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Abstract: Anaerobic digestion (AD) represents an advantageous solution for the treatment and
valorization of organic waste and wastewater. To be suitable for energy purposes, biogas generated
in AD must be subjected to proper upgrading treatments aimed at the removal of carbon dioxide
and other undesirable gases. Pressurized anaerobic digestion (PDA) has gained increasing interest in
recent years, as it allows the generation of a high-quality biogas with a low CO2 content. However,
high pressures can cause some negative impacts on the AD process, which could be accentuated
by feedstock characteristics. Until now, few studies have focused on the application of PAD to the
treatment of real waste. The present work investigated, for the first time, the performance of the
pressurized anaerobic digestion of raw compost leachate. The study was conducted in a lab-scale
pressurized CSTR reactor, working in semi-continuous mode. Operating pressures from the atmospheric
value to 4 bar were tested at organic loading rate (OLR) values of 20 and 30 kgCOD/m3d. In response
to the rise in operating pressure, for both OLR values tested, a decrease of CO2 content in biogas
was observed, whereas the CH4 fraction increased to values around 75% at 4 bar. Despite this
positive effect, the pressure growth caused a decline in COD removal from 88 to 62% in tests with
OLR = 20 kgCOD/m3d. At OLR = 30 kgCOD/m3d, an overload condition was observed, which
induced abatements of about 56%, regardless of the applied pressure. With both OLR values,
biogas productions and specific methane yields decreased largely when the pressure was brought
from atmospheric value to just 1 bar. The values went from 0.33 to 0.27 LCH4/gCODremoved at
20 kgCOD/m3d, and from 0.27 to 0.18 LCH4/gCODremoved at 30 kgCOD/m3d. Therefore, as the pressure
increased, although there was an enhanced biogas quality, the overall amount of methane was lowered.
The pressured conditions did not cause substantial modification in the characteristics of digestates.

Keywords: biogas; biomethane; compost leachate; pressurized anaerobic digestion

1. Introduction

Energy consumption increases every year with technological and social development
causing significant environmental impacts. In recent years, the exploitation of organic
waste as a source to produce energy and to recover chemical compounds has gained
increasing interest [1–6]. Among the different technologies, anaerobic digestion (AD)
is widely used [1,2,7–9], as it represents a sustainable approach to obtain biofuel and
bioproducts from the treatment of wet biomass [8–10]. AD evolves according to a series of
biochemical reactions involving different groups of microorganisms [3]. A wet digestate
and biogas are generated because of the organic matter degradation under anaerobic
conditions. Digestate can be generally used for agronomic purposes, due to its high
nutrient content [11–15]. Biogas is a mixture mainly composed of methane (CH4) and
carbon dioxide (CO2), with a lower heating value (LHV) of about 21.5 MJ/m3 [14]. It also
contains traces of other non-condensable gases such as H2S, H2, N2, NH3, O2, CO, volatile
organic compounds (VOCs), and steam [13,14,16]. Biogas composition varies according
to the type of feedstock and the process conditions. Generally, the content of CH4 ranges
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between 55 and 65%, while the fraction of CO2 is between 35 and 40%. However, CO2
percentage can reach 50%, which leads to a reduction in the LHV value [17].

The use of biogas for energy purposes requires the application of effective upgrad-
ing treatments to remove CO2 and other undesirable gases [4,13,15,18]. These treatments
permit the production of biogas with a CH4 content greater than 95% [4,13,15,19–21].
Upgrading technologies such as adsorption, high-pressure washing, high-pressure ad-
sorption, cryogenic separation, and membrane separation are widely used in current
practices [4,13,15,20,22]. However, these technologies are affected by high costs, clogging
and foaming phenomena, water and energy consumption, and process complexity [4,13,15].

In particular, the high costs for biogas upgrading make biomethane less attractive
than other biofuels [23]. In recent years, a lot of research has been carried out to reduce
the drawbacks related to the purification of biogas. In this regard, pressurized anaerobic
digestion (PAD) has attracted great attention [23–26]. In pressurized anaerobic digestion
the pressure of the biogas is gradually autogenerated during fermentation. Therefore, PAD
processes are carried out at pressures greater than atmospheric, which allows the obtainment
of a biogas with a high methane fraction and a low carbon dioxide content [23,27]. This is due
to the different properties of CH4 and CO2. Methane has a very low solubility in water
and mainly remains in the gaseous phase, regardless of the pressure conditions in the
digester. CO2 is characterized by greater solubility that significantly grows with increasing
pressure [28,29]. Consequently, the pressure rise causes a greater solubilization of carbon
dioxide in the liquid phase, which results in a biogas with a higher CH4 fraction and a
greater LHV value than that generated under atmospheric conditions. PAD processes have
so far been tested within the pressure range of 1–100 bar [30,31].

Merkel et al. [29] observed a CH4 growth from 79.08% at 10 bar, to 90.45% at 50 bar.
Lindeboom et al. [27] monitored CH4 yields between 90% and 95% at pressures up to
90 bar. Bär et al. [32] found that the two-stage high-pressure digestion in biofilm reactors
significantly improves the biogas quality at high operating pressure. In particular, methane
fractions up to 85% were achieved at an operating pressure of 25 bar, whereas a CH4
percentage of 93% was detected by feeding the methanogenesis reactor with permeate
from a microfiltration pretreatment [32]. Chen et al. [25,33] detected an increase in the CH4
fraction from 66.2 to 74.5% by raising the pressure from 1 to 9 bar, during the treatment
of grass silage leachate in two-stage pressurized reactors. In addition to the generation of
a biogas with a high CH4 content, PAD could potentially improve the characteristics of
the digestate. Indeed, high pressures in the reactors promote the solubilization of nutrient
compounds in the liquid phase [19,33,34]. In agreement with this statement, Latif et al. [34]
detected an enhancement in soluble phosphate concentration working at 6 bar. Despite
these benefits, PAD may suffer from some negative aspects. In particular, the greater CO2
solubilization could lead to an excessive reduction of pH, inhibiting the methanogens
activity [25]. This is particularly relevant when wastes with a considerable content of easily
degradable substrates are digested. On the other hand, some studies have postulated that
high levels of total Kjeldahl nitrogen (TKN) in the feedstock could lead to the formation
of ammonia sufficient to increase the buffer capacity, and to hinder the pH drop induced
by the CO2 solubilization [19]. Other works have stated that the accumulating pressure
impacts on microorganism consortium cause the inhibition of the methane production
yield [35]. These considerations make clear the need for further research to assess the actual
performance of PAD in relation to the type and characteristics of the waste to be digested.

Until now, PAD has been mainly tested in the digestion of synthetic substrates [24,27],
activated sludge [34], and silage waste [19,25,26,29,33]. In the present work, the pressurized
anaerobic digestion of compost leachate, generated by the aerobic stabilization of the
organic fraction of municipal solid waste, was investigated. This is a new contribution to
the development of PAD as, to the best of our knowledge, no previous work has focused
on the treatment of compost leachate in pressurized digesters. This type of wastewater is
produced in large quantities worldwide, and has peculiar characteristics such as a high
content of organic matter with considerable aliquots of volatile fatty acids (VFA), acidic
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pH, high salinity, etc. [1,36,37]. The experiments were conducted on a pilot plant, working
in semi-continuous mode under mesophilic conditions. The study assessed the effects
of pressure increase, at different organic load rate (OLR) values, on process performance.
Biogas composition, specific biogas yield (SBY), specific methane yield (SMY) and the
main process parameters such as pH, VFA/alkalinity ratio, nutrients concentrations, etc.,
were evaluated in response to the pressure change. In addition, the characteristics of the
produced digestates were analyzed.

2. Materials and Methods
2.1. Materials

In this study, compost leachate from a tunnel composting facility located in Rende near
Cosenza (Calabria Region, Italy) was used as feedstock. Activated sludge, collected from
the recirculation line of the wastewater treatment plant of Lamezia Terme (Calabria Region,
Italy) and maintained in anaerobic conditions for 15 days, was used as inoculum for the
AD start-up. This operation mode was selected on the basis of our previous works, which
proved the applicability of activated sludge for the inoculation of an anaerobic digestion
process [1,5]. The samples were stored in 30 L tanks at 4 ◦C, to avoid any degradation.

2.2. Pressurized Pilot Plant

The PDA tests were performed using a laboratory pilot-plant designed and built in
the Laboratory of Sanitary and Environmental Engineering of the University of Calabria.
The pilot plant was composed of a completely stirred tank reactor (CSTR), and some
auxiliary devices (biogas measurement system, heating device, connecting pipelines, and
data acquisition system) (Figure 1a). The digester consisted of a 3 L cylindrical reactor,
made of stainless steel 316 and wrapped in an insulated heating jacket, able to withstand
high operating pressures (up to 40 bar). The overall unit was hermetically closed by a
top flange provided with a nozzle pipe suitable for feeding the leachate and collecting
the digestate (Figure 1b). The digester was equipped with a vertical steel mixer powered
by a gear motor. Mesophilic conditions (37 ◦C) were maintained by a heating device
connected to the reactor. The pressure inside the reactor was controlled by a system of
adjustable valves.

The produced biogas was left inside the reactor until the set pressure value was
reached. At the required pressure, the excess biogas was extracted from the reactor.

The biogas measurement system consisted of a vertical cylindrical PVC tank divided
into two equal septa, communicating with each other by a pipe (Figure 1c). In the lower
septum, two silicone pipes were connected to a two-way solenoid valve that allowed the
inlet and outlet of the biogas (Figure 1c). The system operated as described below.

The produced biogas flowed from the digester in the lower septum, which was initially
filled with water. The volume of biogas progressively displaced the water from the lower
to the upper septum. Therefore, the lower septum was gradually filled with biogas and,
simultaneously, the upper septum became filled with water. Once the maximum level was
reached, the solenoid valve discharged the biogas from the lower septum and the system
returned to the initial condition. The water level in the upper compartment was measured
by an ultrasonic sensor (Microsonic® mic + 25/DIU/TC; Microsonic GmbH, Dortmund,
Germany), equipped with integrated temperature compensation. The sensor sent an
analogue signal to the PLC (Arduino® Mega 250; Arduino, Turin, Italy) that switched it
into biogas volume.

2.3. PDA Experimental Set-Up

The effects of the pressure increase on the AD performance at high OLR values
were investigated. In particular, five operating pressures, from atmospheric to 4 bar,
and two different organic loading rate (OLR) values, 20 kgCOD/m3d and 30 kgCOD/m3d,
were tested.
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The OLR were selected to investigate PAD in an optimal condition (20 kgCOD/m3d)
and in an unfavorable state (30 kgCOD/m3d). In fact, our previous studies proved that,
under atmospheric conditions, the digestion of compost leachate can efficiently evolve up to
a high OLR of about 25 kgCOD/m3d, beyond which the performance rapidly deteriorates [1].

Before performing the pressurized tests, the reactor was inoculated with activated
sludge that was maintained in anaerobic conditions for 15 days. After the preliminary phase,
the CSTR was started in semi-continuous mode keeping the working volume at 1.5 L. The
organic loading rate was gradually increased up to 20 kgCOD/m3d. Subsequently, holding
the OLR of 20 kgCOD/m3d, the pressure was increased stepwise from the atmospheric
value up to 4 bar. At this pressure, the OLR was then brought to 30 kgCOD/m3d. Finally,
keeping the last OLR constant, decreasing pressures were applied until the atmospheric
value was re-established. For each OLR, the values of pressure were maintained for two
weeks. The average values of the parameters monitored during these two weeks were
assumed and presented in the following sections.

The feeding of the reactor and the extraction of the digestate were carried out manually.
PDA tests lasted approximately five months, during which no additional chemicals were
added. For each operating condition, a chemical–physical characterization of digestate was
carried out.

2.4. Analytical Methods

Conductivity and pH were measured through benchtop analyzers (Crison BASIC 30
EC, Crison BASIC 20 pH; Hach Lange, Barcelona, Spain). Total solids (TS) and volatile solids
(VS) were measured by weight analysis after drying the samples at 105 and 550 ◦C [38].
Alkalinity was measured by the potentiometric method [38]. Total COD and soluble COD
were measured after digestion with potassium dichromate (K2Cr2O7 0.5N) and volumetric
titration with ammonium iron sulphate (NH4)2Fe(SO4)2·6H2O [38]. Volatile fatty acids
(VFA) were detected after distillation of the sample (VELP UDK 127 distillation unit; VELP
Scientifica srl, Usmate, MB, Italy) and titration with sodium hydroxide (NaOH 0.01N) [38].
Ammonia nitrogen (N-NH4

+), orthophosphates (P-PO4
3−) and sulphates (SO4

2−) were
detected by spectrophotometric analysis with a UV-Vis (Thermo Spectronic Genesys 10uv;
Thermo Fischer Scientific, Waltham, MA, USA) [38]. Metals were determined, after calcina-
tion of the sample at 550 ◦C, with atomic absorption spectrophotometry (GBC 933 PLUS;
GBC Scientific Equipment, Braeside, VIC, Australia) [38]. Each analysis was carried out in
triplicate. The biogas production was detected at standard conditions. Methane percentage
was detected daily after acidic gases and carbon dioxide neutralization through sodium
hydroxide, as described in our previous work [1].

3. Results and Discussion
3.1. Composting Leachate and Activated Sludge Characteristics

Composting leachate used in this study was characterized by a moderately acidic
pH of 5.3, and by a notable conductivity value of around 5.6 mS/cm (Table 1).

A large amount of organic matter was detected with a COD concentration equal to
66.5 g/L and a soluble fraction of about 80%. Moreover, a very high content of volatile
fatty acids (VFA), close to 15.2 gCH3COOH/L, was observed. The total Kjeldahl nitrogen
concentration (TKN) resulted of about 1.5 gN/L, and the ammoniacal form was found to
be 0.66 gN/L. Remarkable quantities of orthophosphate (P-PO4

3−) and sulphate (SO4
2−)

were also measured. Due to the low pH value, dissolved metals such as Zinc (Zn), Nickel
(Ni), Iron (Fe), Lead (Pb), and Manganese (Mn) were detected.

The characteristics presented above are representative of a leachate with a low matu-
ration degree, generated in a composting process that evolved in micro-aerobic conditions.
In fact, the values of total and solubilized COD indicate that the organic matter was not yet
degraded. Furthermore, the large amount of VFA and the acidic pH suggested that the bio-
logical transformations evolved with lack of oxygen, similarly to the typical acid-acetogenic
phases in fermentation processes.
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Table 1. Characteristics of raw compost leachate and activated sludge (d.l. detection limit).

Parameters Measure Unit Compost Leachate Activated Sludge

pH - 5.35 ± 0.2 6.87 ± 0.1
Conductivity mS/cm 5.62 ± 0.1 1.19 ± 0.1

TS g/L 61.89 ± 2.01 10.85 ± 0.08
VS g/L 38.23 ± 2.11 8.91 ± 0.09

COD g/L 66.50 ± 3.5 12.84 ± 0.33
CODsol g/L 54.28 ± 0.24 1.76 ± 0.11

Alkalinity gCaCO3/L 12.56 ± 0.77 0.51 ± 0.04
VFA gCH3COOH/L 15.23 ± 0.78 0.08 ± 0.003
TKN g/L 1.52 ± 0.14 3.05 ± 0.32

N-NH4
+ g/L 0.66 ± 0.05 1.40 ± 0.11

P-PO4
3− g/L 0.55 ± 0.03 0.039 ± 0.003

SO4
2− g/L 0.45 ± 0.028 0.088 ± 0.002

Ca2+ g/L 3.55 ± 0.021 0.098 ± 0.002
Mg2+ g/L 0.82 ± 0.036 0.039 ± 0.001

K+ mg/L 0.61 ± 0.017 <d.l.
Fe2+ mg/L 113.8 ± 4.1 0.31 ± 0.01
Pb2+ mg/L 34.37 ± 1.1 <d.l.-
Mn2+ mg/L 10.61 ± 0.21 0.10 ± 0.005
Zn2+ mg/L 20.02 ± 0.4 <d.l.-
Ni2+ mg/L 0.21 ± 0.01 <d.l.-

The properties of inoculum were in line with the values of a typical activated sludge
taken from the recirculation line of a municipal wastewater treatment plant. In particular, a
total solids (TS) content of 10.8 g/L and a volatile fraction of 82% were found.

3.2. Performance of PAD
3.2.1. COD Removal

The characterization of the feedstock used during the experiments showed a high
content of organic matter, which could lead to a notable biogas production. However, some
of the leachate properties have the potential to hinder the evolution of the digestion process.
Indeed, the acidic pH and the high level of VFA are adverse factors that can inhibit the
methanogens activity. These negative effects can be overcome if an adequate buffer capacity
is reached in the digester [1]. However, as previously described, the consequences of low
pH values and great amounts of VFA could be even more marked in pressurized anaerobic
digestion. The experiments conducted permitted to verify whether high-pressure digestion
is suitable for the treatment of compost leachate.

In this regard, PAD tests were carried out at 20 and 30 kgCOD/m3d, varying the process
pressure between the atmospheric value up to 4 bar. Under atmospheric conditions the
removal yield was around 88 and 56% at 20 and 30 kgCOD/m3d, respectively (Figure 2).
These values, in agreement with our previous work [1], confirmed that at atmospheric
pressure, the anaerobic digestion of compost leachate significantly deteriorates when the
OLR exceeds values of about 20 kgCOD/m3d. This deterioration of COD conversion is
a clear consequence of a substrate overload condition. With the highest OLR applied,
the organic matter abatement was independent of the operating pressure, and fluctuated
between 50 and 60%. On the other hand, the detected results proved that the pressure
growth causes a significant negative effect on COD degradation when the process operates
under favorable OLR values. Indeed, at an OLR of 20 kgCOD/m3d, the pressure increase
led to a decrease in COD removal efficiency from 88% at atmospheric pressure, to 62% at
4 bar (Figure 2).

In particular, there was a marked reduction in COD yield in response to a slight
pressure increase to just 1 bar. Above this value, a slower decreasing trend of the COD
abatement was observed.
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The adverse impact of pressure on COD removal was reported in previous studies [25,34,36,39].
Latif et al. [34], in a single-stage reactor, achieved COD removal efficiencies about 35 and
30% at 4 bar and 6 bar, respectively. Chen et al. [25] raised the working pressure to 9 bar and
observed a worsening of the process performance at high OLR values and short hydraulic
retention times.

3.2.2. Biogas Production and Composition

At OLR = 20 kgCOD/m3d, the trend of biogas production, as a function of process
pressure (Figure 3), was generally consistent with the amounts of COD removed (Figure 2).
Indeed, due to the substantial reduction in COD abatement with the pressure growth to 1
bar, the generated biogas showed a similar decrement. In particular, the biogas volume
diminished by approximately 23% from 16.8 L, recorded at atmospheric pressure, to 12.8 L,
at 1 bar. The production further decreased to about 10.4 L as the pressure increased to 4 bar
(Figure 3).
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At OLR = 30 kgCOD/m3d, despite the lower yield in COD degradation, the volume
of biogas produced by operating at atmospheric pressure (16 L) was quite similar to
that detected at 20 kgCOD/m3d (Figure 3). This can be explained by the fact that the
overall amount of COD converted in atmospheric conditions was analogous with the
two OLR values tested. With the growth in pressure there was a stabilization of the
biogas production, and the values ranged between 9.28 and 9.87 L. The results presented
above indicate that, as the pressure grows, the organic matter digestion and the biogas
production deteriorate, and this effect is more marked at 20 kgCOD/m3d. On the other
hand, the quality of biogas was notably improved by the increase in pressure. Indeed,
as shown in Figures 4 and 5, at increasing pressure a linear increase in CH4 percentage
was detected for both applied OLR values. In particular, the methane fraction grew by
approximately 12–14% from the percentage of 62% at atmospheric pressure, to 74–76% at
4 bar (Figures 4 and 5). The enhancement in methane fraction can be attributed to the higher
solubilization of CO2 at increasing pressure generated in the reactor. This was confirmed
by the progressive decrease in the CO2 aliquot in the biogas. The improvement in biogas
composition represents an undoubted advantage of PAD processes which was proven
in several previous works. In particular, Lindeboom et al. [24] observed an increase in
methane from 49 ± 2% up to a maximum of 73 ± 2% at 5 bar in the digestion of starch. The
authors found that no further improvement in biogas composition occurred at pressures
above 5 bar. Other works, however, reported an enhancement in biogas quality at pressures
above 10 bar. Merkle et al. [29] observed an increase in CH4 content to over 90% at 50 bar,
by treating leachate of grass and maize silage.

In our experiments, despite the enhancement in biogas quality, the overall amount
of methane decreased with the pressure rise. Indeed, the reduction in the volume of
produced biogas was not compensated by the increase in the CH4 fraction. Therefore,
higher pressures in the reactor led to lower methane yields.

The worsening of the process performance was confirmed by the trends of the specific
biogas yield (SBY) and of the specific methane yield (SMY) (Figures 6 and 7), defined as the
volume produced per gram of COD removed.
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organic load rate (OLR) of 20 kgCOD/m3d.

In particular, at an OLR of 20 kgCOD/m3d, in agreement with our previous work, the
SMY was around 0.33 LCH4/gCODremoved operating in atmospheric conditions (Figure 6).
This value is quite close to the stoichiometric yield at 37 ◦C, equal to 0.4 LCH4/gCODremoved,
which confirms the high efficiency obtainable on the digestion of compost leachate, even at
such a high OLR value [1,3]. There was a consistent decrease in SMY and SBY, bringing the
pressure to 1 bar while, beyond this value, the variations were not significant.

By working at OLR = 30 kgCOD/m3d and atmospheric pressure, there was a worse
conversion of the organic matter, and lower SMY and SBY were detected than those
achieved at 20 kgCOD/m3d (Figures 6 and 7). The yields underwent a reduction of about
35% with the pressure rise to 1 bar (Figure 7), beyond which SMY and SBY oscillated
around 0.18 LCH4/gCODremoved and 0.25 L/gCODremoved, respectively. Consistent with our
results, Chen et al. [25] found a notable attenuation of the specific methane yield between
1.5 bar to 9 bar, when the OLR was raised over to 15 kgCOD/m3d. Li et al. [40] observed
a production yield at a pressure of 3 bar, significantly higher than that detected at 10 bar.
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Lemmer et al. [26] found a decrease in the SMY in the digestion of grass/maize-silage from
303.8 ± 47.2 mL/gCODadded to 258.0 ± 45.3 mL/gCODadded, at increasing pressure from
1 bar to 9 bar. The same authors [39] reported a stable value of the specific yields between
10 and 30 bar. These statements suggest that the greatest negative effects on SMY occur
at moderate increases in pressure, and then the specific productions tend to stabilize. In
particular, our results showed that the reduction in SMY and SBY mainly occurred at 1 bar.
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3.2.3. pH and VFA/Alkalinity

Generally, the deterioration of digestion performance is attributed to the decrease
in pH caused by the greater CO2 solubilization with increasing pressure. Moreover, this
phenomenon can favor the activity of acetogenic bacteria leading to an accumulation
of VFA in the reactor [24], which further accentuates the acidification of digesting mix-
ture. Clearly, such an effect could cause the inhibition of methanogens and, therefore,
lower methane production. Our results confirmed the reduction in pH with the pressure
growth, and decreasing linear trends were detected for both OLR values tested (Figure 8).
At OLR = 30 kgCOD/m3d the pH values were always lower than those measured at
20 kgCOD/m3d (Figure 8), as a consequence of higher levels of VFA. In fact, as shown
in Figure 9, at atmospheric pressure the VFA reached a value around 7.5 gCH3COOH/L,
while the concentration was below 6 gCH3COOH/L at 20 kgCOD/m3d. The higher amount
of VFA found at OLR = 30 kgCOD/m3d corresponded to a greater value of VFA/Alkalinity
that overcame 0.45 gCH3COOH/gCaCO3 (Figure 10). These values are representative of an
overload condition (excessive OLR value) that justifies the lower digestion performance
detected at atmospheric pressure. With increasing pressure, both the VFA concentrations
and VFA/Alkalinity ratio increased. Therefore, under overload conditions (30 kgCOD/m3d)
the pressure increase aggravates the digestion upset by promoting the accumulation of
volatile fatty acids. However, with an organic load of 20 kgCOD/m3d, the pH values (Figure 8)
were significantly higher compared with those monitored at 30 kgCOD/m3d and, further-
more, the concentration of volatile fatty acids did not show a significant accumulation
with the operating pressure (Figure 9). Consistent with the trend of VFA, the values of
VFA/Alkalinity were always below 0.41 gCH3COOH/gCaCO3 (Figure 10). According to our
previous study, these values are tolerable in the digestion of compost leachate in CSTR
systems without the occurrence of inhibition effects [1]. Based on these considerations,
at OLR = 20 kgCOD/m3d the deterioration in biogas production with increasing pressure
is not related to acidification conditions. Therefore, it can be affirmed that, contrarily to
that hypothesized in some literature reports, the pressurized conditions in the digestion of
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waste with a high content of easily degradable substrates, such as compost leachate, do not
cause detrimental acidification of mixture if suitable OLR values are applied.
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Other mechanisms probably play a role in the adverse effects of pressure on the evo-
lution of digestion. Some authors argued that high-pressure conditions can reduce the
hydrolytic capacity of the system, which would be consistent with the lack of VFA accumu-
lation. Other research took into consideration the effects of pressure in microbial community
and microbial activity. Under pressurized conditions, a lower diversity and richness in
microbial species was observed. Abe and Horikoshi [41] reported that the growth rates
of piezosensitive microbes drop with the pressure. At high pressures, Li et al. [40] found
a low abundance of Archea able to use the hydrogenotrophic methanogenesis pathways.
This condition can negatively impact the direct interspecies electron transfer (DIET) mecha-
nism [42], unbalancing the syntrophic relationship between the microbial community and
worsening the overall digestion performance.
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3.2.4. Sulphate (SO4
2−)

In general, high levels of sulfate in the digester promote the development of sulfate-
reducing bacteria (SRB), which oxidize the organic matter using SO4

2− as an electron
acceptor. The sulfate-reducing mechanism could induce positive effects in pressurized
reactors, as the sulfate reduction generates alkalinity, which could counteract the digestate
acidification. However, the development of SRB can upset the activity of methanogens,
as the two groups of microorganisms compete with each other. Moreover, the reduction
of sulfate generates sulfide, which can induce toxic effects on methane-producing Archea.
These adverse effects are related to the COD/SO4 ratio, and a total or partial inhibition
of methanogenesis might occur for values below 4 or between 4–10 gCOD/gSO4, respec-
tively [1]. During our experiments, a sulphate amount able to cause the competition or
inhibition phenomena was not reached. Indeed, the COD/SO4 always remained above 10.
Moreover, no significant changes in sulfate concentration were observed with increasing
pressure (Figure 11). Our results suggest that pressure increase does not have any influ-
ence on the sulfate degradation and SRB development. Previous works have reported that
pressured conditions do not adversely affect the growth of sulphate-reducing
bacteria [43,44].
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3.2.5. Ammonia Nitrogen (N-NH4
+)

The presence of ammonia nitrogen is an important factor for a stable evolution of
AD. Ammonia is generated by the breakdown of proteins and amino acids [3] and could
reach harmful levels during the digestion of wastes with a high content of organic nitrogen.
According to Hansen et al. [45], under thermophilic conditions, at pH 8 a free ammonia
concentration of 1100 mg/L is toxic to anaerobic microorganisms. Khanal et al. [3] reported
that an ammonium ion concentration above 3000 mg/L causes inhibitory effects, regardless
of the operating conditions. On the other hand, some works considered a high ammonia
nitrogen production beneficial in pressurized digesters, as it could increase the buffer
capacity and hinder the acidification phenomena [26]. In our experiments, with an OLR
of 20 kgCOD/m3d, the ammonium concentration increased by about 15%, as the pressure
rose from the atmospheric value to 1 bar (Figure 12). Over 1 bar, the N-NH4

+ slightly
grew, reaching a maximum value of around 2100 mg/L. At OLR = 30 KgCOD/m3d, higher
N-NH4

+ values were detected in atmospheric conditions as a clear consequence of the
increase in organic load, whereas a lower increase was monitored in response to the
pressure growth. For each applied condition, the values of ammonium were quite high,
but remained below the threshold considered able to cause inhibition effects [3]. Therefore,
no negative impacts on biogas production can be attributed to the ammonia production.
On the other hand, the increase in N-NH4

+, which occurred mainly at 1 bar, did not avoid
the pH from falling at increasing pressure. Based on these results, it can be affirmed that
the generation of ammonia does not have a significant effect on the pressurized anaerobic
digestion of compost leachate.

3.2.6. Phosphate (P-PO4
3−)

During the AD process, only small amounts of nutrients are used for cell synthesis
and, thus, most of the initial amount in the feedstock is released into the digestate [3]. Phos-
phorus generally remains in the liquid phase as orthophosphate ions. However, depending
on the presence of metallic elements, PO4

3− could precipitate in the form of insoluble
compounds such as Ca3(PO4)2, FePO4, AlPO4 or struvite (MgNH4PO4·6H2O) [12,46]. This
phenomenon tends to occur on the surface of the pipelines which connect the various
units (digesters, thickeners, etc.) and could cause the ducts obstruction. The high pressure
in anaerobic digestion may enhance the phosphate solubility due to the increased CO2
concentration in the liquid phase. This helps to limit the adverse effect of the uncontrolled
precipitation of phosphate. Moreover, after the pressurized digestion and the digestate
thickening, the soluble PO4

3− in the liquid phase could be recovered through controlled
precipitation treatments, in the form of valuable compounds such as struvite, which are
potentially reusable as slow-release fertilizers [12]. The results of our investigations con-
firmed the increase in dissolved PO4

3− concentration in response to the pressure growth.
As shown in Figure 13, no significant differences were found with the two applied OLR. In
both cases, the phosphorus concentration linearly increased by about 35%, bringing the
pressure from the atmospheric value to 4 bar. In agreement with these results, Latif et al. [34]
found an enhancement in phosphate concentration from 51 to 73 mg/L, between 2 and 6 bar.
Despite the increase in phosphorus solubility, it should be noted that the PO4

3− concentra-
tions were quite low compared with the amount of P in the feedstock (Table 1). Therefore,
under pressurized conditions, only a small enhancement in phosphorus solubilization can
be reached.

3.3. Digestate Characteristics

Table 2 shows the physical–chemical characteristics of the digestates obtained in the
different operating conditions tested.

High contents of fertilizing elements such as N-NH4
+, K+, Ca2+, Mg2+ and SO4

2− were
found for all samples. These elements make the digestate a valuable matrix potentially
exploitable in agronomic practices. Furthermore, in compliance with the recommendations
for agricultural applications, digestates were characterized by low ratios between organic
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matter content and nitrogen (Table 2). This parameter is of great importance as it affects
the availability of nitrogen in soil [1]. The orthophosphate content was small compared
with the amount of nitrogen. The low content of the soluble phosphorus, as previously
discussed, is mainly attributable to the precipitation of phosphate salts [1,3,34]. Therefore,
the use of compost leachate digestate for fertilizing purposes would be more suitable in
soils with sufficient amounts of phosphorus. The presence of hazardous metal ions, such
as Pb, Ni and Zn, was negligible. Their concentrations were lower than those required by
current fertilizer regulations [47]. These low concentrations were due to the pH values
which allowed the precipitation of most of the metallic species present in the mixture.
Overall, for most of the monitored parameters, a clear effect of the pressure increase on
their release into the digestate was not found.
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Table 2. Digestate’s chemical–physical characteristics (measure unit (M.U.); detection limit (d.l.)).

Parameters
OLR (Organic Load Rate)

M.U. 20 kgCOD/m3d 30 kgCOD/m3d

Pressure bar Atmospheric 1 2 3 4 Atmospheric 1 2 3 4

pH - 7.98 7.68 7.44 7.31 7.14 7.42 7.36 7.17 7.02 6.86
Conductivity mS/cm 19.01 21.9 22.94 23.81 25.62 21.22 22.51 24.43 25.51 26.24

COD g/L 4.82 8.61 10.64 11.53 12.92 18.81 15.53 15.91 15.94 17.32
N-NH4

+ mg/L 1735.06 1986.31 2043.14 2060.03 2138.16 2106.09 2199.12 2169.34 2185.21 2145.11
P-PO4

3− mg/L 13.72 14.74 15.71 18.56 19.15 14.54 15.51 16.54 17.12 18.63
SO4

2− mg/L 1187.00 1110.15 1132.24 1317.09 1295.31 1466.19 1458.13 1484.26 1442.27 1607.39
Ca2+ mg/L 249.31 348.12 299.33 314.74 364.71 302.44 409.31 376.11 342.93 415.64
Mg2+ mg/L 139.03 145.12 137.19 132.03 135.14 142.23 153.41 139.17 112.09 129.13

K+ mg/L 566.44 459.50 476.11 503.33 452.72 489.64 556.14 504.83 567.41 499.72
Fe2+ mg/L 19.31 19.83 17.42 18.90 21.41 26.44 19.50 18.53 22.71 21.61
Pb2+ mg/L 0.47 0.34 0.39 0.46 0.51 0.31 0.48 0.31 0.33 0.42
Mn2+ mg/L 0.57 0.72 0.84 0.79 0.63 0.73 0.71 0.64 0.49 0.76
Zn2+ mg/L 0.27 0.22 0.26 0.19 0.31 0.37 0.18 0.26 0.34 0.28
Ni2+ mg/L <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

4. Conclusions

In this study, the pressurized anaerobic digestion of compost leachate was investigated.
The experiments were carried out by testing operating pressures up to 4 bar, with organic
load rates of 20 kgCOD/m3d and 30 kgCOD/m3d. The detected results confirmed that
pressure growth leads to the production of biogas with an increase in the methane fraction
and a decrease in CO2 content. At a pressure of 4 bar, a percentage of methane of around
75% was reached for both OLR values tested. On the other hand, there was a general
decline of the digestion performance under high pressure conditions. At 20 kgCOD/m3d,
the COD removal was close to 88% at atmospheric pressure, and then decreased by about
35% as the pressure increased. At 30 kgCOD/m3d, the removal of organic load remained
around a quite low value of 56%, which is representative of overload conditions.

Regardless of the applied organic load, biogas production and specific methane yield
notably worsened as the pressure increased to 1 bar. In particular, the SMY values fell from
0.33 to 0.27 LCH4/gCODremoved, at 20 kgCOD/m3d, and from 0.27 to 0.18 LCH4/gCODremoved,
at 30 kgCOD/m3d. As expected, the acidification of digestate was monitored at growing
pressures. However, the magnitude of this phenomenon was not sufficient to justify
the worsening of the digestion performance. Moreover, no adverse effects imputable
to sulphates and ammonia compounds were identified. Therefore, the detected results
suggested the occurrence of other effects such as the reduction of hydrolytic capability, or
the alteration of microbial activity. An enhanced solubilization of nutrient compounds,
such as orthophosphates, was observed with increasing pressures. However, the increase
in PO4

3- was quite low up to a pressure of 4 bar. More generally, the pressure values
did not substantially affect the chemical composition of the digestates, which showed
characteristics compatible for agronomic utilization.

In conclusion, the digestion of compost leachate in pressurized reactors does not
appear to be advantageous compared with digestion in atmospheric conditions. However,
further studies, under different operating conditions (OLR, pressure values), are necessary
to confirm these statements. Furthermore, additional research should be conducted to
better clarify the mechanisms that mainly affect the biogas production.
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