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Abstract
Purpose This study aimed to examine the possibilities of the treatment of the by-products generated in the anaerobic digestion 
(AD) of the organic fraction of municipal solid waste (OFMSW): oxygen stabilization (composting) of the solid digestate 
and pretreatment with air stripping of the effluents (liquid digestate and leachate from maturation field and reactors from 
composting).
Methods Oxygen stabilization (OS) was performed in full-scale in a mechanical–biological treatment (MBT) plant using 
three different methods, using an open field or enclosed box reactor with aeration. The ammonia stripping was performed 
in a pilot-scale installation using effluents from AD (liquid digestate) and OS (leachate from maturation field and reactors).
Results The lowest self-heating possibility after the OS was recorded at 28.5 °C, which proves that the most stabilized was 
the sample after processing with structuring material addition. Due to air stripping, the highest efficiency of ammonium ions 
removal was noted at the level of 50.6%, with an initial pH value of 10.5, after 12 h. Among the examined factors pH value 
was found to be significant [the determination coefficient  (R2) of 0.93].
Conclusions The oxygen stabilization of the digestate requires the structuring material addition before being placed in the 
reactor with aeration. The inert fraction from the ballistic separation of the OFMSW can be an interesting solution, as required 
structuring material. Air stripping as the effluents pre-treatment step can meet the MBT plants expectations.
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Statement of Novelty

Problems concerning material and energy recovery from 
waste are currently major issues in the waste management, 
considering sustainability, circular economy and recycling. 
Anaerobic digestion (AD) is the most promising process 
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for the treatment of organic waste allowing for the biogas 
recovery.

However, attention should also be paid to the process by-
products: the digestate and the effluents. The examined lit-
erature is scarce in AD by-products treatment methods, espe-
cially in full scale. The conducted usage of the inert fraction 
from the ballistic separation of the waste developed in this 
work, allows meeting the minimum requirements for its pro-
cessing. Air stripping as the effluents (obtained from AD 
(liquid digestate) and oxygen stabilization (leachate from 
open field and reactors) pre-treatment step can also meet the 
waste treatment plants expectations. These novel solutions 
could be used for enhanced the treatment processes.

Introduction

Significant growth in the importance of material and energy 
recovery from waste has been noticeable over the last few 
decades [1, 2]. The current policy is focused on the reduc-
tion of primary resources exploitation based on circular 
management to minimize landfilling [3–5].

Source-segregation is considered as a solution in a non-
landfill waste management system, but plenty of environ-
mental, economic and social factors, together with chang-
ing governance and political systems have an impact on the 
final effect. Source-segregation of waste may be intracta-
ble within high density urban communities [6, 7]. Among 
municipal solid wastes (MSW) collected globally, only 15% 
is recycled. The landfilling remains main disposal route, 
regardless of country income [8].

Due to this, the number of industrial scale facilities 
aimed at recovery of valued materials and energy from non-
segregated MSW has increased [9]. Mechanical–biological 
treatment (MBT) includes the stabilization of biodegradable 
fractions through composting or anaerobic digestion (AD), 
as a stage within a sorting and separation process [1, 9].

Over recent years, anaerobic digestion of the organic 
fraction of municipal solid waste (OFMSW) has been used 
widely as a form of energy recovery in the form of biogas 
and many researchers, businesses and government agen-
cies are working to improve the process [10]. It can be seen 
that AD is the most promising and sustainable process for 
the treatment of organic waste and it is an environmentally 
friendly method for MSW management [11–13]. However, 
attention should also be paid to the AD process by-products: 
the digestate (semi-solid residue) and the effluents (together 
liquid digestate as well as the leachate from composting 
reactors and maturation field).

According to the MBT pathway, AD should be followed 
by composting. The composting is a natural process con-
ducted in aerobic conditions, leading to partial mineraliza-
tion and humification of biomass. During the mineralization, 

the organic substance is transformed into mineral com-
pounds and the oxidation of organic matter to carbon diox-
ide, water, nitrates, phosphates and sulfates occurs. The 
humification process involves converting organic com-
pounds into humus [14–16]. The decomposition of organic 
matter is influenced by several factors that can be divided 
into two general groups: variables that determine the con-
centrations of biodegradable compounds and affect the size 
of microbial populations and their activity, and factors that 
directly control the kinetics of the reaction itself, such as: 
temperature, oxygen ratio and humidity [17]. Regarding 
non-segregated MSW, the composting is determined as the 
oxygen stabilization and can be defined as the process of 
aerobic thermophilic degradation of organic matter by a 
mixed population of microorganisms that leads to obtaining 
a stabilized, deodorized, hygienic product before landfilling 
[18, 19]. The oxygen stabilization has been widely studied 
[20–23], but only a few studies have focused on full-scale 
stabilization [24–26]. Furthermore, the available literature 
regarding the stabilization of the digestate is scarce.

Apart from the digestate, effluents should also be consid-
ered as a by-product, which requires proper management. In 
biological waste treatment processes the effluents from AD 
(liquid digestate) together with leachate from OS, with high 
organic and nitrogen loads are generated. In industrial facili-
ties two management pathways can be found: self-treatment 
or transfer to external wastewater treatment plants (WWTP) 
[27, 28]. For WWTP, the main problem is an enormous load 
of ammonium ions [29]. Its concentration should be reduced 
in pre-treatment processes carried out in situ. Furthermore, 
due to the high variability of the volume and composition 
of the effluents treatment is found to be difficult [30, 31].

The effluent treatment processes are based on the pollut-
ant elimination (anaerobic and aerobic biological processes, 
adsorption, chemical oxidation or combustion) [32, 33] or 
concentration (flocculation, precipitation, ultrafiltration, 
nanofiltration, reverse osmosis and evaporation) [34, 35]. Of 
those mentioned, air stripping is considered as the simplest 
method [36]. It mainly requires pH and temperature control.

Under stable conditions the stripping process is relatively 
independent of the suspension content and the presence 
of other ions. However, raising the pH value with lime to 
10.5–11.5 results in the deposition of calcium carbonate. 
Nevertheless, stripping has been successfully used for the 
treatment of wastewater with a large load of ammonium 
ions, both for leachate from landfills and oil refineries, or 
effluents from the anaerobic digestion of pig, cattle and 
chicken manures [29, 37].

This study aimed to examine the possibilities for the treat-
ment of the by-products generated in anaerobic digestion of 
the organic fraction of municipal solid waste: oxygen stabi-
lization of the digestate and pretreatment with air stripping 
of the effluents.
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Materials and Methods

The Digestate

The research was performed at an MBT Plant located 
in the Lower Silesia Region, Poland. The digestate was 
obtained after anaerobic digestion of the organic fraction 
of municipal solid waste (OFMSW) in thermophilic con-
ditions. It was characterized by: dry matter content at the 
level of 48%, cumulative  O2 consumption after four days 
(AT4) of 4.5  O2/g (based on dry matter), loss on igni-
tion (LOI) amounting to 38.2%, total organic carbon at the 
level of 23.3% and density of 1.1 kg/L.

The Effluents

The effluents from both biological treatment processes 
(AD and OS) performed in an MBT plant were collected 
in a 650  m3 tank and used in research. Its characteristics 
can be found in Table 1.

Oxygen Stabilization Facility and Conditions

Oxygen stabilization was performed, using three methods, 
lasting two weeks, in full-scale in an MBT plant. In the 
first one, the digestate was placed on an open field and 
mechanically turned once a week. In the second and third, 
the digestate was kept in an enclosed box reactor (pile size 
21.5 m × 7.5 m × 2.0 m) with irrigation and positive aera-
tion by a blower with air capacity 60.5  m3/min. The tem-
perature was measured using stainless temperature probes 
2 m long. The probe had three sensors located at intervals 
20 cm apart, starting from the tip of the probe. After one 
week, the piles were mechanically turned. However, in 
the third trial a 30% addition of structuring material (inert 
fraction after OFMSW ballistic separation before AD) was 
added.

Air Stripping Facility and Conditions

The ammonia stripping was performed in a pilot scale instal-
lation prepared in an MBT plant, which consisted of a tank 
(10  m3) in which two pipes (height 4 m, diameter 0.9 m) 
filled with Bialecki rings were provided. The sewage from 
the tank was recirculated to the tower until the process was 
completed. The air was supplied in the countercurrent flow. 
The initial pH adjustment was made using a 50% NaOH 
solution. The effluents temperature in the tank oscillated 
around 17 °C.

Analytical Methods

Stabilization of the material after the oxygen process was 
determined using a self-heating test. Dewar flasks (2.0 L 
capacity; 100 mm internal diameter) equipped with elec-
tronic memory thermometers were used as the Dewar Kit 
[38]. Determination of moisture was done using a squeeze 
test [39]. If the material was found to be too dry, water was 
added. If it was too wet, it had to be dried overnight by 
spreading on a flat, clean surface. After confirmation of the 
optimal moisture level for the test, the Dewar flask was filled 
with material chilled to room temperature and the thermom-
eter probe was inserted. The internal temperature was meas-
ured at 2 h intervals throughout the experiment.

The dry mass and dry organic mass were determined 
according to standard methods [40].

The cumulative  O2 consumption after four days (AT4) 
parameter was determined following the standard: PB-ZP-
4:2013 ed. 1 from 25/01/2013, and the total organic carbon 
by PN-EN 13,137: 2004.

The content of ammonium ions in the wastewater was 
determined using an ammonium ion-selective electrode 
(DETEKTOR) with a silver-chloride reference electrode 
(DETEKTOR) and an ionometer (ELMETRON CPI-505). 
Spectrophotometrically cuvette tests (Hach-Lange LCK 302) 
were also performed.

Calculation and Statistical Methods

The ammonium ions concentration decrease for stripping 
was calculated using the formula:

ΔC = [(C0 − Ck)/C0] × 100%, where ΔC is the ions 
removal [%],  C0 is the ions concentration at the beginning 
[mg/L] and  Ck is the ions concentration at the end [mg/L].

To assess how the initial pH value, process time, and 
effluents flow rate influence the ammonium ions removal the 
fractional plan [3(3–1)] for three factors on three levels with 
two replicates was generated using Design of Experiments 
Module of STATISTICA version 10 (StatSoft, Inc., 2011, 
USA) (Table 2) was used. The initial pH value  (X1) was at 
the level of 8.5, 9.5 or 10.5. The effluents flow rate  (X2) was 

Table 1  The effluents characterization

Parameter Result Unit

pH 7.8 ± 0.3 [–]
Chemical oxygen demand (COD) 18.7 ± 1.3 [g/L]
Biological oxygen demand (BOD) 6.0 ± 0.5 [g/L]
Ammonium nitrogen 0.8 ± 0.2 [g/L]
Total nitrogen 1.1 ± 0.3 [g/L]
Total organic carbon (TOC) 3.1 ± 0.2 [g/L]
Total suspended solids (TSS) 0.6 ± 0.2 [g/L]
Cl− 1.3 ± 0.2 [g/L]
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set up by the valve opening position (1.0, 0.75, 0.5). The 
process was carried out for 12, 18 or 24 h  (X3). The experi-
mental results were analyzed and interpreted using STATIS-
TICA StatSoft ver. 10. All statistical tests were evaluated at 
the 95% confidence level.

Results and Discussion

The aerobic stabilization full- scale process control is based 
on the regulation of variables such as supplied air and water, 
the frequency of turning and process time [24, 26]. The fre-
quency of the mechanical turning affecting the organic mat-
ter decomposition and the compost quality [41, 42]. Getahun 
et al. [41] confirmed that the rate of organic matter decom-
position increased with the increase in the frequency of turn-
ing. Besides, the shortest stabilization time was observed 
for the highest turning frequency. The experiments were 
conducted using a specially prepared mixture of biodegrad-
able municipal solid waste in three containers with different 
turning frequency [41].

Mechanical turning, especially in full-scale, generates 
costs and requires proper management. In the case of an 
intensive stabilization process performed in bioreactors with 
enforced aeration, the frequency of turning is not significant. 
The results of this study confirm this statement. The aera-
tion, in addition to providing oxygen and preventing anaero-
bic zones, ensures cooling and moisture reception in the pile. 
However, it should be noted that for processes carried out in 
an open field, mechanical turning is the only way to aerate 
the inside of the pile and to maintain process correctly.

The self-heating tests results were presented in the Fig. 1. 
In the present study the same effect was obtained when the 
digestate was on an open field mechanical turned once a 

week and when the digestate was in the bioreactor with irri-
gation and positive aeration. The temperature of the material 
determined in the Dewar’s vessel was at the level at 32.7 
and 33.2 °C, respectively (Fig. 1). The insufficient air flow 
in the reactor might be a reason for that, because due to aer-
ated pile the process should be more efficient. The digestate 
high density (over 1 kg/L) collectively with moisture content 
(over 50%) contributed to the composting inefficiency.

The aeration of the stabilized pile must ensure sufficient 
air for the aerobic degradation of the organic matter. The 
enforced aeration affects the oxygen concentration inside 
the pile, cooling the material, destroying pathogens and the 
decomposition of organic matter [43]. The importance of 
the aeration was also confirmed in the present studies. Mois-
ture also affects the organic matter decomposition process 
and the oxygen demand, as well. The rate of oxygen uptake 
increases linearly with increasing moisture and reaches a 

Table 2  The experimental design matrix with coded values and factors levels

Run X1 pH value X2 effluents flow rate X3 time of the 
experiment

1  − 1  − 1  − 1
2  − 1 0 1
3  − 1 1 0
4 0  − 1 1
5 0 0 0
6 0 1  − 1
7 1  − 1 0
8 1 0  − 1
9 1 1 1

Factor Min. value ( − 1) Mid. value (0) Max. value (1)

pH value  8.5 9.5  10.5
Effluents  valve position  0.5 0.75 1.0
Time 12.0 18.0 24.0

Fig. 1  The stabilized digestate self-heating test results for each of 
examined method: I—the OS on an open field; II—the OS in the 
reactor; III—the OS in the reactor with structuring material addition
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maximal value of 50–70%, after which it begins to decrease, 
while below 20% there is deficient biological activity [44].

Digestate stabilization was achieved in the bioreactor 
with enforced aeration. However, it should be noted that 
the proper porosity of the stabilized material is required to 
ensure the air flow inside the pile. The digestate is char-
acterized by about 50% moisture content with its density 
at 1.1 kg/L which can block the possibility of the air flow 
inside the pile. The lowest self- heating possibility was 
recorded at 28.5 °C (Fig. 1), in accordance to the trial in 
which, before placing the material in the bioreactor, the 30% 
by mass of structuring material (inert fraction after OFMSW 
ballistic separation before AD) was added to the digestate. 
Stabilization on an open field without enforced aeration 
resulted in a similar effect as the process in a bioreactor 
with digestate without structuring material, which confirms 
the above statements. The temperature of the material deter-
mined in the Dewar’s vessel was at the level at 32.7 and 
33.2 °C, respectively (Fig. 1). Based on that, it can be clas-
sified as a still maturing compost, which according to the 
Rottegrad index equals IV [39, 45]. However, it should be 
noted that the structuring material addition, which reduced 
the density of the stabilized material, affected process effi-
ciency. Fulfilling the aeration role, with the moisture remain-
ing at 40%, resulting in self-heating possibility decrease to 
28.5 °C, which proves the compost maturity and the stability 
based on the Rottegrad index V [39, 45].

The temperature variation measured during digestate OS 
with structuring material addition in the reactor is shown 
in Fig. 2. It can be seen that the temperature inside the pile 
decreased with time, which indicates the organic matter 
decomposition. The mechanical turning of the pile on day 
7 loosened the material, enabled access of microorganisms 
to further resources of organic matter, which resulted in an 

increase in their activity, illustrated by a temporary increase 
in the temperature of the pile. Compared to OS results 
obtained for Method II it can be found that due to microor-
ganism activity crucial was the proper porosity of the sta-
bilized material which ensures the airflow inside the pile.

Figure 3 shows the abatement of ammonium ions content 
after the air stripping process. The highest efficiency was 
noted at the level of 50.6% in the run #8, with the initial pH 
value of 10.5, after 12 h (Fig. 3). The lowest was observed 
in runs 1–3, which were characterized by the lowest initial 
pH values. Based on ammonium ions removal results sta-
tistical analysis was done and the results are presented in 
Table 3. Among examined factors, pH-value was found to 
be significant. The determination coefficient (R2) of 0.93 
(which means that the model explains 93% of the total vari-
ation) suggests an adequate representation of the process 
model and a good correlation between the experimental and 
predicted values [46, 47].

Ipekoglu and Talinli [48] attempted to remove ammonium 
ions from human urine samples in a reactor constructed of a 
1 L flask with a perforated tube inserted into it for aeration. 
With a constant flow of the introduced air (0.12  m3/h), an 
increase in the efficiency of the process was observed along 
with an increase in the pH value. For the initial pH at the 
level of 11, the ammonium ions content removal of 82% 
was achieved within 19 h. Raising the pH to 12 resulted in 
a shortening of the time needed to achieve the same result 
of up to 8 h. Further raising of the pH value, up to 13.5 did 
not speed up the process anymore. The increase in aeration 
also resulted in a positive effect on the process efficiency. 
With an air flow of 0.12  m3/h, the 86% reduction in ammo-
nium concentration was noted after 9 h. For a flow rate of 
0.21  m3/h the same result was observed within 5 h [48]. 
In the present study, aeration was maintained at the same 

Fig. 2  The temperature of mate-
rial stabilized in the reactor with 
structuring material addition 
(method III)
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level, but the effluents flow was adjusted. However, based 
on statistical analysis (Table. 3), it can be found that this 
factor was insignificant in the examined range. The initial 
pH value was considered to be influencing the process. This 
statement can be confirmed by other researchers [36, 49]. 
CaO and NaOH are the most commonly used reagents in the 
industry for adjusting the pH value. Lime is mainly used due 
to economic factors. However, correction with lime requires 
larger quantities and more extended response time compared 
to NaOH. Lime also causes precipitation and formation of 
insoluble calcium salts, causing operational difficulties [39].

Limoli et al. [39] performed the ammonium ions removal 
research using the leachate from an agricultural biogas 
plant. The concentration of total nitrogen was in the range 
of 4–5 g/L. The mentioned authors compared the effect of 
using CaO and NaOH for pH correction on the process. 
Both allowed the pH to reach the level of 12 and remove the 
nitrogen content by about 51%. However, due to the ease 
of use, reaction rate and lack of deposits, sodium hydrox-
ide was considered to be a better reagent. Considering the 
mentioned disadvantages and the suspensions content in the 
examined effluents, NaOH was used in the present study. 
Due to research conditions, despite the potential benefits of 
the process conducting at a pH of 12, maximal examined pH 
value was at the level of 10.5. Nevertheless, a more than 50% 
removal of the ammonium ions concentration was achieved.

Liu et al. [37] examined the effect of lime dose, gas flow 
rate and gas/liquid ratio on the ammonium ions removal. 

An increase in process efficiency was observed along with 
the lime addition, which led to a higher pH value. However, 
this increase was not proportional. Furthermore, an increase 
in the air flow resulted in a process efficiency reduction. 
The cited authors defined the increasing production of foam 
and the formation of calcium hydroxide as a cause of this 
observation [37].

Considering the mentioned statements, comparing advan-
tages and disadvantages of using CaO and NaOH for pH 
correction on the process, to avoid foam production and 
precipitation of sewage sludge leading to operational prob-
lems, a 50% solution of sodium hydroxide was used in the 
present study.

Conclusion

The oxygen stabilization (OS) of the digestate from anaero-
bic digestion of the organic fraction of municipal solid waste 
(OFMSW) in thermophilic conditions is, due to its charac-
teristics: high density (over 1 kg/L) jointly with humidity 
(over 50%) challenging to perform. It requires the struc-
turing material addition before being placed in the reactor 
with aeration. The method of the digestate OS, based on the 
usage of the inert fraction from the ballistic separation of 
the OFMSW developed in this work, could be an interesting 
solution. The 30% by mass of structuring material addition 
allowed to meet the minimum requirements for its process-
ing in aerobic conditions (composting) before depositing in 
a landfill in MBT plant, resulting in self-heating possibility 
decrease to 28.5 °C, which proves the compost maturity and 
the stability based on the Rottegrad index V. Air stripping 
as the effluents pre-treatment step can meet the MBT plants 
expectations, allowing to the ammonium ions concentra-
tion decrease by 50.6% with an initial pH-value correction 
to 10.5. The complementation of the effluents management 
procedure with the stripping tower allowed the reaching of 

Fig. 3  The ammonium ions 
concentration decrease after 
stripping

Table 3  Statistical analysis results

*Significant at 5%, standard error = 0.0375,  R2 = 0.93

Factor Effect P value Significance*

pH value 0.206 0.003 " + "
Effluents flow-rate  − 0.001 0.980 " − "
Time  − 0.017 0.665 " − "
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an ammonium ions content level accepted by a municipal 
wastewater treatment plant.
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