

Total Environ. 554-555, 349-357.

Dai, X., Duan, N., Dong, B., Dai, L., 2013. High-solids anaerobic co-digestion of
sewage sludge and food waste in comparison with mono digestions: Stability and

performance. Waste Manag. 33, 308-316.

De Baere, L., 2008. Partial stream digestion of residual municipal solid waste. Water

Sci Technol 57, 1073-1077.

DeAbreu, R., 2003. Facultative Bioreactor Landfill: An Environmental and
Geotechnical Study. University of New Orleans.
https://scholarworks.uno.edu/cgi/viewcontent.cgi?referer=https://www.google.it

/&httpsredir=1&article=1038&context=td (accessed 15/01/2018)

Della Rocca, C., Belgiorno, V., Merig, S. 2007. Overview of in-situ applicable nitrate

removal processes. Desalination, 204(1), 46—62.

Delzeit, R., Kellner, U. 2013. The impact of plant size and location on profitability of
biogas plants in Germany under consideration of processing digestates. Biomass

Bioenergy. 52, 43-53.

Di Domenico, E.G., Petroni, G., Mancini, D., Geri, A., Palma, L. Di, Ascenzioni, F.,
2015. Development of Electroactive and Anaerobic Ammonium-Oxidizing
(Anammox) Biofilms from Digestate in Microbial Fuel Cells. Biomed. Res. Int.

2015, 1-10.

Drennan, M.F., DiStefano, T.D., 2010. Characterization of the curing process from

high-solids anaerobic digestion. Bioresour. Technol. 101, 537-544.

Eliyan, C., 2007. Anaerobic digestion of municipal solid waste in thermophilic
ontinuous operation. Asian Inst. Technol. Asian Institute of Technology,

Pathumthani: Asian Institute of Technology.

Ellen MacArthur Foundation, 2012. Towards a Circular Economy - Economic and

Business Rationale for an Accelerated Transition. Greener Manag. Int. 97.

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 115



University of Padova-Department of Industrial Engineering Reference

Ellen MacArthur Foundation, 2013. Towards the circular economy: economic and

business rationale for an accelerated transition. Ellen MacArthur Foundation.

European Commission, 2000. Commission Decision on the European List of Waste

(COM 2000/532/EC). Off. J. Eur. Communities 2000D0532, 1-31.

European Parliament and Council, 2008. Directive 2008/98/EC of the European
Parliament and of the Council of 19 November 2008 on waste and repealing

certain directives. Off. J. Eur. Union 3-30.

European Commission, 2001. Working Document: Biological Treatment of Biowaste,

2nd draft (Online).

Fabbri, D., Torri, C., 2016. Linking pyrolysis and anaerobic digestion (Py-AD) for the

conversion of lignocellulosic biomass. Curr. Opin. Biotechnol. 38, 167-173.
Fachverband Biogas, EBA, BiPRO, 2013. Digestate and REACH.

Fu, Z., Yang, F., An, Y., Xue, Y. 2009. Characteristics of nitrite and nitrate in situ

denitrification in landfill bioreactors. Bioresour. Technol. 100(12), 3015-3021.

Fuchs J., Schleiss K., Wellinger A., G.U., 2001. ASCP Guidelines 2001: Quality criteria
for composts and digestates from biodegradable waste management.
Association of Swiss Compost Plants (ASCP) in Collaboration with the Swiss

Biogas Forum.

Fuchs, W., Drosg, B., 2013. Assessment of the state of the art of technologies for the

processing of digestate residue from anaerobic digesters. Water Sci. Technol. 67,

1984-1993.

Fuldauer, L.I., Parker, B.M., Yaman, R., Borrion, A., 2018. Managing anaerobic
digestate from food waste in the urban environment: Evaluating the feasibility

from an interdisciplinary perspective. J. Clean. Prod. 185, 929-940.

Garbo, F., Lavagnolo, M.C., Malagoli, M., Schiavon, M., Cossu, R. 2017. Different

leachate phytotreatment systems using sunflowers. Waste Manag. 59, 267-275.

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 116



University of Padova-Department of Industrial Engineering Reference

Gazzetta Ufficiale, 2006. Decreto Legislativo 29 aprile 2006 n. 217. Revisione della

disciplina in materia di fertilzanti. Gazz. Uff. 141.

Girotto, F., Alibardi, L., Cossu, R., 2015. Food waste generation and industrial uses: A

review. Waste Manag. 45, 32-41.

Girotto, F., Lavagnolo, M.C., Pivato, A. 2017. Spent coffee grounds alkaline pre-
treatment as biorefinery option to enhance their anaerobic digestion yield. Waste

and Biomass Valori. 1-6.

Glass, C., Silverstein, J. 1998. Denitrification kinetics of high nitrate concentration
water: pH effect on inhibition and nitrite accumulation. Water Res. 32(3), 831-

839.

Gomez, M.A., Gonzéalez-Lopez, J., Hontoria-Garcia, E., 2000. Influence of carbon
source on nitrate removal of contaminated groundwater in a denitrifying

submerged filter. J. Hazard. Mater. 80, 69-80.

Gomez, R.B., Lima, F.V., Ferrer, A.S., 2006. The use of respiration indices in the

composting process: a review. Waste Manag. Res. 24, 37-47.

Govasmark, E., Stéb, J., Holen, B., Hoornstra, D., Nesbakk, T., Salkinoja-Salonen, M.,
2011. Chemical and microbiological hazards associated with recycling of
anaerobic digested residue intended for agricultural use. Waste Manag. 31, 2577—

2583.

Grady, C.P.L., Daigger, G.T., Lim, H.C., 1999. Biological wastewater treatment. Hazard.
Waste. CRC Press.

Gregson, N., Crang, M., Fuller, S., Holmes, H., 2015. Interrogating the circular
economy: the moral economy of resource recovery in the EU. Econ. Soc. 44,

218-243.

He, PJ., Shao, L.M., Guo, H.D., Li, G.J., Lee, D.J., 2006. Nitrogen removal from
recycled landfill leachate by ex situ nitrification and in situ denitrification. Waste

Manag. 26, 838—845.

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 117



University of Padova-Department of Industrial Engineering Reference

He. Y., Li, D., Zhao, Y., Huang, M., Zhou, G., 2017. Assessment and analysis of aged
refuse as ammonium-removal media for the treatment of landfill leachate. Waste

Manag. Res. 35, 1168—-1174.

Hellinga, C., Schellen, A.A.J.C., Mulder, J.W., Van Loosdrecht, M.C.M., Heijnen, J.J.,
1998. The SHARON process: An innovative method for nitrogen removal from

ammonium-rich waste water. Water Sci. Technol. 37(9), 135-142.

Hossain, A.K., Serrano, C., Brammer, J.B., Omran, A., Ahmed, F., Smith, D.I., Davies,
P.A., 2016. Combustion of fuel blends containing digestate pyrolysis oil in a

multi-cylinder compression ignition engine. Fuel 171, 18-28.

IRSA-CNR, 2003. Metodi analitici per le acque. Manuali e Linee Guida
http://www.isprambiente.gov.it/it/pubblicazioni/manuali-e-linee-guida/metodi-

analitici-per-le-acque (accessed 26/07/2018)

Jokela, J.P.Y, Kettunen, R.H, Sormunen, K.M, Rintala, J.A. 2002. Biological nitrogen
removal from municipal landfill leachate: low-cost nitrification in biofilters and

laboratory scale in-situ denitrification. Water Res. 36(16), 4079—4087.

Kayhanian, M., 1999. Ammonia Inhibition in High-Solids Biogasification: An

Overview and Practical Solutions. Env. Technol 20, 355-365.

Kim, H.-W., Han, S.-K., Shin, H.-S., 2003. The optimisation of food waste addition as
a co-substrate in anaerobic digestion of sewage sludge. Waste Manag. Res. 21,

515-526.

Kleerebezem, R., & Mendeza, R. 2002. Autotrophic denitrification for combined
hydrogen sulfide removal from biogas and post-denitrification. Water Sci.

Technol. 45(10), 349-356.

Kozub, D.D., Liehr, S.K. 1999. Assessing denitrification rate limiting factors in a
constructed wetland receiving landfill leachate. Water Sci. Technol. 40(3), 75—
82.

Kratzeisen, M., Starcevic, N., Martinov, M., Maurer, C., Miiller, J., 2010. Applicability

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 118



University of Padova-Department of Industrial Engineering Reference

of biogas digestate as solid fuel. Fuel 89, 2544-2548.

Krayzelova, L., Lynn, T.J., Banihani, Q., Bartacek, J., Jenicek, P., Ergas, S.J. 2014. A
tire-sulfur hybrid adsorption denitrification (T-SHAD) process for decentralized

wastewater treatment. Water Res. 61, 191-199.

Kristanto, G.A., Rialdi, H., Gusniani, 1., 2017. Nitrogen Removal from Landfill
Leachate via ex-situ Nitrification and in-situ Denitrification in Laboratory Scale

Bioreactor. Procedia Eng. 171, 425-433.

Kulikowska, D., Klimiuk, E., 2008. The effect of landfill age on municipal leachate

composition. Bioresour. Technol. 99, 5981-5985.

Kupper, T., Brindli, R.C., Bucheli, T.D., Stimpfli, C., Zennegg, M., Edder, P., Pohl, M.,
Niang, F., lozza, S., Miiller, J., Schmid, P., Huber, S., Ortelli, D., Becker van-
Slooten, K., Mayer, J., Bachmann, H.-J., Stadelmann, F.X., Tarradellas, J., 2008.
Organic pollutants in compost and digestate: occurrence, fate and impacts, in:

Compost and Digestate: Sustainability, Benefits, Impacts for the Environment

and for Plant Production - CODIS 2008. pp. 27-34.

Lavagnolo, M.C., Malagoli, M., Garbo, F., Pivato, A., Cossu, R. 2016. Lab-scale
phytotreatment of old landfill leachate using different energy crops. Waste Manag.
55, 265-275.

Lebersorger, S., Schneider, F., 2011. Discussion on the methodology for determining
food waste in household waste composition studies. Waste Manag. 31, 1924—

1933.

Lei, Y., Shen, Z., Huang, R., Wang, W., 2007. Treatment of landfill leachate by
combined aged-refuse bioreactor and electro-oxidation. Water Res. 41, 2417—

2426.

Li, H., Lindmark, J., Nordlander, E., Thorin, E., Dahlquist, E., Zhao, L., 2013. Using
the solid digestate from a wet anaerobic digestion process as an energy resource.

Energy Technol. 1, 94-101.

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 119



University of Padova-Department of Industrial Engineering Reference

Li, Y., Park, S.Y., Zhu, J., 2011. Solid-state anaerobic digestion for methane production

from organic waste. Renew. Sustain. Energy Rev. 15, 821-826.

Li, F., Luo, C., Shao, L., He, P., 2016. Biochar alleviates combined stress of ammonium
and acids by firstly enriching Methanosaeta and then Methanosarcina. Water Res.

90, 34-43.

Li, F, Shao, L.-M., Zhang, H., Fu, W.-D., Feng, S.-J., Zhan, L.-T., Chen, Y.-M., He, P.-
J., 2017. Application of advanced techniques for the assessment of bio-stability

of biowaste-derived residues: A minireview. Bioresour. Technol. 248, 122-133.

Li, F., Zhou, Q., Wu, D., Wang, T., Shao, L., He, P., 2015. Dewaterability of anaerobic
digestate from food waste: Relationship with extracellular polymeric substances.

Chem. Eng. J. 262, 932-938.

Lubberding, H.J., Valencia, R., Salazar, R.S., Lens, PN.L., 2012. Release and
conversion of ammonia in bioreactor landfill simulators. J. Environ. Manage. 95,

144-148.

Lukehurst, C.T., Frost, P., Al Seadi, T. 2010. Utilisation of digestate from biogas plants
as  biofertiliser. =~ IEA  bioenergy.  http://www.centri-force.co.uk/wp-
content/uploads/2014/07/Utilisation-of-Digestate-as-Biofertiliser-V2.0.pdf
(accessed 17.09.05)

Luo, C., Li, F., Shao, L., He, P., 2015. Application of eco-compatible biochar in
anaerobic digestion to relieve acid stress and promote the selective colonization

of functional microbes. Water Res. 68, 710-718.

Ma, B., Bao, P., We1, Y., Zhu, G., Yuan, Z., Peng, Y., 2015. Suppressing nitrite-oxidizing
bacteria growth to achieve nitrogen removal from domestic wastewater via

anammox using intermittent aeration with low dissolved oxygen. Sci. Rep. 1-9.

Makadi, M., Tomocsik, A., Orosz, V., 2012. Digestate: A New Nutrient Source —
Review. Biogas 295-310.

Malekian, R., Abedi-Koupai, J., Eslamian, S.S. 2011. Influences of clinoptilolite and

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 120



University of Padova-Department of Industrial Engineering Reference

surfactant-modified clinoptilolite zeolite on nitrate leaching and plant growth. J.

Hazard. Mater. 185(2), 970-976.

Mata-Alvarez, J., Llabrés, P., Cecchi, F., Pavan, P, 1992. Anaerobic digestion of the
Barcelona central food market organic wastes: Experimental study. Bioresour.

Technol. 39, 39-48.

Matéja, V., Cizinska, S., Krej¢i, J., Janoch, T. 1992. Biological water denitrification—
a review. Enzyme Microb. Technol. 14(3), 170-183.

Maurer, C., Miiller, J., 2012. Ammonia (NH3) emissions during drying of untreated and
dewatered biogas digestate in a hybrid waste-heat/solar dryer. Eng. Life Sci. 12,
321-326.

Michele, P., Giuliana, D., Carlo, M., Sergio, S., Fabrizio, A., 2015. Optimization of
solid-state anaerobic digestion of the OFMSW by digestate recirculation: A new

approach. Waste Manag 35, 111-118.

Miljeministeriet, 2006. Bekendtgerelse om anvendelse af affald til jordbrugsformal

(Slambekendtgerelsen) 1-10.

Mohsenipour, M., Shahid, S., Ebrahimi, K. 2015. Nitrate adsorption on clay kaolin:
batch tests. J. Chem. 2015, 1-7.

Moller, K., Miiller, T., 2012. Effects of anaerobic digestion on digestate nutrient

availability and crop growth: A review. Eng. Life Sci. 12, 242-257.

Monlau, F., Francavilla, M., Sambusiti, C., Antoniou, N., Solhy, A., Libutti, A.,
Zabaniotou, A., Barakat, A., Monteleone, M., 2016. Toward a functional
integration of anaerobic digestion and pyrolysis for a sustainable resource
management. Comparison between solid-digestate and its derived pyrochar as

soil amendment. Appl. Energy 169, 652—662.

Monlau, F., Sambusiti, C., Antoniou, N., Barakat, A., Zabaniotou, A., 2015. A new
concept for enhancing energy recovery from agricultural residues by coupling

anaerobic digestion and pyrolysis process. Appl. Energy 148, 32-38.

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 121



University of Padova-Department of Industrial Engineering Reference

Mora, M., Guisasola, A., Gamisans, X., Gabriel, D. 2014. Examining thiosulfate-driven

autotrophic denitrification through respirometry. Chemosphere, 113, 1-8.

Mouat, A., Mistry P., Webb,J.A.B., 2010. Digestate market development in Scotland.

Zero waste Scotland, Stirling, UK.

Mumme, J., Srocke, F., Heeg, K., Werner, M., 2014. Use of biochars in anaerobic
digestion. Bioresour Technol 164, 189—-197.

Nabel, M., Barbosa, D.B.P., Horsch, D., Jablonowski, N.D., 2014. Energy Crop (Sida
Hermaphrodita) Fertilization Using Digestate under Marginal Soil Conditions: A

Dose-response Experiment. Energy Procedia 59, 127-133.

Nascimento, C., Atekwana, E.A., Krishnamurthy, R.V., 1997. Concentrations and
isotope ratios of dissolved inorganic carbon in denitrifying environments.

Geophys. Res. Lett. 24, 1511-1514.

Neumann, J., Binder, S., Apfelbacher, A., Gasson, J.R., Ramirez Garcia, P., Hornung,
A., 2015. Production and characterization of a new quality pyrolysis oil, char and
syngas from digestate — Introducing the thermo-catalytic reforming process. J.

Anal. Appl. Pyrolysis 113, 137-142.

Neumann, J., Meyer, J., Ouadi, M., Apfelbacher, A., Binder, S., Hornung, A. 2016. The
conversion of anaerobic digestion waste into biofuels via a novel Thermo-

Catalytic Reforming process. Waste Manag. 47, 141-148.

Nkoa, R., 2014. Agricultural benefits and environmental risks of soil fertilization with

anaerobic digestates: a review. Agron. Sustain. Dev. 34, 473-492.

Nordberg, A., Edstrém, M., 2005. Co-digestion of energy crops and the source-sorted

organic fraction of municipal solid waste. Water Sci. Technol. 52, 217-222.

OECD. 2000. 106: adsorption-desorption using a batch equilibrium method. OECD
Guidelines for the Testing of Chemicals, 1-45. http://www.oecd-
ilibrary.org/docserver/download/9710601e.pdf?expires=1504605505&id=id&ac
cname=guest&checksum=AF1913C3D6CD9941BAFEA9BD5B665FAB

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 122



University of Padova-Department of Industrial Engineering Reference

(accessed 17.09.05)

Oh, J., Silverstein, J., 1999. Acetate Limitation and Nitrite Accumulation during

Dentitrification. J. Environ. Eng. 125(3), 234-242

Opatokun, S.A., Strezov, V., Kan, T., 2015. Product based evaluation of pyrolysis of
food waste and its digestate. Energy 92, 349-354.

Opatokun, S.A., Yousef, L.F., Strezov, V., 2017. Agronomic assessment of pyrolysed
food waste digestate for sandy soil management. J. Environ. Manage. 187, 24—

30.

Oztiirk, N., Bektas, T.E. 2004. Nitrate removal from aqueous solution by adsorption

onto various materials. J. Hazard. Mater. 112(1), 155-162.

Pantelopoulos, A., Magid, J., Jensen, L.S., 2016. Thermal drying of the solid fraction
from biogas digestate: Effects of acidification, temperature and ventilation on

nitrogen content. Waste Manag. 48, 218-226.

PAS, B.S.1.,, 2013. 110 (2010) Specification for whole digestate, separated liquor and
separated fibre derived from the anaerobic digestion of source-segregated

biodegradable materials. British Standards Institution, London. Br. Stand. Inst.

Peng, W., Lii, F., Shao, L., He, P, 2015. Microbial communities in liquid and fiber
fractions of food waste digestates are differentially resistant to inhibition by

ammonia. Appl. Microbiol. Biotechnol. 99, 3317-3326.

Peng, W., Pivato, A., 2017. Sustainable Management of Digestate from the Organic
Fraction of Municipal Solid Waste and Food Waste Under the Concepts of Back

to Earth Alternatives and Circular Economy. Waste Biomass Valori. (In Press)

Peng, W., Pivato, A., Lavagnolo, M.C., Raga, R., 2018. Digestate application in landfill
bioreactors to remove nitrogen of old landfill leachate. Waste Manag. 74, 335—

346.

Percheron, G., Bernet, N., Moletta, R. 1999. Interactions between methanogenic and

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 123



University of Padova-Department of Industrial Engineering Reference

nitrate reducing bacteria during the anaerobic digestion of an industrial sulfate

rich wastewater. FEMS Microbiol. Ecol. 29(4), 341-350.

Peres, C.S., Sanchez, C.R., Matumoto, C., Schmidell, W., 1992. Anaerobic
biodegradability of the organic components of municipal solid wastes (OFMSW).
Water Sci. Technol. 25, 285-293.

Phil Wallace Jim Frederickson, Graham Howell, G.H., 2011. Biofertiliser management:
best practice for agronomic benefit & odour control. Waste & Resources Action

Programme, Cardiff.

Pivato, A., Vanin, S., Raga, R., Lavagnolo, M.C., Barausse, A., Rieple, A., Laurent,
A., Cossu, R., 2016. Use of digestate from a decentralized on-farm biogas plant
as fertilizer in soils: An ecotoxicological study for future indicators in risk and

life cycle assessment. Waste Manag 49, 378-389.

Price, G.A., Barlaz, M.A., Hater, G.R., 2003. Nitrogen management in bioreactor
landfills. Waste Manag. 23, 675—688.

Quina, M.J., Lopes, D. V, Cruz, L.G., Andrade, J., Martins, R.C., Gando-Ferreira, L.M.,
Dias-Ferreira, C., Quinta-Ferreira, R.M., 2015. Studies on the chemical
stabilisation of digestate from mechanically recovered organic fraction of

municipal solid waste. Waste and Biomass Valorization 6, 711-721.

Rao, M.S., Singh, S.P., 2004. Bioenergy conversion studies of organic fraction of
MSW: Kinetic studies and gas yield-organic loading relationships for process

optimisation. Bioresour. Technol. 95, 173—185.

Renou, S., Givaudan, J., Poulain, S., Dirassouyan, F., Moulin, P. 2008. Landfill leachate
treatment: review and opportunity. J. Hazard. Mater. 150(3), 468—493.

Republik Osterreich (BGBL.), D.B. fiir die, 1994. Diingemittelverordnung 1994.

Riding, M.J., Herbert, B.M.J., Ricketts, L., Dodd, I., Ostle, N., Semple, K.T., 2015.
Harmonising conflicts between science, regulation, perception and

environmental impact: The case of soil conditioners from bioenergy. Environ. Int.

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 124



University of Padova-Department of Industrial Engineering Reference

75, 52-67.

Rollett, A., Taylor, M., Chambers, B., Litterick, A., 2015. Guidance on Suitable Organic
Material Applications for Land Restoration and Improvement: Final Report 1-

49.

Sahinkaya, E., Dursun, N., Kilic, A., Demirel, S., Uyanik, S., Cinar, O. 2011.
Simultaneous heterotrophic and sulfur-oxidizing autotrophic denitrification

process for drinking water treatment: Control of sulfate production. Water Res.

45(20), 6661-6667.

Saveyn, H., Eder, P., 2014. End-of-waste criteria for biodegradable waste subjected to

biological treatment (compost & digestate): Technical proposals.

Seadi, T. Al, Lukehurst, C., Saedi, T. Al, Lukehurst, C., Seadi, T. Al, Lukehurst, C.,
2012. Quality management of digestate from biogas plants used as fertiliser. IEA

Bioenergy, Task 40.

Shao, L.-M., He, P.-J., Li, G.-J. 2008. In situ nitrogen removal from leachate by
bioreactor landfill with limited aeration. Waste Manag. 28(6), 1000—1007.

Shou-liang, H., Bei-dou, X., Hai-Chan, Y., Shi-lei, F., Jing, S., Hong-Liang, L. 2008. In
situ simultaneous organics and nitrogen removal from recycled landfill leachate

using an anaerobic—aerobic process. Bioresour. Technol. 99(14), 6456—6463.

Siebert, S., 2007. Quality requirements and quality assurance of digestion residuals in

Germany.

Sisto, R., Sica, E., Lombardi, M., Prosperi, M., 2017. Organic fraction of municipal
solid waste valorisation in southern Italy: the stakeholders’ contribution to a long-

term strategy definition. J. Clean. Prod. 168, 302—-310.

Song, W., Gao, B., Xu, X., Wang, F., Xue, N., Sun, S., Song, W., Jia, R. 2016.
Adsorption of nitrate from aqueous solution by magnetic amine-crosslinked

biopolymer-based corn stalk and its chemical regeneration property. J. Hazard.

Mater. 304, 280-290.

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 125



University of Padova-Department of Industrial Engineering Reference

Steele, M.C., Pichtel, J., 1998. Ex-situ remediation of a metal-contaminated superfund

soil using selective extractants. J. Environ. Eng. 124, 639-645.

Stoknes, K., Scholwin, F., Krzesinski, W., Wojciechowska, E., Jasinska, A., 2016.
Efficiency of a novel “Food to waste to food” system including anaerobic
digestion of food waste and cultivation of vegetables on digestate in a bubble-

insulated greenhouse. Waste Manag. 56, 466—476.

Sun, F., Sun, B, Li, Q., Deng, X., Hu, J., Wu, W. 2014. Pilot-scale nitrogen removal
from leachate by ex situ nitrification and in situ denitrification in a landfill

bioreactor. Chemosphere. 101, 77-85.

Sun, X., Zhang, H., Cheng, Z., 2017. Use of bioreactor landfill for nitrogen removal to
enhance methane production through ex situ simultaneous nitrification -

denitrification and in situ denitrification. Waste Manag. 66, 97-102.

Sverige, A., 2016. Arsrapport Certifierad Atervinning, SPCR 120— produktionséren
2012, 2011, 2010.

Tambone, F., Scaglia, B., D’Imporzano, G., Schievano, A., Orzi, V., Salati, S., Adani,
F., 2010. Assessing amendment and fertilizing properties of digestates from
anaerobic digestion through a comparative study with digested sludge and

compost. Chemosphere 81, 577-583.

Tampio, E., Marttinen, S., Rintala, J., 2016. Liquid fertilizer products from anaerobic
digestion of food waste: mass, nutrient and energy balance of four digestate liquid

treatment systems. J. Clean. Prod. 125, 22-32.

Tampio, E., Salo, T., Rintala, J., 2016. Agronomic characteristics of five different urban

waste digestates. J. Environ. Manage. 169, 293-302.

Teglia, C., Tremier, A., Martel, J.L., 2011a. Characterization of solid digestates: Part 2,
assessment of the quality and suitability for composting of six digested products.

Waste and Biomass Valorization 2, 113-126.

Teglia, C., Tremier, A., Martel, J.L., 2011b. Characterization of solid digestates: Part 1,

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 126



University of Padova-Department of Industrial Engineering Reference

review of existing indicators to assess solid digestates agricultural use. Waste and

Biomass Valorization 2, 43-58.

Torres-Climent, A., Martin-Mata, J., Marhuenda-Egea, F., Moral, R., Barber, X., Perez-
Murcia, M.D., Paredes, C., 2015. Composting of the Solid Phase of Digestate
from Biogas Production: Optimization of the Moisture, C/N Ratio, and pH
Conditions. Commun. Soil Sci. Plant Anal. 46, 197-207.

Tremier, A., Buffet, J., Daumoin, M., Corrand, V., 2013. Composting as digestate post-
treatment: composting behaviour and gaseous emissions of three types of
digestate compared to non-digested waste. 15th RAMIRAN International
Conference. Recycling of organic residues for agriculture: from waste

management to ecosystem services, Jun 2013, Versailles, France. 4 p.

Trzcinski, A.P., Stuckey, D.C., 2011. Parameters affecting the stability of the digestate
from a two-stage anaerobic process treating the organic fraction of municipal

solid waste. Waste Manag. 31, 1480-1487.

Uggetti, E., Sialve, B., Trably, E., Steyer, J.-P., 2014. Integrating microalgae production
with anaerobic digestion: a biorefinery approach. Biofuels, Bioprod. Biorefining

8, 516-529.

Valencia, R., van der Zon, W., Woelders, H., Lubberding, H.J., Gijzen, H.J. 2011.
Anammox: an option for ammonium removal in bioreactor landfills. Waste

Manag. 31(11), 2287-2293.

Wang, Y., Gao, B.-Y., Yue, W.-W., Yue, Q.-Y. 2007. Adsorption kinetics of nitrate from
aqueous solutions onto modified wheat residue. Colloids Surf. A Physicochem.

Eng. Asp. 308(1), 1-5.

Wei, H., Wang, J., Hassan, M., Han, L., Xie, B., 2017. Anaerobic Ammonium
Oxidation-Denitrification Synergistic Interaction of Mature Landfill Leachate in
Aged Refuse Bioreactor: Variations and Effects of Microbial Community

Structures. Bioresour. Technol. 243, 1149-1158.

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 127



University of Padova-Department of Industrial Engineering Reference

Wellinger, A., Murphy, J., Baxter, D., 2013. The Biogas Handbook: Science, Production

and Applications, The Biogas Handbook: Science, Production and Applications.

WRAP, 2009. Quality Protocol Anaerobic digestate End of waste criteria for the
production and use of quality outputs from anaerobic digestion of source-

segregated biodegradable waste, WRAP.

WRAP, 2010. PAS 110: Specification for whole digestate, separated liquor and
separated fibre derived from the anaerobic digestion of source-segregated

biodegradable materials 46.

WRAP, PEC., 2012. A review of enhancement techniques, processing options and
novel digestate products, Enhancement and treatment of digestates from
anaerobic digestion. Waste & Resource Action Programme, Oxon, United

Kindom.

Wu, D., Li, F., Shao, L., He, P.,, 2017. Effect of cycle digestion time and solid-liquid
separation on digestate recirculated one-stage dry anaerobic digestion: Use of
intact polar lipid analysis for microbes monitoring to enhance process evaluation.

Renew. Energy 103, 38—48.

Wu, L., Peng, C., Zhang, S., Peng, Y., 2009. Nitrogen removal via nitrite from
municipal landfill leachate. J. Environ. Sci. 21, 1480-1485.

Wu, L., Zhang, L., Xu, Y., Liang, C., Kong, H., Shi, X., Peng, Y., 2016. Advanced
nitrogen removal using bio-refractory organics as carbon source for biological

treatment of landfill leachate. Sep. Purif. Technol. 170, 306-313.

Wu, W., Hao, Y., Ding, Y., Chen, Y., 2009. Denitrification capacity in response to
increasing nitrate loads and decreasing organic carbon contents in injected

leachate of a simulated landfill reactor. Process Biochem. 44, 486—489.

Xia, A., Murphy, J.D., 2016. Microalgal cultivation in treating liquid digestate from
biogas systems. Trends Biotechnol 34, 264-275.

Xie, B., Lv, Z., Hu, C., Yang, X., Li, X. 2013. Nitrogen removal through different

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 128



University of Padova-Department of Industrial Engineering Reference

pathways in an aged refuse bioreactor treating mature landfill leachate. Appl.

Microbiol. Biotechnol. 97(20), 9225-9234.

Zeng, Y., de Guardia, A., Daumoin, M., Benoist, J.-C., 2012. Characterizing the
transformation and transfer of nitrogen during the aerobic treatment of organic

wastes and digestates. Waste Manag. 32, 2239-2247.
Zeshan, 2012. Dry Anaerobic Digestion of Municipal Solid. These 135.

Zhang, L., Li, A., Wang, J., Lu, Y., Zhou, Y., 2009. A novel aminated polymeric
adsorbent for removing refractory dissolved organic matter from landfill leachate

treatment plant. J. Environ. Sci. 21, 1089—-1095.

Zhang, R., El-Mashad, H.M., Hartman, K., Wang, F., Liu, G., Choate, C., Gamble, P.,
2007. Characterization of food waste as feedstock for anaerobic digestion.

Bioresour. Technol. 98, 929-935.

Zhang, S., Peng, Y., Wang, S., Zheng, S., Guo, J., 2007. Organic matter and
concentrated nitrogen removal by shortcut nitrification and denitrification from

mature municipal landfill leachate. J. Environ. Sci. 19, 647—651.

Zhang, Y., Banks, C.J., Heaven, S. 2012. Anaerobic digestion of two biodegradable

municipal waste streams. J. Environ. Manage. 104, 166—174.

Zhao, Y., Li, H., Wu, J., Gu, G., 2002. Treatment of Leachate by Aged-Refuse-based
Biofilter. J. Environ. Eng. 128, 662—668.

Zhong, Q., Li, D., Tao, Y., Wang, X., He, X., Zhang, J., Zhang, J., Guo, W., Wang, L.,
2009. Nitrogen removal from landfill leachate via ex situ nitrification and

sequential in situ denitrification. Waste Manag. 29, 1347-1353.

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 129



University of Padova-Department of Industrial Engineering Acknowledgements

Acknowledgements

My three-years PhD is a fantastic experience in my life! It is a complex feeling to study
abroad for a PhD degree. At the beginning, everything is new. You are obvious but a
little bit worried. During the mid-term period, you must work very hard to carry out the
PhD activities to meet the requirements of the university. At the end, now, you are
reluctant. It is hard to say goodbye from my respective supervisors, my dear friends and

colleagues. At this moment, what [ want to express from my innermost heart are thanks.

First, I would like to appreciate my official supervisor, Prof. Raffaello Cossu. Without
his invitation, I would not study in such a prestigious university, University of Padova,
which located in a “Bel Paese”, Italy. I believe that all the students enjoy the lectures
delivered by Prof. Cossu. I learn the new concepts, such as sustainable landfilling, urban
mining, circular economy, Back to the Earths, from his wise and humorous lectures.
There is no doubt that what I have learned from Prof. Cossu will guide my future
research and life. This year Prof. Cossu will retire from the university. I wish that he

would have a pleasant life after retirement.

My co-supervisor, Prof. Alberto Pivato, is from Treviso, one of the “most beautiful
cities” in the world. In the summer of 2016, he gave me a torch to light my research
road. At that period, all the negative adjectives, helpless, struggled, anxious, can
describe my mood because I have no idea which topic I should select for my PhD thesis.
His appearance reinforced my confidence on finishing my PhD. Without his
suggestions and patience, I am not able to carry out the experimental works smoothly.
I am also grateful to the help from Prof. Maria Cristina Lavagnolo and Prof. Roberto
Raga. They are experts in the solid waste managements. Their suggestions on all my
research activities, including experiment design, manuscript preparation, participating
academic conferences, etc. are priceless for the completion of my PhD thesis. I am
looking forward to cooperating with them in the future after I find a teaching position

in China. Let’s “China meets Italy” again.

I also appreciate the coordinator of the DII Ph.D. School, Prof. Matteo Strumendo. Prof.

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 130



University of Padova-Department of Industrial Engineering Acknowledgements

Strumendo helps me a lot on my annual presentation.

Now it is turn to my dear friends and colleagues. My kind and helpful colleagues are
including but not limited to Annalisa Sandon, Francesca Girotto, Mubashir Saleem,
Francesco Garbo, Razieh Rafieenia, Valentina Grossule, Giulia Cerminara, Giovanni
Beggio, Rachiele. Mrs. Sandon, as a laboratory technician, offers me tremendous help
on sampling, sample analysis, experimental methods and preparing experimental
materials. Besides, I really enjoy the joyful and relaxing atmosphere in our well-
organized laboratory. I cannot emphasize too much the contribution from Mrs. Sandon.
The help from my lovely friends covers all the aspects of my PhD time. It is my happiest

time to stay with you, joking, “always eating and drinking”.

I also want to express my sincere gratitude to my ex-supervisors, Prof. Shao Liming,
Prof. Pinjing He, Prof Fan Lv, Prof. Hua Zhang, in Tongji University. With their help,
I was prepared and convinced to become a PhD student. Special thanks belong to Prof.
Fan Lv and Prof. Hua Zhang. You trust me and guarantee my scholarship from China
Scholarship Council. During my PhD period, I have met Prof. Pinjing He several times
in Italy. He always encourages me to do excellent research work and learn Italian well.

Until now, I keep his words in mind.

Thank my Chinese friends in Padua for their help and support. Without you, the study
abroad will be endless and lonely. There are Can Lai, Sheng Yang, Yawei Wang, Wenjie
Wang, Chengyin Bai, Xin Jing, Chuanyu Sun, Xiaohuan Sun, Bili Zhong, Bin Zhu and

SO On.

All my love will belong to my wife, my parents, my sister and the nephew. With your

love, I can overcome all the obstacles during my life.

In the end, I would like to thank the financial support from China Scholarship Council.

Wei Peng-Ph.D. Thesis-XXXI cycle-2018 131



