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Abstract
In this work, food wastes (FWs) and domestic sewage sludge (DSS) were used as raw materials for energy recovery by 
anaerobic digestion (AD). AD was carried out with the objective to reduce the emission of greenhouse gases and the produc-
tion of biogas with high methane yield. FWs were fed in an AD horizontal reactor for co-digesting the organic fraction of 
waste from a university restaurant with acclimated DSS as inoculum. For this purpose, the pilot-scale reactor was operated 
with a residual biomass of 12.0 kg (in the proportion of 1:1 of acclimated inoculum and FW), in a semi-batch regime and 
produced 218 NL, with a maximum methane concentration of 88.0%. Thus, a biogas production potential of 18.16 Nm3/
ton is obtained or a specific biogas and methane production of 0.24 and 0.21 Nm3/kg (VS), which can be used to generate 
electricity or as cooking gas. Finally, between the two kinetic models, the modified Gompertz model was the most suitable 
model (R2 0.99) to adjust the measured biogas yield and (R2 0.98) for the methane yield that can be used to describe the 
kinetics of the AD in a more reasonable way.

Keywords  Anaerobic digestion · Food wastes · Horizontal reactor · Kinetics gompertz model · Phenomenological 
modeling · Biogas

Introduction

The growing demand for environmental protection, in face 
of the damaging effects of using nonrenewable sources of 
energy, has led to the research of several methods to pro-
duce energy from biomass waste [1, 2]. Bearing in mind 
current concerns related to environmental issues, such global 
warming, depletion of fossil fuels and greenhouse gases 
(GHGs), there is an interest in energy production through 
renewable sources, one of them is the production of biogas 
by anaerobic digestion (AD). According to Hoornweg and 
Bhada-Tata [3], the amount of solid waste (SW) generated 
per person in the cities increased from 0.64 kg per day to 

more than 1.2 kg daily, between 2003 and 2013. It should be 
noted that the largest rates of economic growth and urbani-
zation in a country is associated with a greater amount of 
SW generation [4]. Canada, for example, produces a total 
of 759 kg per capita/year of solid urban waste, while Peru 
produces 251 kg/year per capita [5]. In Brazil, the produc-
tion of municipal solid wastes (MSWs) in 2016 was 78.4 
million tons (381 kg/year per capita, based on the population 
of that year) [6]. This increase in the generation of MSWs 
represents a global problem that has worsened in the recent 
years, due to the increase in population, with changes in con-
sumption habits, concentration in urban centers and lack of 
planning [7]. According to the study by Kaza and coworkers 
[8], it is cited that 2.01 billion tons of waste is produced in 
the world annually.

In addition, it is estimated that Brazil has approximately 
51.4% biodegradable materials and its per capita genera-
tion is 1.07 kg∙day−1 [9]. Today, the most used form for 
the final destination of MSW in Brazil is the disposal on 
the ground, that is, in dumps and controlled sanitary land-
fills. However, dumps and controlled landfills are inadequate 
forms of final disposal. In view of this, more than 29 million 
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tons of MSWs were improperly discarded in the referred 
locations in the year 2017 [6]. In the context of environ-
mental sustainability, effective measures for the treatment 
of solid wastes (SWs) have been carried out by the countries 
in terms of legislation. In this sense, act No. 12,305/2010, 
the Brazilian National Solid Waste Police was proclaimed 
with the objective to establish non/low generation of SWs 
by public agencies and companies. Moreover, it brought the 
proposal of practicing sustainable consumption habits and 
a set of instruments to provide an increase in recycling and 
reuse of SWs (which has economic value and can be recy-
cled or reused) and the environmentally appropriate disposal 
of waste (what cannot be recycled or reused) in landfills. 
Another legal framework for the management of SWs, as 
a matter of international effort to mitigate global warming, 
the Paris Agreement was published in 2015, as result of 
the 21st Conference of the Parties (COP21) of the United 
Nations Framework Convention on Climate Change [10]. In 
this sense, political initiatives that deal with the generation 
of clean energy (with reduction of GHGs) should have been 
developed worldwide. These policies aim to promote the 
use of biomass as a substrate for bioenergy, as evidenced by 
studies carried out in member countries of Brazil-Russia-
India-China (BRIC) group [11].

Renewable energy sources have been promoted around 
the world as a response to the growing concern about cli-
mate change and one of the cleanest energy matrices is the 
biogas [12]. With this, AD plays a paramount role in the 
achievement of this goal [13, 14]. AD processes include 
biochemical reactions, such as hydrolysis, acidogenesis, 
acetogenesis and methanogenesis [1, 15, 16]. In this sense, 
among the factors that influence biochemical reactions and 
that can function as a limiting factor in the AD are temper-
ature, pH, C/N ratio and retention time and as accelerators 
are plant biomass, pure biological culture and inorganic 
additives [17]. Likewise, Xu and coworkers [18] observed 
that co-digestion of food wastes (FWs) is a promising pro-
cess for converting them into clean energy, however, this 
process is not completely elucidated and further studies are 
necessary for its optimization. European Union (EU) is the 
world leader in the production of electricity from biogas, 
with more than 10.0 GW of installed capacity and a num-
ber of 17,400 biogas plants. EU had 66.7% of the global 
generation capacity (15 GW) of this energy matrix in 2015 
[19]. According to the aforementioned source, the organic 
fraction of municipal solid waste (OFMSW) occupies the 
penultimate place in the ranking, with 337 MW. Steinmetz 
and coworkers [20] reported that there is a lack of tech-
nical data applicable to agro-industrial plants in Brazil, 
despite the diverse opportunities for generating biogas 
from organic waste. Therefore, it can lead to numerous 
uncertainties and weaknesses for the development of the 
biomethane chain. The authors also state that the greatest 

difficulty is obtaining an anaerobic inoculum under sta-
ble conditions to perform digestion tests [20]. Among the 
setbacks in the employment of this type of inoculum (in 
the case of Brazil) are: great distances between source and 
the AD plants, lower technological development of the 
available anaerobic reactors and requirements of inoculum 
acclimatization prior the substrate treatment. The use of 
manometric reactors in the evaluation of AD of organic 
waste in different conditions (with acclimatized inoculum) 
has been subject of study in several works reported in the 
literature [20, 21]. Finally, different inocula and their by-
products for methane production have been investigated.

To perform AD studies with acclimated inoculum, it 
might be used parameters from private, public or inter-
national normative basis, as recommended by the Bra-
zilian Association of Technical Standards (ABNT) [22]. 
With this, an adaptation was carried out in this work fol-
lowing the recommendation of the German engineering 
associations [23] which AD of organic materials must be 
performed under systematic steps: the characterization 
of substrates, sampling and collection of material data 
for the production of methane. Furthermore, in an early 
study carried out by Kainthola and coworkers [2], it was 
informed that there are several techniques to overcome 
these challenges of the degradation of lignocellulosic sub-
strate through synergistic interaction. Between them, it 
is reported the pre-treatment of this raw material, from 
co-digestion with different substrates, one of which is the 
efficiency of inoculation it is considered an important fac-
tor to increase AD performance.

Despite the diverse opportunities for generating biogas 
from organic waste, there is a lack of technical data appli-
cable to the Brazilian reality, since there is a lack of stand-
ardized and/or reliable data on the kinetics of methane 
production and this it can lead to numerous uncertainties 
and weaknesses for the development of the biomethane 
chain [20]. To suppress this knowledge gap, kinetic assess-
ment of AD of FWs was carried out and the experimental 
data were modeled. All pilot scale experiments were con-
ducted in a horizontal reactor depicted in Fig. S1, Supple-
mentary Material. Reactor project has a patent application 
for Registration number: BR1020180073486, INPI (Bra-
zil). Moreover, AD reactor design (horizontal vase with 
radial agitation and a gas chamber on its top) consists in 
an innovative concept, since there is no one similar cur-
rently reported in the literature, neither in patent registra-
tions. Moreover, the biomass employed is unique, since 
it is not yet reported the employment of agricultural and 
livestock wastes plus municipal sewer sludge together in 
a bioreactor. Furthermore, the process yield and biometh-
ane concentration were calculated and compared with the 
published data found in the literature.
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Experimental section

Collection of substrates and inoculum

The FW used in this study was obtained at the Univer-
sity Restaurant of the Federal University of Pernambuco 
(UFPE), the same being composed of residues from the 
kitchen (peels and spoiled pieces of fruits and vegetables) 
and the cafeteria (rest of processed food). The collections 
were carried out by the use of 5 bags of 100 L with the 
aforementioned residues were made available.

The domestic sewage sludge (DSS) from the Upflow 
Anaerobic Sludge Blanket (UASB) reactor was obtained 
at the domestic sewage treatment station and was used 
as inoculants in co-digestion. It is worth mentioning that 
DSS collection was performed through the reactor bottom 
discharge valve. DSS was obtained at the sewage treatment 
station of Dancing Days community, located in Recife/
PE, Brazil. In addition to the DSS, bovine manure (BM), 
collected from the slaughter and corral line, respectively, 
at the Abatedouro Regional da Paudalho -PE, located in 
the municipality of same name.

FW and the inoculum were packed in different bags and 
plastic containers and during transport they were kept at a 

temperature of approximately 4.0 ℃, following the tech-
nique of collecting samples from CETESB report [24]. 
During the performance of the characterization tests and 
evaluation of the methanization potential, the inoculants 
were kept refrigerated at a temperature of approximately 
11.0 ℃, and the FW was cooled (nearly − 16.0 ℃), aim-
ing, with this, to avoid the appearance of colonies of fungi, 
degradation of organic matter and even biogas generation. 
The BRW was kept at room temperature.

Substrate and inoculum characterization

For the characterization of the FW, a sampling by quarter-
ing was carried out in agreement with NBR 10.007 [22], as 
shown in Fig. 1. Then, the solubilized portion of the residue 
was extracted using a ratio of 1:20 w/w for the sample mass 
(FW) and the extractor volume (distilled water), following 
the methodology reported by Lange and coworkers [25]. The 
objective was to determine the following parameters: pH 
(potentiometric method). Such analyzes were also carried 
out with the fresh samples (liquid) of all inoculum.

Angelidaki and coworkers [26] recommend the use of 
volatile solids (VS) or volatile suspended solids (VSS) 
in tests to assess the degradability of sludge of sanitary, 
industrial origin or the OFMSW, since the determination 

Fig. 1   Schematic representation 
of biogas production chain
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of chemical oxygen demand (COD, in mg O2/L) and bio-
chemical oxygen demand (BOD, in mg O2/L) in these cases, 
becomes unviable or subject to uncertainty. In addition, the 
VDI 4630 guide [23] expresses the results of biogas produc-
tion, based on the content of VS.

For this reason, such analysis was only performed for FW, 
since the dosage of alkalizing agent was made based on that 
analysis. For the other samples (the inoculants), the param-
eter VS was used to measure the organic load. A fraction of 
all samples (substrate and inoculum) were sent to oven dry-
ing, at a temperature of 105.0 ℃, until the mass consistency, 
according to the World Health Organization (WHO) [27], 
aiming at the quantification of the moisture and preparation 
of samples for tests on dry basis. The dry FW was ground 
in a knife mill (SP Labor brand, model SP-31 N, series 
0017/10), and the inoculants (also dry) were removed with 
the help of a porcelain mortar and pistil and then the follow-
ing analyzes were carried out: VS, according to NBR13999 
[22]; elementary analysis (carbon, hydrogen, nitrogen and 
sulfur) using the Pregl–Dumas method (Elemental Ana-
lyzer—CHNS-O, Carlo Erba EA1110), in which the samples 
are subjected to combustion in an atmosphere of pure oxy-
gen and the gases resulting from this combustion are quanti-
fied in a thermal conductivity detector (TCD); biochemical 
analysis, following the Van Soest method (1967) [28], for 
cellulose, hemicellulose, lignin and Soxhlet’s method (1879) 
[29] for lipids.

Inoculum acclimatization

In the pilot reactor

With the objective of the acclimatization process carried 
out in the horizontal reactor, with the ambient tempera-
ture (ranging from 26.8 to 36.1 ℃), 4.0 kg of fresh bovine 
manure (BM) was added to the reactor (Fig. 1) and 8.0 kg 
of an anaerobic reactor digestate (DG).

The acclimated inoculum (AIc2), also received a feed 
of 0.3 g of VS/day L, which happened twice a week with 
the addition of 10.08 g of dried FW and crushed diluted 
in approximately 40 mL of distilled water, during a 56-day 

period (when biogas production was well reduced—about 
1L/day).

During the acclimatization process, it was followed 
restricted monitoring parameters of the pilot reactor, as 
shown in Table 1, with its respective objectives and perio-
dicities. The aforementioned pilot reactor is under patent 
process (process number: BR 10 2018 007,348 6). It was 
manufactured in stainless steel 304 and consists of two parts: 
the bottom has about 26 L and has a stirring system of the 
type of pallets (with distance between them of 5.85 cm), 
where the biomass is placed residual; and the upper one has 
approximately 17 L and has two duct segments, for fitting 
the 0 to 1 bar pressure gauge (0.2 scale), the forged brass 
monobloc ball valve with 1/8″ connections and the nipple for 
reduction from 1/4″ to 1/8″, where the biogas produced by 
the digestion process of residual biomass is accommodated 
and collected. The union of these parts and the tightness of 
the reactor is provided by a rubber structure (similar to an 
o-ring) of 5 mm and by screws and nuts of 1/4″.

The reactor agitation system is activated by a Mberle 
three-phase induction electric motor, 1/3 CV, with 60 Hz 
frequency, with a voltage of 220 V and a current of 1.45 
amps, with a frequency inverter (which transforms the alter-
nating current into continuous) of the brand MEQ, model 
CFW08, with rotation speed variation from 0 to 1670 rpm. 
In that experiment, specifically, the agitation was continuous 
and 100 rpm.

As shown in Table 1, the determination of the volume of 
biogas produced daily was carried out by measuring the vari-
ables: pressure of the reactor manometer (ABC hydraulic 
mark, with a scale of 0–1.0 kgf/cm2), reactor temperature 
and pressure atmospheric, according to the methodology 
of Harries and coworkers [30]. The first two parameters 
come from the instrumentation of the pilot reactor, while 
the atmospheric pressure was obtained from the INMET 
(Brazilian National Institute of Meteorology) website, more 
specifically, from the Recife/PE automatic station (Recife-
A301), considering the atmospheric pressure measured for 
the approximate time of reading the pressure of the reac-
tor manometers. Regarding the gas analyzer used, Table 2 
shows the measurement range, quantification limit and gas 
error range evaluated by Dräger (Model X-am 7000).

Table 1   Monitoring of the 
pilot reactor during the AIc2 
inoculation acclimatization 
process

Parameter Objective Periodicity

Pressure of pilot reactor manometer Determination of biogas volume Daily
Pilot reactor temperature
Atmospheric pressure
CH4, CO2 and H2S concentration in 

biogas inside pilot reactor
Analyze biogas composition in the gas analyzer Twice a week
Analyze the composition of biogas in the gas 

chromatograph
Each 20 days
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The concentrations of methane and carbon dioxide 
produced were also analyzed with the aid of a gas chro-
matograph (APPA Gold), which uses hydrogen as the car-
rier gas, has a thermal conductivity detector (TCD) and an 
N2000 Chromatostation data acquisition system. The oven, 
injector and detector temperatures are 60, 140 and 150 ℃, 
respectively.

After acclimatization of the inoculum AIc2, a reduction 
in solids was carried out using a soil sieve No. 10 (2 mm 
opening), similarly to performed by Steinmetz [20]. Sub-
sequent to this process, laboratory tests were performed to 
determine the parameters: pH, moisture, total solids (TS), 
volatile solids (VS) and elementary analysis, as well as 
counting of anaerobic heterotrophic bacteria, which was 
performed according to the Pour Plate Technique.

Soon after, 6 kg of the inoculum was added to the hori-
zontal pilot reactor together with 1 kg of waste in natura 
(only crushed in an industrial blender). One week later, 1 kg 
of FW was added and this procedure was repeated for the 
next four weeks, totaling 6 kg of FW (1:1 ratio) and charac-
terizing the system as semi-batch. It is worth noting that the 
introduction of the FW was done through one of the reactor’s 
duct segments, which has a ball valve attached, with the aid 
of a funnel and a plastic rod (Fig. 1). The monitoring car-
ried out during co-digestion in the pilot reactor was identical 
to that of the acclimatization process, which took place in 
the same reactor. Finally, after 44 days, the analyses of pH, 
moisture, TS, VS and elementary analysis were repeated.

Kinetics study

The kinetic models are used to adjust the accumulated 
biogas production curve based on the experimental data. 
In this sense, it was investigated first order (Eq. 1) and the 
modified Gompertz (Eq. 2) kinetic models, following steps 
in the methodology reported by Pramanik and coworkers 
[31]. The fitting of each model was assessed through statis-
tical parameters (non-linear correlation coefficient, R2; and 
the chi-square factor, χ2 acquired from the mathematical 
modeling using a math software. Therefore, the appropri-
ate kinetic models was selected not only to predict the effi-
ciency of AD in the horizontal reactor, but also to correctly 

analyze the pathways and mechanisms involved during the 
AD process [32].

First order kinetic model: 

Modified Gompertz model: 

In which, M is the biogas yield [NmL/g(VS)] with respect 
to time t (days); Pb is the maximum biogas potential of the 
substrate (NmL); kh is the hydrolysis rate constant (1/day); t 
is the time (day); Rm is the maximum biogas production rate 
[NmL/g(VS)]; λ is the lag phase time (days); e is Euler’s 
parameter equal to 2.7183.

Results and discussion

Characterization of substrate and inoculum

Table 3 presents the results of the initial characterization of 
the substrate (FW) and of the inoculum (AIc2), which aims 
to identify factors that may stimulate or inhibit the action of 
methanogenic microorganisms.

It can be observed that the moisture content of the studied 
substrate and inoculum is elevated; since all FW samples 
showed moisture content above 80.0%; however, it might 
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Table 2   Parameters of biogas analyzer Drägera

a Source: Dräger handbook (Model X-am 7000)

Parameter Measurement range Quantification 
limit

Error

CH4 (%) 0–100 0.1  ± 5.0%
CO2 (%) 0–100 0.1  ± 2.0%
H2S (ppm) 0–500.0 1.0  ± 1.0 ppm

Table 3   Physical–chemical characterization of substrate and the inoc-
ulum

a N/A: not applicable

FW1 FW2 AIc2

Moisture (%) 85.45 83.75 88.46
TS 14.55 16.25 11.54
VS 13.61 15.19 6.75
VS/TS 0.94 0.93 0.58
pH 6.29 5.13 7.71
C (%) 44.35 48.10 24.26
H (%) 5.75 7.9 4.06
N (%) 3.36 4.50 2.15
S (%) 0.62 0.96 1.17
C/N 13.20 10.69 11.28
Cellulose—C (%) 21.05 N/Aa N/Aa

Hemicellulose—H (%) 12.47 N/Aa N/Aa

Lignin—L (%) 16.02 N/Aa N/Aa

Lipids (%) 7.16 N/Aa N/Aa

Biodegradability[(C + H)/L] 2.09 N/Aa N/Aa
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change between 60.0 and 95.0%. Similar to the study car-
ried out by Pavi and coworkers [33], who found moisture 
values of 80.0% for the substrates of the OFMSW, plus the 
fraction of fruit and vegetables. On the other hand, moisture 
content must be around 90% in order not to be harmful to 
digestion. In addition, it is a fundamental mean of nutrients 
transporting [34].

For the TS parameter, it was necessary to overcome 
the obstacles of the dilution of high solids contents in the 
AD process. This is necessary to propose a better produc-
tivity and profitability of such a system operating with 
high TS content (> 15.0%), that is, low moisture content 
(< 85.0%) according to André and coworkers [35]. In this 
sense, the high solids content can stagnate the digestion, 
due to the scarcity of water necessary for the growth of 
microorganisms.

In addition to having a high TS value, FW1, FW2 (food 
waste samples, collected at university restaurant), also has 
a high SV value, demonstrating a high amount of organic 
matter to be degraded. The VS/TS ratio, also higher for FW1 
and FW2 (above 0.9) and lower for the inoculum of 0.58; 
given that they have already undergone biological degra-
dation due to the acclimatization process. VS/TS values 
between 0.85 and 0.95 has been reported in characterization 
of food wastes [36, 37]. Regarding pH, acclimated inoculum 
2 (AIc2) (7.71) was close to the range between 6.7 and 7.5; 
which according to Adekunle and Okolie [38], in which, 
relates the optimal growth interval of methane-producing 
microorganisms, especially methanogenic ones. However, 
the pH of FW1 and FW2, were below this range (6.29 and 
5.13), which can inhibit the activity of methanogens.

Elementary contents of carbon, hydrogen, nitrogen and 
sulfur of the studied substrates and inoculum (FW1, FW2 
and AIc1), as well as the relation between some chemical 
elements which are ideal for methanogenic microorganisms 
are reported in Table 3. It is noted first that the elemen-
tary analysis of the studied is very similar to the standard 
OFMSW (C: 47.80, H: 6.63, N: 2.54, S: 0.14) [39]. Ideal 
C/N ratio values should be between 25 and 30, as it is the 
ideal range for anaerobic mesophilic microorganisms in 
methanogenesis, according to early reports [20, 37]. In this 
sense, Zhang and coworkers [36] demonstrated that AD pro-
ceeds satisfactorily with the C/N ratio between 15 and 20. 
Therefore, it can be observed that both the substrate and 
the inoculum have a lower C/N ratio than the recommended 
ranges, 11.28 (AIc2), 13.20 (FW1) and 10.69 (FW2), indi-
cating excess nitrogen and carbon deficiency.

The production of methane from AD is affected by the 
complex composition, the lignocellulosic material is diffi-
cult to biodegrade; this difficulty is due to the recalcitrant 
nature of lignin. According to early reports, lignin physically 
prevents microorganisms from accessing the most degrada-
ble substances, such as cellulose, hemicellulose, proteins, 

among others [40, 41]. Similarly, lipids in high concentra-
tion influence co-digestion, tests show that a concentration 
greater than 65.0% of the total SV is inhibition concentration 
[42]. Moreover, the percentage of carbohydrates (sum of 
cellulose, hemicellulose and lignin) and lignin obtained in 
this study was very similar to that of Peres and coworkers 
[43], which was 49.5% and 16.0% for the OFMSW studied.

The lipid content of the substrate was greater than that 
found by Parra-Orobio and coworkers [7], which was 0.96% 
for MSW and 0.5% for in the UASB reactor sludge (Inocu-
lum). This fact can be justified by the great variety and dif-
ference in the composition existing in the used substrate. 
In this sense, in relation to the waste, more specifically, the 
sample analyzed by the authors contained not only FW, but 
also garden pruning, paper/cardboard, plastic, metals, rub-
ber, among others. From the knowledge of the biochemi-
cal compositions of the residues, it is possible to analyze 
their biodegradability through the relationships of Cellu-
lose + Hemicellulose/Lignin. According to Wang and cow-
orkers [44], a value below 0.24 indicates that the residue 
is stabilized. It is noted that it has greater biodegradability 
(already mentioned through the VS/TS ratio).

Performance of the reactor in the acclimatization 
process

Figure 2a exhibits the biogas generation in the horizontal 
reactor (Fig. S1) during the acclimatization period, which 
had an accumulated volume of approximately 99.5 NL (aver-
age speed of 1.78 NL/day) and a methane concentration that 
varied from 13.8 to 62.0%, as shown in Fig. 2b, having stabi-
lized around 64.0% after the 21st day and a Specific Biogas 
and Methane production of 0.09 and 0.06  Nm3/kg(VS), 
respectively.

The acclimatization inoculum to be used in the digestion 
of organic waste was carried out by Santos Filho and cow-
orkers [21]. However, the inoculum was composed of anaer-
obic sludge from domestic sewage, bovine ruminal residue 
and goat manure (in the proportion of 5:4:1, in mass), total-
ing 15.0 kg. The authors reported an accumulated biogas 
production of 254.35 NL (average speed of 2.12 NL/day), in 
120 days, reaching 78.0% of methane (with 41 days). Both 
the volume of biogas and the maximum concentration of 
methane in their experiment was higher than in the present 
study, due to the greater volume of added waste and the 
higher organic load of the same (only the anaerobic sludge 
had already been submitted to the reduction in organic mat-
ter), in addition to greater hydraulic retention time (HRT).

Steinmetz and coworkers [20] produced an inoculum con-
sisting of UASB sludge from swine manure and from gelatin 
industry, mixed with fresh bovine manure (in the propor-
tion 1:1:1, in volume). AD was performed during a period 
of 875 days; however, no biogas generation was quantified 
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throughout the acclimatization process, as specific methano-
genic and cellulolytic activities were evaluated.

From Table 4, it is evidenced the variation of the param-
eter moisture, TS, VS, pH and anaerobic heterotrophic 
bacteria of the AIc2 inoculum (composed of an acclimated 
inoculum for fruit and vegetable residue—DG and bovine 
manure, in the proportion of 2:1). These data were acquired 
before and after the acclimatization process, which lasted 
only 56 days, since one of the materials had already been 
acclimated (reduced organic load—TS and VS). It is notori-
ous for an increase in moisture content and a reduction in 
both TS and VS. However, the VS value was still above that 
recommended by VDI 4630 [23]; for this reason, this inocu-
lum was also sieved, before co-digestion with FW.

Regarding the pH, it is observed a small decrease, proba-
bly due to the degradation of the organic load and production 
of volatile fatty acids (VFAs). VFAs synthesis took place as 
the same time as the acclimatization, since its period was 
much shorter.

Performance of the reactor in the co‑digestion 
process

Figure 3a shows the generation of biogas in the horizontal 
reactor during the co-digestion period with food waste and 
AIc2, which had an accumulated volume of approximately 
218 NL, that is, the average speed was 3.90 NL/day and a 
concentration of methane that varied from 14.8 to 88.0%, as 
shown in Fig. 3b. Dos Santos Filho and coworkers reached 
an accumulated biogas production of 711.20 NL (average 
speed of 5.9 NL/day), in the 120-day HRT and a maximum 
methane concentration was 86.0% (with 73 days), starting 
from the co-management of 7.5 kg of fruit and vegetable res-
idues and 15.0 kg of acclimated inoculum [21]. In this sense, 
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Fig. 2   a Accumulated biogas production during the inoculation accli-
matization of AIc2; b biomethane concentration throughout the AIc2 
inoculation acclimatization process

Table 4   Evolution of parameters throughout the acclimatization process of the employed inoculum and throughout the co-digestion of 
AIc2 + FW

Inoculum acclimatization

Start After 56 days

Without sieving With sieving

Moisture (%) 86.26 87.18 88.46
Total solids, TS (%) 13.74 12.82 11.54
Total volatile solids, VS (%) 8.75 8.00 6.75
pH 7.71 7.41 7.50

AIc2 + FW co-digestion process

Parameters Start After 56 days

Moisture (%) 88.07 92.91
Total solids, TS (%) 11.93 7.09
Total volatile solids, VS (%) 7.63 4.14
pH 7.50 8.70
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the volume of biogas from the aforementioned experiment 
was slightly higher than that of the present study. Mazareli 
and coworkers also conducted an experiment in horizontal, 
high-rate, fixed-bed reactors, filled with fruit and vegetable 
and swine residues in various proportions, obtaining a bet-
ter methane production with the ratio of 30/70, respectively, 
which was 1.08 L/day [45]. Moreover, the specific biogas 
and methane production were 0.24 and 0.21 Nm3/kg(VS), 

respectively. Such values are near to those found in the lit-
erature: 47 and 0.39 Nm3/kg(VS) of biogas and methane, 
respectively [21] and of 0.26 Nm3/kg(VS) of biogas [46].

In Fig. 3a, it is also possible to observe an increase in the 
formation of “steps”, specifically on days 6, 13, 20, 27 and 
34, when 1.0 kg of FW was added to the semi-batch system. 
And in Fig. 3b, there is also a reduction in the concentration 
of methane on the aforementioned days, since with the addi-
tion of FW, there is an increase in the production of VFAs, 
which in turn, reduces the pH, disfavoring methanogenesis. 
However, as the days go by, VFAs are consumed and con-
verted into other (simpler) compounds, raising the methane 
concentration again.

Kinetics modeling

In this study, the first order kinetic models and modified 
Gompertz were adopted to meet and predict the production 
of Biogas and Methane for waste co-management. The afore-
mentioned results of the analysis are shown in Table 5 and 
in Fig. 4 (a and b). These results showed that the Gompertz 
kinetic model showed a better determination coefficient 
(R2) of 0.99, with relatively short chi-square factor (χ2 
52.0 and 1.5, for biogas and methane production, respec-
tively) in comparison to first order. The first-order kinetic 
model presented R2 of 0.96 for the studied configuration. 
Moreover, standard errors were greater for the parameters 
acquired from first-order model, as can be seen in Table 5. 
This indicates that the modified Gompertz model presented 
a more robust estimate and was able to describe the kinetics 
of biogas and methane production with more than 99.0% of 
confidence. A similar finding was reported by Zahan and 
coworkers [47], who observed that the modified Gompertz 
was the best fit model, followed by the first-order kinetic 
model. In this sense, as expected Biogas yield (Pb) obtained 
by the modified Gompertz models was closer to Pb than the 
first order model.

The hydrolysis rate constant (kh) of this study was deter-
mined from the first model order was 0.0012 d1 (1/day). 
Previous studies found that the k value of AD ranged from 
0.13 to 0.56 1/d [48] and pointed out that biogas production 
and the rate of degradation depends on the k value [17]. In 
general, faster rates of degradation and biogas production 
can be achieved with a higher k value [31]. The present study 
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Fig. 3   a Accumulated biogas production during the anaerobic co-
digestion process of food waste and inoculum AIc2; b methane con-
centration along the anaerobic co-digestion process of food waste and 
inoculum AIc2

Table 5   Parameters of kinetic modeling regarding for methane production

a Parameter given in terms of NmL/g(VS), bparameter given in terms of 1/d

Product First order Modified Gompertz

Pb
a kh (10–5)b R2 χ2 λb Pb

a Rm R2 χ2

Biogas 3958.35 ± 7437.26 125.00 ± 241.00 0.96 237.96 7.29 ± 0.439 272.98 ± 5.49 6.94 ± 0.18 0.99 52.06
CH4 57,181.97 ± 350,823.3 6.91 ± 412.00 0.95 234.47 9.13 ± 0.928 217.24 ± 10.087 5.75 ± 0.328 0.98 1.50
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found that a lower k value was related to decreased biodeg-
radability and required longer degradation times to obtain 
maximum biogas production.

Fruit and vegetable residues showed similar values of kh 
hydrolysis constant, ranging from 0.02 to 0.10 dL, according 
to previous reports [48, 49]. The maximum rate of biogas 
and methane production was (Rm) of 6.94 NmL/g(VS) added 
and 5.75, was observed for the modified Gompertz model 
(Table 5). The value of λ is 7.29 1/d; the value of λ low 
indicates fast initial process speed. Moreover, other works 
report similar values for fruit residues, ranging from 1.50 
to 9.40 dL [49, 50]. However, additional investigation on 
the AD of these fruit residues are still needed [50]. Further-
more, Pramanik and coworkers reached a value of λ 10.2 1/d, 
well above this study. Great λ indicates the great synergy of 
microorganisms with the reaction medium and the capacity 
to produce biogas within a long period [31].

As described in Table 4, the moisture content increased, 
while TS and VS parameters of the co-digestion of 
AIc2 + FW decreased, after 56 days of anaerobic digestion. 
Similarly to the behavior of acclimatization of the inocu-
lants, an increase in moisture and a reduction in TS and VS 
can be noted, due to the degradation of organic matter, which 
culminates both in biogas production and in the formation of 
water (which occurs via hydrogen trophic) as pH increases 
[21, 51].

Conclusion

In this work, food wastes (FW) from restaurant and 
domestic sewage sludge were employed in AD process to 
produce biomethane in an anaerobic horizontal reactor. 
FW samples were characterized and showed pH values 
and a C/N ratio below the propitious range for methane 
production, on the other hand, the high moisture, organic 
load and biodegradability, can be beneficial for diges-
tion. Regarding the acclimated inoculum, it showed high 
moisture content, lower organic load and the ideal pH for 
methanogenesis. In this perspective, an acclimatized inoc-
ulum was used in this research and over the period of this 

acclimatization process it had a production of 99.5 NL of 
biogas and a production of 61.70 NL of methane (consid-
ering a final methane concentration of 62.0%). The result 
was a decrease in the levels of total and volatile solids 
(enhanced by the addition of water and sieving). Regarding 
the pH, the inoculum is acclimated with a slight increase.

The pilot reactor was operated with a residual bio-
mass of 12.0 kg (in the proportion of 1:1, of acclimated 
inoculum and FW), in a semi-batch regime, and pro-
duced 218 NL, with a maximum methane concentration 
of 88.0%. Thus, obtaining a biogas production potential 
of 18.16 Nm3/ton, or a Specific Production of Biogas and 
Methane of 0.24 and 0.21 Nm3/kg(VS), which can be used 
to generate electricity or as cooking gas. Besides its satis-
factory biogas production and methane yield, the innova-
tive concept of the reactor employer in this work brings 
new perspectives to the literature regarding the develop-
ment of AD reactors.

Finally, between the two kinetic models, the modified 
Gompertz model was the most suitable model (R2 0.99) 
to adjust the measured biogas yield and (R2 0.98) for the 
methane yield that can be used to describe the kinetics of 
AD more reasonably. The calculated parameters showed 
that AD of food residue co-digestion with the acclimated 
inoculum has a relatively low hydrolysis rate due to λ (7.29 
and 9.13) for biogas and methane. With this, the modified 
Gompertz model can be used for applications to optimize 
AD process parameters. These data are significant in face 
of the lack of kinetic data reported in Brazilian database 
for AD of food wastes.
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