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The management of municipal solid wastes represents one of the biggest challenges for the actual imple-
mentation of the circular economy. While the main “dry” fractions (such as plastics and paper) can be easily
recycled, treatments for both the valorisation of the organic waste and for the disposal of leachate (produced by
the landfilling of unsorted municipal waste) often turn out to be inadequate and expensive. Particularly, the
leachate management is a critical issue since the mature landfill leachate (MLL) must be treated for decades even
after the landfill closure. In this study, an innovative approach is proposed and it consists in an integrated system
of active filters and anaerobic reactors for the simultaneous treatment of both waste streams (i.e., organic waste
and MLL). Firstly, bio-refractory compounds (e.g., metals) present in MLL are removed by filtration on active
materials (i.e., zero valent iron (ZVI) and granular activated carbon (GAC) or ZVI and Lapillus mixtures). The so-
treated MLLs are then used as nutrient solutions for the anaerobic digestion (AD) of market wastes (MW) to
optimize the C/N ratio. Moreover, during the anaerobic digestion, granular active carbon (GAC) is added in some
reactors along with the feeding solution (substrate and pre-treated MLLs) to retain possible refractory or toxic
compounds and to facilitate microorganisms’ activities by promoting the direct interspecies electron transfer
mechanism. MLLs, used as nutrient solutions, lead to a stable AD of MW with a methane yield of about 0.260 NL/
8VSadded- GAC is proved to be also efficient in the enhancement of the methane production as higher methane
yields (about 0.302 NL/gVS,4ded) are obtained in reactors where it is added as a supplement.

1. Introduction pollutant and thermal/electric energy requiring [6], (ii) more efficient

in terms of yield of final products and reduction of low marketable by-

Fossil fuels, in spite of their proved negative environmental impacts
(such as emissions of climate-altering gases), still remain the main
world’s energy source [1-2]. In the next 20 years, COy emissions are
expected to double [2] and greenhouse gases (GHG) to rise to approxi-
mately over 40 billion metric tonnes [1] with consequent irreversible
effects on climate change. In addition, the improper management and
disposal of waste and wastewater threat also environment and human
life. Water ecosystems can be severely damaged by the discharge of
untreated wastewater containing hazardous contaminants or by the in-
efficiency of wastewater treatment plants in removing the pollutants
contained in the wastewater [3-4].

Due to the above-mentioned reasons, it is necessary to search for
easily-produced sustainable energy sources, possibly originating from
waste or residues [5], as renewable feedstocks for the second generation
biofuels production. Moreover, more research should be carried out in
order to make valorization processes of biomasses into energy (i) less
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products [7], (iii) able to recover nutrients and other value-added
products from wastes (including wastewaters) [3]. In other words,
renewable energy sources should be easily accessible and ready to be
obtained [1,8] while process technologies should be environmentally
friendly and cost effective [5].

Nowadays, the management of the municipal solid waste (MSW)
ensures significative results in the recycling of its main “dry” fractions
(such as plastics, glass, paper and cardboard); the unsorted MSW is
commonly disposed of in landfill [9-10] while composting still repre-
sents the main approach to the recovery of the organic fraction of MSW
(OFMSW). In this context, landfilling causes uncontrolled landfill gas
(LFG) emissions [11] as well as production of leachate [10] the liquid
polluted effluent mainly generated from the rainwater infiltration in the
waste through the landfill [12-13]. LFG is mainly composed of methane,
a powerful GHG, and since, even in landfills where advanced biogas
collection systems are present [14-15], it is partly released in the
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atmosphere, its impact on global warming is noticeable [16]. Landfill
leachate is a dark coloured polluted liquid considered one of the main
causes of contamination of superficial and groundwater [12] as it is
characterised by very high concentrations of organic matter, ammonia,
phosphates, sulphides, heavy metals (HMs), chlorinated organic com-
pounds, inorganic salts and other toxic compounds [12].

In addition, the OFMSW is often not properly valorised by the
adoption of technologies directed to energy production such as the
anaerobic digestion (AD). In fact, generally, it is addressed to energy-
consuming composting plants or disposed of in landfills where it in-
creases leachate and LFG emissions.

The composition of the landfill leachate is extremely variable
[10,17-18]: the chemical oxygen demand (COD) varies from about
100 mg L to over 150,000 mg L'l, the biological oxygen demand (BOD)
can reach up to 25,000 mg LY pH varies from 5 to 11, nitrogen (espe-
cially present as ammonia) ranges from 0.2 to 13,000 mg L'! and HMs
from less than 0.01 mg kg ™' to over 10.000 mg kg~ *. The characteristics
of the landfill leachate depend on the waste composition, seasonal
rainfall variations and, in particular, the landfill age, as it changes in
time along with the landfill stabilisation over the years [10,19-20]. For
this reason, the landfill leachate is conventionally defined as young (less
than5 years), intermediate (5-10years) and mature (>10years) ac-
counting the landfill age. The biodegradability index (BOD/COD ratio)
decreases with the landfill age as the organic fraction in the leachate
stabilises over the time [17]. Other constituents and, in particular, HMs
follow the same trend: they rapidly decrease with the landfill age. On the
contrary, ammonium and chlorides production is very slow and conse-
quently their relative importance, among the various constituents, in-
creases with the landfill age [19]. Therefore, processing technologies for
the leachate treatment must be chosen according to its characteristics.

Leachate treatments are commonly classified as biological (aerobic
and anaerobic), physico-chemical processes (such as flotation, coagu-
lation, adsorption and membrane filtration) and/or a combinations of
them [10,12,17]. Biological processes generally show good perfor-
mances in the treatment of the young leachate [10,21] as it is charac-
terised by high amounts of organic matter (COD concentration over
5,000 mg L'} [10,12] and high biodegradability although the presence
of ammonia (generally up to 400 mg L, [12] could seldom limit the
biological activity [17]. Among physico-chemical techniques, nano-
filtration and reverse osmosis are efficiently applied for the removal of
the organic matter [17] so that they also can be used for the treatment of
the young leachate [10,21].

Conversely, few processes can be suitable for the treatment of mature
landfill leachate (MLL), due to the diversity of its physico-chemical
properties. MLL is characterised by a higher concentration of
ammonia compared to the young leachate, lower concentration of COD
(often less than 4,000mg L) and especially lower biodegradability
(BOD/COD is often lower than 0.2) as the degradable organic matter is
consumed during the stabilisation of the landfill [12,22-23]. The low
biodegradability of the MLL is correlated to the presence of bio-
refractory compounds (e.g., humic and fulvic acids), produced by the
anaerobic decomposition of the organic matter [12,18,24]. Conse-
quently, biological processes are not recommended for the treatment of
MLL [24] due to the scarcity of the available substrate and to the pres-
ence of NH3 (up to 3,000 mg L' and above, [25-26], that inhibits the
microorganisms’ activity [18]. Conversely, physico-chemical treatments
are generally suggested for the removal of refractory compounds
[10,17,21]. Absorption by active filtration (such as granular activated
carbon, GAC, or zero valent iron, ZVI) seems to be a potentially suitable
treatment method among the physico-chemical ones as it efficiently
reduces both HMs and part of non-biodegradable organic compounds
[27-29]. ZVI is able to remove HMs through a mechanism of reduction,
adsorption onto its corrosion products, and precipitation and copreci-
pitation of its precipitating oxides [30-31]. The role of GAC in the HMs
removal from the leachate is well known [32-35]. For instance, its
removal efficiency was tested by Wasay et al. (1999) [36] from solutions
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having values pH ranging from 6.0 to 7.7 removing several HMs (Cd™,
Cu(H), Cr(HD, Mn(H), Pb(H), and Zn(H)) in the range of 80-96 % starting
from at an initial concentration of 184 mg/L. GAC can also remove HMs
through sorption on its porous surface as well as through both surface
and pore precipitation [37-38]. Moreover, sorption can also occur by
adding organic matter because HMs in the landfill leachate are thought
to form complexes with it [39].

While young and intermediate landfill leachate can be treated by
using different processes, MLL is difficult to be treated, thus representing
a long-term issue for the management of the municipal sanitary landfill.
The need to find efficient and adequate processes for the treatment of
MLL lays in the necessity of managing the landfill leachate for many
years after the landfill closure according to the current norms, for
example, in the EU and in the US. A moreover, the application of a single
method does not allow the complete (or, at least, partial) removal of all
MLL contaminants: biological processes cannot be applied to MLL for the
reasons mentioned above while treatments, such as coagulation-
flocculation or advanced oxidation processes (AOP), are efficient but
may generate additional chemical sludge - which needs to be treated -
require high oxidant doses thus making processes economically expen-
sive, and are generally used as tertiary treatment (that means after other
treatments) prior to discharge the treated leachate in the environment
[18]. Therefore, it is urgent to find a treatment system for MLL that is, at
the same time, efficient, environmentally sustainable and cost effective.

The treatment of the OFMSW also represents a challenge since
energy-consuming aerobic composting plants are the predominant
technique for its treatment in more advanced management systems,
while in many countries the organic waste is still mainly landfilled with
the consequent adverse impacts in terms of biogas diffused emissions
and leachate production. The switch from an aerobic to an anaerobic
biological process, considering the daily high production of organic
wastes, would allow the recovery of the organic matter in the form of
biogas. The obtained biofuel could be directly used for energy produc-
tion and/or upgraded to obtain high quality methane to be sold in
transport or energy production sectors. OFMSW is basically composed of
three different organic waste streams: the green waste (residues of
pruning derived from the maintenance of private or public gardens), the
food waste (that includes the organic fraction derived from household
and other commercial activities, e.g. restaurants) and the market waste
(MW). The last mainly consists of fruits and vegetables residues, such as
fruit skins, potatoes, onions and other rotten vegetables [40] and is
produced, in huge amount [41-43], and constitutes an easy source that
can be separated even in countries where a simplified MSW manage-
ment is adopted. MW is thought to be a suitable source for biogas pro-
duction as it is characterised by a high level of carbohydrates and
moisture [44]. However, highly degradable sugars are readily converted
to volatile fatty acids (VFAs) and their accumulation causes inhibition of
the process [45] leading to low biogas production [44]. The use of a
source of nitrogen compounds to balance the high Carbon to Nitrogen
(C/N) ratio of the MW, could be an effective solution to enhance the
methane yield and to stabilise the biological process.

Due to aforementioned reasons, a novel approach to the valorisation
of these two waste streams, MW and MLL, is proposed in this research
(Fig. 1. The purpose of the work is to exploit the metal and nitrogen
content of the MLL as a supplement of macro- (nitrogen) and micro- (e.g.
trace metals as Cu, Ni, Zn) nutrients for bacteria involved in the AD [46].
In particular, the supplementation of nitrogen is necessary to balance
the high carbon content of the MW (that is a carbonaceous substrate).
Following this way, it would be possible to turn the problems related to
the management of MLL into an advantage for the biological methani-
sation of the MW. Furthermore, in order to avoid an excessive presence
of HMs, the raw MLL is subjected to a physico-chemical pre-treatment by
means of active granular filters obtained by mixtures of either ZVI and
lapillus and ZVI and GAC [47]. Then, semi-continuous anaerobic
digestion tests are to be carried out at a laboratory scale using pre-
treated MLL and MW. GAC needs also to be added to the reactors
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Fig. 1. Experimental design of semi-continuous anaerobic digestion of fruit and vegetable market waste and mature landfill leachate.

during semi-continuous AD tests with multiple purposes. In fact, it can
stimulate the direct interspecies electron transfer (DIET) mechanism
[48] (which facilitates the syntrophic metabolism between bacteria and
methanogens to degrade organic matter by exchanging free electrons
and protons or using molecular hydrogen or formate [49]. Moreover,
GAC is also useful to isolate possible residual refractory compounds in
order to enhance the process performance. This paper focuses mostly on
the semi-continuous AD test since the pre-treatment has been presented
in detail elsewhere [46].

Results would contribute to define possible new strategies for the
treatment and valorisation of municipal waste streams in the perspective
of a circular economy.

2. Materials and methods

The first phase of the study concerns the treatment of the MLL with
two mixtures of active filtration materials [29,50], ZVI/Lapillus and
ZVI/GAC, with the aim of reducing bio-refractory compounds (espe-
cially HMs). The second phase includes the semi-continuous anaerobic
digestion of the MW, using pre-treated MLL as nutrient solution, and
supplementing GAC in some of the reactors (see experimental design in
Fig. 1.

The treatment of the MLL was carried out by simulating a full scale
active filtration by columns filled with mixtures of ZVI/Lapillus and
ZVI/GAC and according to the detailed procedure described in the paper
of Fazzino et al. (2021) [46] (Fig. 2, a). Due to the daily and seasonal
variability of leachate characteristics and in order to ensure the repro-
ducibility of the experiment, a MLL was reconstructed in our laboratory
according to the typical composition found in literature [46]. The col-
umn tests were carried out for 38 days in columns made of polymethyl
methacrylate (PMMA - Plexiglas). At the end of the tests, treated MLLs
were collected and stored before use for performing the AD of MW. The
detailed characteristics of the MLLs obtained are reported in Section 2.4.

The used ZVI was FERBLAST RI 850/3.5, distributed by Pometon S.p.

Fig. 2. Experimental setup: a) MLL pre-treatment; b) semi-continuous anaer-
obic reactors.

A. (Mestre, Italy) and mainly composed of iron (>99.74 %). The gran-
ular lapillus was distributed by the SEM s.r.l. (Viterbo, Italy) and the
GAC (type CARBOSORB 2040) was provided by the Comelt s.r.l. (Milan,
Italy). The three active materials (ZVI, lapillus and GAC) were chosen
because of their wide availability and cheapness.

2.1. Experimental setup

The experiment includes four reactors designed as A, B, C and D
(Fig. 2, b): the leachate pre-treated by the ZVI/Lapillus mixture was fed
to reactors A and B while the leachate pre-treated with a ZVI/GAC mix
was added to reactors C and D. Reactors B and D were also supplied with
GAC in a concentration of 5 g/L. This concentration was kept constant
during the tests by adding a quantity of GAC in feeding mixtures equal to
that of GAC lost with digestate withdrawals (0.25 g/d).

Each reactor had a total operational volume of 600 mL and an initial
Total Solids (TS) content (1,8%) of the mixture, the 2.3 % in GAC-
amended reactors (i.e., B and D). The Organic Loading Rate (OLR) and
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the Hydraulic Residence Time (HRT) were set at 1.0 gVS/L.d and
20 days, respectively, for the whole duration of tests. The C/N ratio in
the fed material was set at its optimal value of 25 [51] in each reactor by
mixing specific quantities of MW and pre-treated MLL. All tests were
stopped after 80 days of operation (about eleven weeks). In Table 1,
reactor types and pre-treated MLL, water and GAC daily dosages are
reported.

2.2. Semi-continuous AD tests equipment

Semi-continuous anaerobic digestion tests were carried out in 1.1 1
three necks sealed glass reactors (WTW-Germany): the central one was
used to load reactors at the beginning of the tests and then closed by a
stopper; both lateral necks were equipped with valves and flexible tubes
so that periodically allowing, in order, biogas collection, digestate
withdrawal (discharging) and feeding by using a syringe (Fig. 2, b).
Reactors were placed in a thermostatic cabinet at 35+ 0.5 °C (meso-
philic conditions) under continuous mixing, during the tests period, by a
magnetic stirrer. Two or three times per week, biogas generated by the
digestion was withdrawn by a 100 mL graduated syringe [52-54] and its
methane content was evaluated by slowly transferring biogas into an
alkaline trap (NaOH, 3 M). In this way, carbon dioxide, present in the
biogas, was absorbed by the alkaline solution while the remaining
methane volume, collected in the trap, induces, finally, the displacement
of an equivalent volume of solution so that it can be measured in a
graduated volumetric cylinder [48].

2.3. Inoculum, substrate and conductive materials

Inoculum, used in our experiment, was a residual digestate coming
from previous anaerobic digestion tests, carried out in authors’ labora-
tory. Before the beginning of tests, inoculum was sieved and stored at
35°C.

N N
TotalVFAs[mg/L] = | 131140+ (Vyu,, — Vo, ) * sto‘} - {3.08-VPH4_3- e

sample

Vsample

In general, MW consists of rotten fruit and vegetables and originates
from wholesale markets (pre-consumers waste). In order to obtain a
representative sample for a laboratory experiment, it was decided to
prepare a synthetic MW by shredding and homogenising common
commercial fruits and vegetables such as apples, potatoes and carrots
(45%, 49% and 6%, w/w, respectively).

Both inoculum and substrate were characterised by measuring pH,
Total Solids (TS) and Volatile Solids (VS) according to standard methods
[55,56] whereas the C/N ratio of MW was determined through an
elemental analyser TOC-LCSH (Shimadzu, Kyoto - Japan). Results are
summarised in Table 2. Synthetic MW, in particular, fulfills specific
characteristics reported in literature [57,58].

GAC used as conductive material in the AD process, as for the
treatment phase in the column test, was of type CARBOSORB 2040 and

Table 1
Semi-continuous anaerobic digestion tests programme.
Reactor  Leachate GAC Pre-treated Dilution GAC
pre- addition leachate water [mL/ [g/
treatment [mL/d] d] d]
A ZVI1/Lapillus X 20.3 9.7 -
B ZVI1/Lapillus 4 20.3 9.7 0.25
C ZVI/GAC X 21.3 8.7 -
D ZVI/GAC v 21.3 8.7 0.25
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Table 2
Inoculum and substrate characterisation

Parameter Inoculum Market waste
pH 7.9 5.3

Total Solids, TS [%] 2.8% 19.4%
Volatile Solids, VS [%TS] 64.9% 93.3%

C/N - 36.3

was provided by Comelt s.r.l. (Milan, Italy).

2.4. Pre-treated MLLs used as nutrient solutions in semi-continuous AD
tests

After 38 days of continuous operations, relative to each column, a
composite sample of pre-treated leachate was prepared by mixing
weekly samples coming from the respective column outputs. Their
chemical compositions are summarised in Table 3 [46].

2.5. Digestate analyses

The digestate was then withdrawn from each reactor before the
feeding procedure. With the exception for the pH value, that was
measured directly on digestate samples, other analyses were carried out
on average weekly digestates. pH, TS and VS were measured on raw
digestates whereas total Nitrogen (Niy), total Volatile Fatty Acids
(VFAs) and Volatile Organic Acids/Buffering Capacity ratio (FOS/TAC)
were determined on the liquid fractions resulting from digestates
centrifugation (10,000 rpm for 10 min). In particular, the VFAs and
FOS/TAC determination include a four-point titration method [59] in
which 20 mL of the centrifuged digestate was titrated up to pH values of
5.0, 4.4, 4.3 and 4.0, using a 0.1 N sulphuric acid solution. The pa-
rameters were calculated by using equations (1) and (2) [59-60]:

+1000| —10.9 (€9)]

FOS/TAC = [(Vyn,,+1.66) — 0.15]+500
Vi, +250

(2)

where: Vyu,, , Vo, » VpHes » Vps, Stand for volumes (in mL) of added
solution until a pH of 4.0, 4.4, 4.3 and 5.0, respectively, was reached;
Vample stands for the volume (in mL) of the sample (20 mL); Ny, 5o, is the
normality of the acid solution (0.1). VFAs and FOS are calculated as
acetic acid equivalent (mgpac/L) and TAC as lime equivalent (mgcacos/
L).

Table 3
Chemical compositions of pre-treated leachates [46]

Parameter Leachate pre-treatment

ZV1/Lapillus ZVI/GAC
pH 7.5 7.1
COD [mg/L] 2,363 1,533
Niot [mg/L] 860 820
NH4-N [mg/L] 838.7 827.3
Cl' [mg/L] 3,067 3,013
Cu [mg/L] 0.30 0.41
Ni [mg/L] 0.52 0.55

Zn [mg/L] 1.64 0.97
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3. Results and discussion
3.1. Semi-continuous anaerobic digestion tests

The performance of each semi-continuous anaerobic reactor is
mainly evaluated on the basis of the methane production, expressed in
terms of both methane yield and cumulative methane production. The
former represents the volume of methane produced in the digestion
process per mass of VS added in the reactor. When the process runs
stably, it exhibits a constant trend demostrating that biodegradable
matter is thoroughly consumed by bacteria, leading to methane forma-
tion. The latter represents the total volume of methane generated in the
reactor over all the test duration. Alongside these two parameters, the
digestate analyses are also presented in order to complete processes
assessment and to allow a better understanding of their evolution over
time.

Methane yields and cumulated methane productions of all reactors
are depicted in Figs. 3 and 4, respectively.

After the first HRT (20 days), required for the acclimatation of the
microbial consortium, methane yield trends of all reactors remain
practically levelled until the end of tests. In particular, reactors B and D
(supplied with GAC) reach the highest methane yield values. From the
day 20 onwards, methane yields were, on average, 0.297 and 0.302 NL/
gVSadded, respectively, with negligible standard deviations (0.005 and
0.010 NL/gVSadded, respectively). In the same range of time, 0.256 and
0.264 NL/gVSadded (on average) were calculated for reactors A and C,
respectively. Looking at the trends, it can be stated that all processes
were running stably over the tests time and that reactors B and D per-
formed about 14% and 13%, respectively, better than the corresponding
reactors A and C.

The expected MW conversion to methane, through a semi-
continuous anaerobic digestion process, was calculated on the basis of
the MW Biochemical Methane Potential (BMP) assessed by a previous
batch test, carried out on the same substrate used in semi-continuous
tests (data not shown). The BMP of MW was determined as average of
three batch replicates and was found to be 422 + 14.7 NmL/gVSadded-
The expected cumulative methane production from the conversion of
MW through a semi-continuous anaerobic digestion process (dashed line
in Fig. 4 was calculated by reducing of 30% the batch tests production

0.4+

o
w
1

Methane yleld (NL/gvsloaded)
o
N
1

o
Y
1
=3
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(295 NmL/gVSadded) according to the literature, in order to evaluate the
reduction of production in continuous processes with respect to the
batch tests [61-64]. Fig. 4 highlights how methanogenesis proceeds
steadily in all the reactors and cumulative methane production of re-
actors B and D clearly follows the expected methane production from the
MW semi-continuous AD. At the end of all tests, reactors A, B, C and D
produced 13.0, 14.5, 13.2 and 14.3 NL of methane, respectively, versus
the expected cumulative methane production of 14.5 NL. Also from
these data, it is evident how the supplementation of GAC enhances the
process performance.

In Fig. 5, pH trends of the four reactors measured over the tests time
are reported. At the beginning of the tests, a pH of 7.9 was measured in
all reactors. In the first days of digestion, a decrease was observed.
Shortly before completing the first twenty days of acclimatation (day
17), the addition of 2g of NaHCO3; was necessary to stop the pH
decrease. As a result, a peak in pH trends was recorded in all reactors on
day 21. For about two HRT (from day 21 to 59), pH fluctuated around
the acceptable value of 6.8. Within this range of time, four times (days
26, 31, 42 and 46) 2 g of NaHCOj3 were still added to the reactors. At the
beginning of the last HRT, all reactors appeared to severely suffer from
the acidification increase (pH of 6.6 on day 66). This could have affected
methanogenic bacteria since methane generation, in all reactors,
correspondingly slowed down, as it can be observed in Fig. 3. For this
reason, 4 g of NaHCO3; were added to the systems favouring a pH in-
crease up to about 7.0. After that, experiments did not require further pH
adjustments until the end of the tests on day 80 (i.e., three HRT
excluding the start-up). According to Steinhauser and Deublein (2011)
[51] the metabolism of most of methane-forming microorganisms is
considerably suppressed at pH less than 6.7, therefore it can be deduced
that bacteria, involved in the processes, did not suffer acidic environ-
mental conditions during our experiments.

Analyses carried out on weekly digestates withdrawn from respec-
tive reactors are reported in Figs. 6, 7, 8 and 9 (TS and VS, VFAs, FOS/
TAC and Ny contents, respectively).

In general, TS content trends of all reactors were slowly decrease
over tests time indicating that the degradation of the organic solid
matter was higher than the amount of solids added by feeding: the TS
content was found to be reduced of about 1% (absolute value) after
eighty days of digestion in all reactors. Starting from an initial TS fixed

—&— Reactor A
—&— Reactor B

Reactor C
—e— Reactor D

40 50 60 70 80

Day

Fig. 3. Semi-continuous anaerobic reactors methane yield.
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Fig. 5. Semi-continuous anaerobic reactors pH trends.

value of 1.8% in reactors A and C and 2.3% in reactors B and D (larger
due to the GAC presence), after the first week of operation, basically
only in reactor B the solid matter was consumed. Instead, in other re-
actors, TS consumption started to be observed from the second week of
tests. In particular, whilst TS contents of reactors A, B and C appear to
remain almost levelled until the end of the tests, the solid matter of
reactor D shows large variations over the test time probably due to some
sampling problems.

Furthermore, the VS content of all reactors was decreasing during the
experiments. Whereas the same value in reactors supplemented with
GAC was higher due to its contribution. Likewise the TS behaviour, by
analysing VS trends, it can be stated that the rate of conversion of the
biodegradable matter in all reactors was efficient and regular so that no

accumulation of organic matter was detected.

Besides the first two weeks when reactors B and, especially, C had
relatively high concentrations of total VFAs (about 1100 mg/L in the
first week), for the remaining tests time the amount of VFAs was kept
under control in all reactors. Indeed, VFAs values of all reactors ranged
from 241 mg/L (reactor D on week VIII) to 528 mg/L (reactor C on week
III). Since no accumulation of acids did occur, it can be stated that all the
processes proceeded in a stable way.

The FOS/TAC parameter allows the evaluation of the anaerobic
digestion process stability. In general, a FOS/TAC ratio ranging from
0.15 to 0.45 is assumed to be a general reference value for a stable
process. A FOS/TAC ratio lower than 0.15 increases pH values and
decrease organic acids contents (alkalosis) whereas values higher than
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Fig. 6. TS and VS contents in weekly digestates.
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Fig. 7. VFAs contents in weekly digestates.

0.45 entail an excessive accumulation of organic acids (acidosis) [65].
At the beginning of the cycle tests, the FOS/TAC of reactors A, B and C
were relatively high in the first two weeks compared to the remaining
observed values. In particular, in reactor C, the FOS/TAC was higher
than 0.3 in the week II. Nevertheless, FOS/TAC values of all reactors
levelled off from the third week onwards around the value of 0.15 until
the end of the tests. According to Mézes et al. (2011) [60], when the
FOS/TAC is around 0.2, the biomass input is considered low and,
therefore, it would be advisable to increase the organic loading. For this
reason, it is possible to assume that the systems OLR could have been
increased.

The total nitrogen content in reactor A was close to 1,000 mg/L in the
first week of operation and then it reduced down to 570 mg/L on week
I1I. On the fourth week, the concentration of nitrogen rose up to 750 mg/
L before decreasing at the end of the test (480 mg/L on week XI). The
Niot content, in reactor B, ranged from the initial value of 820 mg/L to

530 mg/L on the fourth week before increasing up to 770 mg/L. Besides
the peak at the seventh week, probably an outlier, from the fifth week
onwards, the Ny content followed a downward trend reaching the
lowest value on the last week (280 mg/L). In reactor C, the total nitrogen
content, after an early increase (860 mg/L on week II), declined down to
430 mg/L on week IV. Later, it climbed up to 770 mg/L on week VI with
its trend continuously decreasing until the end of the test (400 mg/L).
Finally, reactor D exhibited the same behaviour, in terms of Ny con-
centration as reactor B.

Concentrations of HMs and chloride ion coming from pre-treated
MLLs in the feed of the anaerobic tests have been preliminary calcu-
lated on the basis of volumes of pre-treated MLLs and dilution water
supplied (Table 4. Under the reasonable hypothesis that both HMs and
chloride ion are unaffected by the biological process in AD reactors and
considering that before the feeding procedure an equal volume of
digestate was discharged, these concentrations were considered as the
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maximum values present in the anaerobic systems over the tests

Tabl,e 4 X o . duration.

Maximum concentrations of HMs and chloride in anaerobic reactors It is worth considering that estimated concentrations were far lower
Reactors Cu [mg/L] Ni [mg/L] Zn [mg/L] Cl [mg/L] than the inhibitory thresholds found to be 500, 100, and 50 mg/L
A B 0.20 0.35 1.11 2,077 respectively for Cu, Ni, and Zn, [66] and 4-9 g/L for the chloride ion
CD 0.29 0.39 0.69 2,140 [67]. As consequence, it can be also stated that the low amount of pre-

treated added MLLs as well as the water dilution and inoculum would
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significantly reduce the concentration, in A-D reactors, of other persis-
tent contaminants possibly present in leachates (e.g., pharmaceuticals
and microplastics).

Inhibition of hydrolysis and methanogenesis, due to humic sub-
stances as described by Li et al. (2019) and Fazzino et al. (2021) [46,68]
did not occur in our experiment, albeit the humic acids presence in the
leachate, is probably due, at first, to three factors: i) the synergic/
antagonistic interactions occurring among chemicals (trace metals, an-
ions, organic compounds) in the anaerobic systems; ii) the choice of a
relatively large HRT (i.e., 20 days) allowing methanogens to take the
right time to grow; iii) the role played by the GAC described below.

Previously, Liao et al. (2014) [69] have performed a stable single-
batch anaerobic digestion of the food waste (methane yield of 369 —
466 mL/gVS) at high OLR (41.8 gVS/L) by adding the raw leachate,
found to be able to prevent the acidic inhibition of the process. In fact,
according to the authors, the introduction in the system of all the
ammonia present in the leachate, buffered the VFAs accumulation as
well as providing bacteria, feeded by the ammonia presence. This
mechanism could have been trigged in this experiment since both VFAs
and ammonia remained almost levelled over the tests time (Figs. 7 and 9
and well below the inhibitory thresholds found in the literature [51,70].
Guven et al. (2018) [71] performed a co-digestion of OFMSW and
landfill leachate with and without sewage sludge, testing different ra-
tios. Particularly, the co-digestion of OFMSW and leachate led to a
methane yield of 0.232 NL/gVSaqded, consistent with the results of re-
actors A and C of this experiment (i.e., 0.256 and 0.264 NL/gVSadded ON
average, respectively, Fig. 3 even if leachate in Guven et al.’s study could
be classified as young because of its high biodegradability. For this
reason, the enhancement of the methane production due to GAC addi-
tion (i.e., methane yields of 0.297 and 0.302 NL/gVS,ddeq On average,
respectively for reactors B and D, Fig. 3 is remarkable.

On the other hand, from the analyses of some digestates parameters,
it can be inferred is that reactors appear to be underloaded. Particularly,
downward trends of TS and VS (Fig. 6 suggest that processes consume
more organic solid matter than that added on feeding the systems. This
observation is confirmed by the relatively low FOS/TAC values during
the regime phase (Fig. 8 and this contributes to explain the low biomass
input in the systems. Also, VFAs concentrations (Fig. 7 turn out to be
well below the inhibitory thresholds found in literature [72]. Being the
AD of food and market wastes potentially problematic because of low
methane yields and fast acidification, due to its high simple sugars
content [73], the maximum OLR for the process, was found to be below
3 gVS L''d? [74] and several authors report satisfactory methane pro-
ductions (0.5 NL/gVS,44ed On average) for a HRT of 20 days or more
[40,74-75]. For these reasons, in a further research, OLR could be
increased in order to optimize the process.

It was demonstrated that GAC supplied to reactors B and D makes the
digestion process more efficient in terms of methane generation compared
to reactors A and C (controls) where no GAC was added. The GAC bene-
ficial action in anaerobic digestion processes is known to be related to its
capacity to stimulate the DIET mechanism, namely promoting electron
transfer among bacterial species involved in the biological process [76]. In
this experiment, the GAC presence enhances the methane yield by 13 —
14% (Fig. 3 as also observed, for instance, by Peng et al.’s (2018) [77]. In
this case the GAC addition to the anaerobic digestion of sludge increases the
methane yield by 13.1%. Furthermore, the establishment of the DIET
mechanism can shorten the lag time for the start-up of the anaerobic
digestion by 6 — 65% [78]. In this study, when GAC-amended reactors
reach their regime phase after 19 days, methane yields of control reactors
(i.e., A and C) continue to smoothly rise until the value was stabilized on
day 40, (Fig. 3. On the other hand, the improvement of the methane con-
tent in the produced biogas was not observed (on average, roughly 64% of
methane in biogas was generally recorded in all reactors at regime phase)
although carbon materials are known to raise the CH4 content [79].
Furthermore, carbon-based materials can adsorb toxic organic compounds
from an anaerobic system so reducing the wastewater toxicity [80-81]. For
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Table 5
Maximum expected HMs concentrations in digestate.

Reactor Cu [mg/kgrs] Ni [mg/kgrsl Zn [mg/kgrsl
A 24.1 41.7 131.7
B 20.2 35.1 110.6
C 35.9 48.2 85.0
D 35.1 47.1 83.1

this reason, it can be reasonably supposed that the GAC presence better
protects reactors B and D from the inhibitory effect of humic substances
added with leachates.

Finally, concentrations of HMs in weekly collected digestates were
calculated, under the hypothesis that the biological process does not
affect their amount, by separating expected regime concentrations of
HMs, in anaerobic reactors (Table 4, by total solid contents of weekly
digestates (Fig. 6. Results are reported in Table 5 only for the worst case
possible (lowest amount of TS in digestates) that corresponds to the
maximum expected HMs concentrations.

Values reported in Table 5 widely fulfil the limits set by the Italian
Standard for waste admission to compost production (i.e., 1,000 mg/
kgrs, 300 mg/kgrs, 2,500 mg/kgrs for Cu, Ni and Zn, respectively). This
implies that HMs addition during anaerobic digestion processes does not
affect the quality of effluents eventually employed as material for
compost production and this definitely closes the loop of leachate and
market waste treatment.

4. Conclusions

This study presents a novel system for the treatment of both the
mature landfill leachate and market wastes. Active materials, consisting
of mixtures of ZVI/Lapillus and ZVI/GAC, were used as adsorbent filters
for the treatment of MLL and, subsequently, as a nutrient solution in the
AD of market wastes to balance the C/N ratio and to provide an adequate
concentration of micro- and macro-nutrients to microorganisms. The
obtained pre-treated MLLs were added to two semi-continuous AD re-
actors fed with MW (A and C, used as controls) and then to reactors (B,
D) in which GAC was supplemented along with the main substrate to test
its ability to retain bio-refractory compounds and to facilitate the DIET
mechanism.

Taking into account all results obtained, it can be stated that all
processes stably run and no sign of inhibition occurs. Besides, pre-
treated MLLs seem to not negatively affect the MW/AD regardless of
the type of the active filter material used. Rather, it was demonstrated
that, under specific operational conditions, MLLs can be successfully
employed in AD of MW with the double aim of balancing the C/N ratio of
carbonaceous substrates and providing microorganisms with micro-
nutrients. Methane yield and cumulative methane production were
stable and constant in all tests. Better performances in terms of methane
yield (about 0.302 NL/gVS,qded) Were detected in the reactors where
GAC was added compared with those fed without its supplement (about
0.260 NL/gVSadded)- The degradation of the organic matter during the
tests was confirmed by the analyses of TS, VS, VFAs and total ammonia
compared with their respective initial values so that even a higher OLR
could be adopted in further studies. Finally, HMs concentrations, in the
effluent, do not affect the quality of the digestate that can be used for
further compost production.
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