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Abstract: An anaerobic digestion process performed in two stages has the advantages of the pro-
duction of hydrogen in addition to methane, and of further degradation of the substrate over the
conventional process. The effectiveness of the implementation of this system for the treatment of
lignocellulosic waste has been demonstrated. In 2020, more than 180 million tons of organic waste
were generated worldwide from tomato crop production, posing a serious environmental risk. In the
present investigation, methane production was compared in a two-stage system versus one-stage
system from non-pretreated tomato plant residues. For this, different temperature (37 and 55 ◦C) and
initial pH (5.5 and 6.5) conditions were evaluated during hydrogenesis and a constant temperature
(37 ◦C, without pH adjustment) during methanogenesis. At the same time, a one-stage treatment
(37 ◦C, without pH adjustment) was run for comparison purposes. The two-stage treatment in which
the highest production of hydrogen, 12.4 mL/g VS, and methane, 252.3 mL/g VS, was observed oc-
curred under the conditions of pH 6.5 and at 37 ◦C. However, this energy production was statistically
similar (p < 0.5) to the one-stage treatment (365.4 mL CH4/g VS). Furthermore, there were also no
significant differences in the removal of volatile solids between the different treatments.

Keywords: two-stage; one-stage; anaerobic digestion; hydrogen; methane; tomato plant waste

1. Introduction

Population growth has resulted in a greater demand for food and energy and, at
the same time, a greater generation of waste. Much of this organic waste is derived
from agricultural activity and most is sent directly into landfills or incinerated with other
waste [1]. For instance, tomato is broadly cultivated worldwide and represents one of
the most economically important vegetable crops globally. In 2020, more than 5 million
hectares were planted, producing greater than 180 million tons worldwide [2]. Similarly,
tomatoes in México are of high importance and according to SIAP data, in 2020 México
produced approximately 3.5 million tons of tomatoes, in 48,000 harvested hectares [3].
Regarding the organic waste related to tomato crop production, it has been shown that,
roughly 50% of total plant weight is fruit and the other 50% is plant organic waste [4,5].
Thus, considering the 180 million tons of tomato fruit that were produced around the world
in 2020, 180 million tons of organic waste were therefore generated worldwide, posing a
serious environmental risk.

Mexico, crops production are mostly sugar cane, coffee beans, orange, wheat, agave,
nopal and barley but tomato is the crop mostly produced in greenhouse [3]. Greenhouse
require a high heat demand which increases the production costs of the fruits and vegetables
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grown there. These additional costs could be reduced by energy production from plant
waste anaerobic digestion (AD) generated in the greenhouse [6]. Some studies have
concluded that AD is a good option for agricultural residues disposal as well as for partially
supply the energy demands of a greenhouse [7]. In anaerobic digestion in plants, an
organic fertilizer is produced that reduces the demand for chemical fertilizers on farms [8].
Furthermore, in a social context, the implementation of this technology in rural areas
improves economic development by generating new jobs [9]. Nevertheless, the potential of
biomethane production from lignocellulosic waste is not well recognized due to the low
yields obtained from these substrates.

The tomato crop is rich in carbohydrates and has been proven to be a potential source
for bioenergy production through AD technology [7,10]. The main treatments to improve
the yields of methane production from agricultural residues entail the application of
physical and chemical pretreatments on the feedstock [11]. These treatments may involve
the supply of energy and the addition of expensive chemicals that may form inhibitory
effects on methanogenic activity [12,13].

Two-stage anaerobic systems are another promising technology used to improve the
efficiency of the anaerobic digestion process. The one-stage anaerobic digestion system
(1SADS), in which hydrolysis, acidogenesis, acetogenesis, and methanogenesis are per-
formed in a single reactor, is the process that is widely used for waste treatment [14].
However, the activity of hydrolytic/acidogenic microorganisms differs with respect to
methanogenic ones since they present different growth rates, and their activity is enhanced
at a different range of pH and temperatures. A two-stage anaerobic digestion system
(2SADS) allows both groups of microorganisms to be separated in two reactors, in such
a way that hydrolysis/acidogenesis is performed in an initial reactor and subsequently,
the soluble products derived from this first stage (mainly volatile fatty acids) are used in
a second reactor by methanogenic microorganisms. This configuration provides greater
stability to the process and improves the use of the substrate by both groups of microorgan-
isms [15,16].

By presenting a higher degradation efficiency, the energy conversion efficiency is
also improved and two biofuels with high energy values can be obtained continuously in
separate reactors: H2 during hydrolysis/acidogenesis and CH4 during methanogenesis.
Therefore, the hydrogen fermentation stage in a 2SADS could be considered as a biological
pretreatment method for waste, but with the advantage of recovering additional bioenergy
in the form of hydrogen and simultaneously pretreatment of the substrate [17]. Considering
these advantages, a 2SADS is considered a better way to pretreat organic waste and improve
methane production [18].

Comparative studies of methane production between 1SADS and 2SADS from agri-
cultural residues have revealed that the two-stage process is more attractive in terms of
energy recovery compared to the single-stage one [19–23]. In these investigations, corn
silage, grass silage, agave bagasse, sugar cane bagasse, and coffee bean hulls, among others,
have been tested in batch and semi-continuous regimes, in addition to thermophilic and
mesophilic conditions. In all mentioned studies, chemical or biological pretreatments have
been used prior to feeding the 2SADS. These treatments are used to facilitate hydrolysis
during H2 production. However, they lead to an increase in the operating cost of the
process as well as its complexity. Up to our knowledge, most of reported studies using
tomato plant-waste have focused on co-digestion for methane production, but not for
hydrogen yielding. Therefore, in this study, the comparison of methane production was
made in a 1SADS with respect to 2SADS from non-pretreated tomato plant waste.

2. Materials and Methods
2.1. Substrate

The substrate consisted of the aerial part (stem and leaves) of tomato plant (TPW)
collected at the end of the life cycle of tomato. The tomato variety was Saladette. The
plant waste was collected at the Agrifood Expo located in the city of Irapuato, Guanajuato,
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México. The plant was dried under sunshine (20 ◦C ± 8 ◦C) for 15 d until reaching 8 ± 3%
humidity. The dried plant was milled in an agricultural hammer mill and stored at room
temperature until use. Subsequently, a sample of 200 g was milled in a cereal and grain
mill (SURTEK, Grupo Urrea Salamanca, Guanajuato, Mexico) and passed through a set of
laboratory sieves (W.S. Tyler, Mentor, OH, USA). Samples whose particle size was between
0.85 mm and 1.68 mm were selected for the laboratory test. The TS and VS contents of the
substrate were 93.93 ± 0.31% on a wet basis and 80.79 ± 0.45% on a dry basis, respectively.

2.2. Inoculums

The inoculum used for hydrogen production consisted of the microorganisms present
on the surface of a tomato plant [24,25].

In the case of methane production, the inoculum consisted of anaerobic sludge col-
lected from a 1000 L geomembrane bag biodigester fed with a mixture of cow manure and
water (7–10% TS, pH 6.83 ± 0.14). The collected inoculum was degassed at room temper-
ature (19.7 ± 7.0 ◦C) for 10 days before being used for a methane production test. The
biodigester was operated at room temperature (20 ◦C ± 8 ◦C) with a solid retention time of
7 d. The digester was installed in the experimental unit of the Laboratory of Technology
for Sustainability, University of Guanajuato. The TS and VS contents of the inoculum was
6.86 ± 0.06% on a wet basis and 57.14 ± 0.54% on a dry basis, respectively.

2.3. Batch Assays and Experimental Design

The 1SADS experiment consisted of a single stage in which only the methane produc-
tion was performed. In contrast, the 2SADS experiments consisted of two stages in which
the hydrogen production (Hydrogenesis Stage) and methane production (Methanogenesis
Stage) was performed (Figure 1).
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2.3.1. One-Stage Anaerobic System (1SADS)

For 1SADS treatment (T5), serological bottles of 160 mL with a working volume
of 100 mL were used. To the vials, 20.9 g of inoculum (anaerobic sludge) were added
equivalent to 8.2 g VS/L. The mixture consisted of a mineral medium, substrate (TPW), and
inoculum. The S/I ratio was 0.5 [10]. The initial pH was not adjusted, and the incubation
time was 28 d under static conditions at 37 ◦C.

The composition of mineral medium per liter was 4.8 g KH2PO4, 6.98 g K2HPO4,
6.0 g NH4Cl, 0.1 g MgCl2·6H2O, 0.02 g CaCl2, 0.015 g MnSO4·6H2O, 0.025 g FeSO4·7H2O,
0.005 g CuSO4·5H2O, and 0.125 mg CoCl2·5H2O [26]. An endogenous control was included
consisting of inoculum (8.2 g VS/L) with mineral medium only. The TS and VS contents
and pH were determined at the beginning and end. Two replicates were made.

For comparison purposes, 1SADS was run while the methanogenesis stage for the
two-stage system was happening, which is explained below.

2.3.2. Two-Stage Anaerobic System (2SADS)

For 2SADS treatments (T1–T4), serological bottles of 160 mL with an initial working
volume of 140 mL were used. The mixture for the hydrogenesis stage consisted only
of mineral medium [26] and substrate (TPW). In this stage, no external inoculum was
added since the necessary microorganisms for digestion are present in the tomato plant.
Therefore, the bioreactors were fed with nonsterile tomato plant for the hydrogenesis stage
of 2SADS [24,25].

A 2 × 2 factorial experimental design was established to evaluate hydrogen produc-
tion, where two variables were considered at two different levels: the “initial pH” (X1)
(5.5 and 6.5) and “Temperature” (X2) (37 and 55 ◦C). Table 1 lists the treatments corre-
sponding to the 2 × 2 factorial design. The vials were sealed and incubated under static
conditions for 14 d.

Table 1. Treatments for the two-stage system (2SADS).

Treatment
Hydrogenesis Stage

Initial pH X1 Temperature (◦C) X2

1 5.5 −1 37 −1
2 5.5 −1 55 +1
3 6.5 +1 37 −1
4 6.5 +1 55 +1

For the methanogenesis stage, the same four treatments coming from the hydrogen
production were used. Each vial was opened under an anerobic chamber and 20.9 g of
inoculum equivalent to 8.2 g VS/L were added and each vial was sealed again. The amount
of inoculum added was sufficient to achieve an S/I ratio of 0.5 in this stage. In order to
compare methane production, the conditions used in the methanogenic phase of 2SADS
were the same conditions used in the 1SADS. The initial pH was not adjusted at this stage
and the incubation time was 28 d under static conditions at 37 ◦C for all treatments.

An endogenous control was included consisting of inoculum (8.2 g VS/L) with mineral
medium only. The TS and VS contents and pH were determined at the beginning and end
of the methanogenesis stage. Each treatment was performed in duplicate.

2.4. Statistic Analysis

The software utilized for statistical analyses was Statgraphics Centurion XVI (Statpoint
Technologies, Inc., version 16.1.03, The Plains, VA, USA).

To analyze the pH and temperature effect on hydrogen production during the hydro-
genesis stage of 2SADS treatments (T1–T4), a multi-factor ANOVA and a Tukey’s method
were applied, with p values of 0.05. To analyze the significant differences on methane
production between each the treatment performed in a 2SADS (T1-T4) with respect to the
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treatment performed in an 1SADS (T5), a simple ANOVA (one way) and Tukey’s method
were applied with a p value of 0.05.

2.5. Analytical Methods

Determination of the TS and VS contents was performed according to standard proce-
dures [27]. The pH was measured using the method reported by Kang et al. [28]. Namely,
the pH measurement of the samples from the biogas tests was performed by shaking the
sample manually, and left to stand for 10 min and the supernatant reading was taken.

The volume of biogas produced was determined by liquid displacement using acidified
water (pH = 2) to minimize the dissolution of carbon dioxide in water. The reactors were
shaken manually at the time of gas measurement. Gas volumes were calculated based on
standard conditions (273.15 K, 101.325 kPa). Hydrogen and methane yields are given per
gram of volatile solid of substrate added.

The presence of methane in the biogas was verified by gas chromatography for the
detection of H2, O2, N2, and CH4, taking 30 µL of the gas present in the headspace of each
bottle. This measurement was performed using a PerkinElmer Clarus 580 chromatograph,
with an Elite CG GS-MOSIEVE 52 capillary column (30 m × 0.53 mm × 50 µm) and a
thermal conductivity detector (TCD). The temperatures of the injector, oven, and detector
were 150, 50, and 200 ◦C, respectively. Argon was used as a mobile phase at a pressure of
14 psi and contained less than 5 ppm O2. All other chemicals used were of reagent grade
from Sigma-Aldrich.

3. Results
3.1. One-Stage Anaerobic Digestion System (1SADS)

The methane yield obtained was 365.4 mL/g VS (T5). The average content of methane
in the biogas was 66.1%. The methane yield obtained in our study was similar or better than
reported for other lignocellulosic substrates [20,29] without the need to pretreat the feed-
stock. Nkemka et al. [20] reported 358 mL CH4/g VS from corn silage and Miftah et al. [29]
reported methane yields of 46.1 to 148.3 mL/g VS from pretreated and non-pretreated
sugarcane leaves, respectively.

3.2. Two-Stage Anaerobic Digestion System (2SADS)
3.2.1. Hydrogenesis Stage

The highest hydrogen yield (12.4 mL/g VS) was obtained in the treatment performed
at pH of 6.5 and 37 ◦C (T3). Only in the treatments in which a temperature of 37 ◦C was
used (T1 and T3), hydrogen production was detected (Figure 2). According to the analysis
of variance performed, the pH and temperature were not statistically significant (p > 0.05)
on the production of hydrogen.

Figure 3 shows cumulative hydrogen production (mL/g VS) obtained in each of the
treatments during an incubation period of 14 days. In the T3 treatment, the hydrogen
production increased gradually and in the T1 treatment, the production was almost unde-
tectable. The hydrogen content in the biogas in the T3 treatment fluctuated between 19.4
and 30.3%.

In our tests, the hydrogenesis retention time was 14 days. This value was lower
in comparison to reports by other authors, who performed their experiments in batch
regimen using lignocellulosic substrates [22,23]. Santos et al. [23] set a retention time of
700 h from coffee husk, and Lobo et al. [22] set a retention time of 19 days from sugarcane
bagasse. In both studies, thermally pretreated anaerobic sludge and pretreated substrate
were used. It is important to mention that in our experiments the substrate and inoculum
were not pretreated.



Energies 2022, 15, 9137 6 of 12

Energies 2022, 15, x FOR PEER REVIEW 6 of 13 
 

 

The methane yield obtained was 365.4 mL/g VS (T5). The average content of methane 
in the biogas was 66.1%. The methane yield obtained in our study was similar or better 
than reported for other lignocellulosic substrates [20,29] without the need to pretreat the 
feedstock. Nkemka et al. [20] reported 358 mL CH4/g VS from corn silage and Miftah et al. 
[29] reported methane yields of 46.1 to 148.3 mL/g VS from pretreated and non-pretreated 
sugarcane leaves, respectively. 

3.2. Two-Stage Anaerobic Digestion System (2SADS) 
3.2.1. Hydrogenesis Stage 

The highest hydrogen yield (12.4 mL/g VS) was obtained in the treatment performed 
at pH of 6.5 and 37 °C (T3). Only in the treatments in which a temperature of 37 °C was 
used (T1 and T3), hydrogen production was detected (Figure 2). According to the analysis 
of variance performed, the pH and temperature were not statistically significant (p > 0.05) 
on the production of hydrogen. 

 
Figure 2. Hydrogen and biogas cumulative yield (mL/g VS) in the hydrogenesis stage of 2SADS. 
Error bars correspond to the standard deviation. Zero value represents no detection of the gas. 

Figure 3 shows cumulative hydrogen production (mL/g VS) obtained in each of the 
treatments during an incubation period of 14 days. In the T3 treatment, the hydrogen pro-
duction increased gradually and in the T1 treatment, the production was almost undetect-
able. The hydrogen content in the biogas in the T3 treatment fluctuated between 19.4 and 
30.3%. 

T1 T2 T3 T4
H2 0.1 0.0 12.4 0.0
Biogas 2.8 0.0 55.7 1.3

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

C
um

ul
at

iv
e 

Yi
el

d
(m

L/
g 

VS
)

Figure 2. Hydrogen and biogas cumulative yield (mL/g VS) in the hydrogenesis stage of 2SADS.
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Figure 3. Cumulative hydrogen production (mL/g VS) in the hydrogenesis stage of 2SADS during
an incubation period of 14 d. T1 (�), T2 (•), T3 (N), and T4 (×). Error bars correspond to the standard
deviation at each point.

The hydrogen yields obtained in our study are similar to those reported by other
authors from lignocellulosic substrates [25,29]. Miftah et al. [29] reported hydrogen
yields of 0.8 to 39.8 mL H2/g from pretreated and non-pretreated sugarcane leaves.
Perez-Rangel et al. [25] obtained 13, 17, and 38 mL H2/g VS from agave bagasse, corn
stalk, and wheat straw, respectively. In our study, 11.6 mL/g VS were obtained from tomato
plant waste.

Miftah et al. [29] added Clostridium butyricum TISTR 1032 preparations as inoculum
for their hydrogen assays while Perez-Rangel et al. [25] used native microflora of the plants.
In previous studies, the presence of facultative bacteria belonging to the genus Enterococcus
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has been detected in forage crops [24,30]. These microorganisms, naturally present in the
leaves and stems of the plants, are known as epiphytic microflora [31]. The epiphytic
microorganisms degrade the cell wall of the plants and, owing to their hydrolytic activity,
can be used to obtain hydrogen from lignocellulosic substrates [32]. However, the use of
native microflora as inoculum has been little studied and this alternative has only been
evaluated in single-stage systems for H2 production [24,25,32]. Although in most hydrogen
assays an external inoculant for the fermentation is added, the native microflora of the
plants has the potential for performing hydrogen production because they are bacteria that
already have the natural capacity to degrade lignocellulosic compounds [25].

3.2.2. Methanogenesis Stage

The maximum methane yield was obtained in treatment T3 (252.3 mL/g VS). This
treatment was done at an initial pH of 6.5 and a temperature of 37 ◦C during the hydro-
genesis stage. The lowest yield was obtained in the T1 treatment (145.5 mL/g VS). This
treatment was performed at an initial pH of 5.5 and a temperature of 37 ◦C during the
hydrogenesis stage. The average methane content in the biogas for the treatments T1, T2,
T3, and T4 were 50.6, 52.6, 63.0, and 57.0%, respectively. The methane yield obtained from
treatments T1-T4 was statistically similar (p > 0.05).

3.3. Comparison of Methane Production between 1SADS VS 2SADS

The highest methane yield and the highest average methane content was obtained in
the treatment performed in a single stage (T5). Figure 4 shows the methane and biogas
yield (mL/g VS) obtained in each treatment.
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Figure 5 shows the cumulative methane production curves for each of the treatments.
In all treatments, a gradual increase in methane production was observed during the
incubation period.

Through a one-way analysis of variance, the significant differences in methane pro-
duction were analyzed between the different treatments performed in a two-stage system
(T1–T4) with respect to the treatment performed in a single stage (T5). Of the treatments
carried out in two stages, only in T3 treatment was able to obtain a statistically similar
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methane yield (p < 0.5) to that obtained in treatment performed in a single stage (T5)
(Figure 6).
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Figure 5. Cumulative methane production (mL/g VS) during an incubation period of 28 d. T1 (�),
T2 (•), T3 (N), T4C (×), and T5 (�). Treatments T1 to T4 were performed in two stages, while
treatment T5 was performed in one stage. Error bars correspond to the standard deviation.
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Figure 6. Graph of means to compare the significant differences in CH4 yield (mL/g VS) between the
treatments performed in 2SADS (T1–T4) with respect to the treatment performed in 1SADS (T5).

The energy recoveries for 1SADS (T5) and 2SADS (T3) were 14506.1 and 10199.3 MJ/Kg
substrate, respectively. Even considering the hydrogen production, the best energy recovery
in 2SADS (obtained in T3) was less compared to 1SADS. For quantification purposes,
the high heating values of hydrogen and methane (141.9 and 55.5 MJ/Kg, respectively)
were used for calculation and assumed that both gases behave as ideal gas at standard
conditions [33]. Thus, the hydrogen yield obtained in the first stage of the treatment T3
does not justify the need for the AD system to be performed in two stages using non-
pretreated TPW.

3.4. Comparison with Other Works

Some authors indicated a substantial improvement in methane production by incorpo-
rating a hydrogenesis stage into the process for hydrogen production [21–23]. However,
the substrates used in the aforementioned studies were subjected to a biological, physical,
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or chemical pre-treatment before carrying out the production of H2. For example, in the
study by Arreola et al. [21] in which agave bagasse was used, an enzymatic pretreatment of
the substrate was applied, which facilitated the assimilation of carbohydrates by part of
the microorganisms during the hydrogenesis stage. In the study by Lobo et al. [22], they
applied autohydrolysis to pretreat sugarcane bagasse, and Santos et al. [23] used ozonolysis
to pretreat coffee husks before digestion. This explains the higher performance obtained in
these studies compared to ours. Nevertheless, our results are similar to those reported in
another studies which concluded that the single-stage system is better for the recalcitrant
substrate [20,34]. Nkemka et al. [20] reported higher methane production yield in the
one-stage system compared to the two-stage system from corn silage. Dareioti et al. [34]
found no significant differences in a two-stage system compared to a single one, concluding
that liquid cow manure is a recalcitrant substrate which can be treated by implementing a
single-stage process. Their experiments were performed in continuous stirred-tank reactors.
Table 2 lists some comparative studies between 1SADS and 2SADS.

The goal of this paper was to consider a new strategy for the production of biogas
from tomato plant residues without the need for pretreatment. According to the results
obtained it is recommended to apply a biological, chemical, or physical pretreatment (or
combination) to improve the low yields of H2 and CH4 production obtained in two-stage
system. The pretreatment is necessary to breakdown the lignin and improve its degradation
since it is a substrate with a high content of lignocellulosic components. This pretreatment
will be more beneficial for a 2SADS since both hydrogen, and methane production will be
improved substantially [15,16]. Therefore, it is expected that the energy recovery of this
system will be higher compared to a 1SADS from the same feedstock.

It is important to evaluate these types of treatments and check if the performance
obtained by pretreating the substrate is good enough for optimal operation and costs
effectiveness to choose a 2SADS instead 1SADS from TPW.

Table 2. Comparative studies of 1SADS VS 2SADS from different lignocellulosic residues.

Substrate Pretreatment
2SADS

1SADS IMY a Ref.
Hydrogenesis Stage Methanogesis Stage

Corn silage

Silage and
Bioaugmentation
with Pyromyces

rhizinflata YM600

59 mL H2/g VS
120 mL CH4/g VS
Uncontrolled pH

HRT 4.3 d
OLR 5.0 g COD/L-d

Semicontinuous

175 mL CH4/g VS
Uncontrolled pH

Batch

358 mL CH4/g VS
Uncontrolled pH

RT 60 d, 37 ◦C S/I 1.0
Batch

−51% [20]

Hydrolyzate of
Agave tequilana

bagasse

Enzimatic
(Celluclast 1.5 L 45

◦C/10 h)

3.4 mol H2/mol hexose
Initial pH 7.0, RT not

mentioned, 37 ◦C
20% (v/v) hydrolyzate

Batch

240 mL CH4/g COD
Initial pH 8.0

RT not mentioned,
37 ◦C Batch

90 mL CH4/g COD
pH 8.0, RT not

mentioned, 37 ◦C
20% (v/v)

hydrolyzate, Batch

267% [21]

Sugarcane bagasse Autohydrolysis
(182.9 ◦C, 40.7 min)

3.7 mmol H2
pH 5.5

RT 19 d, 35 ◦C
S/I 1.85 (g TOC/g VSS)

Batch

1.87 mmol CH4
pH not mentioned

RT 20 d, 35 ◦C
S/I 0.4 (g TOC/g VSS)

Batch

N.A. 400% b [22]

Coffee husks

Ozonolysis
(liquid-to-solid ratio

10 mL/g, pH 11,
18.5 mg O3/g

substrate)

48.5 mL H2/g COD
pH not mentioned

RT 700 h, 35 ◦C
S/I 1.8 (g COD/g VSS)

Batch

284.6 mL CH4/g COD
pH not mentioned

RT 900 h, 35 ◦C
S/I 0.7 (g COD/g VSS)

Batch

91.1 mL CH4/g COD
pH not mentioned

RT 900 h, 35 ◦C
S/I 0.7 (g COD/g

VSS) Batch

312% [23]

Tomato plant
residues None

11.6 mL/g VS
Initial pH 6.5,

RT 14 d, 37 ◦C Batch

252.3 mL/g VS
Uncontrolled pH

RT 28 d, 37 ◦C
S/I 0.5 (g VS/g VS)

Batch

365.4 mL/g VS
Uncontrolled pH

RT 28 d, 37 ◦C
S/I 0.5 (g VS/g

VS)Batch

−31% c This
study

a Increased Methane Yield (IMY) in 2SADS with respect to 1SADS; b Estimated value using a mathematical model;
c This percentage did not represent a significant difference (p > 0.05) in the production of CH4 between a 1SADS
with respect to 2SADS. NA: not applicable.
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3.5. Total Solids and Total Volatile Solids Removal

At the conclusion of the methanogenesis stage, a decrease in the content of total and
volatile solids was observed at the end of the incubation period of 28 d in all treatments
(Figure 7). The total solids removal percentages were 7.2, 8.5, 7.5, 4.7, and 14.9% for
treatments T1, T2, T3, T4, and T5, respectively. The volatile solids removal percentages
were 13.8, 14.5, 18.0, 18.3, and 29.2% for treatments T1, T2, T3, T4, and T5, respectively.

The significant differences in the volatile solids removal among the 2SADS treatments
(T1-T4) with respect to the 1SADS treatment (T5) were analyzed. The volatile solids removal
percentages for treatments T1, T2, T3, T4, and T5 were 11.8, 14.8, 18.0, 18.4, and 29.3%,
respectively. Evidently, the highest percentage was obtained in treatment T5. Nevertheless,
according to the multiple range test, there were only significant differences in the volatile
solids removal between treatments T1 and T5, and T2 and T5, with a confidence level
of 95%.

In the study by Nkemka et al. [20], the removal efficiency of volatile solids depended
mainly on the type of substrate used. They tested two substrates, maize silage, and cattail,
in a 2SADS. In addition, they applied a bioaugmentation process with Pyromyces rhizinflata
YM600 to pretreat both substrates. They obtained a global VS removal of 81.0 and 84.4%
for non-pretreated corn silage and pretreated corn silage, respectively. However, they
only achieved a reduction of 22.7 and 36.6% using unpretreated and pretreated cattail,
respectively. Therefore, the removal efficiency depends largely on the characteristics of the
substrate. The removal of solids obtained in the present study was similar to that reported
by Nkemka et al. [20] for cattail.
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4. Conclusions

Due to the non-significant differences in methane production between the treatment
with the highest yield in a 2SADS (T3) with respect to the treatment in 1SADS (T5), a
single-stage anaerobic digestion process a more viable system for obtaining methane from
raw TPW. Furthermore, the single-stage assembly is simpler and less incubation time
is required. In addition, the volatile solids removal in 1SADS was significantly higher
compared to some treatments in the two-stage system (T1 and T2).

In our study, we obtained a similar or better methane production yield with respect to
that reported for other lignocellulosic substrates without the need to pretreat the tomato
plant waste, independently the process will be carried out in one or two stages.

It will be important to continue evaluating other strategies to improve the performance
of the process using tomato plant as a substrate. This will help to reduce the negative
impact of tomato plant waste disposal in greenhouse settings since these residues can be
used for clean, renewable energy production and partially supply the energy demands of
a greenhouse.
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