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Abstract: Sugarcane bagasse (SCB) is the main residue obtained from sugarcane processing, and it has
been widely investigated as a strategic renewable energy source. The typical recalcitrant characteristic
of SCB requires the use of pretreatments (e.g., chemicals) to increase methane production through
anaerobic digestion, which is normally reported to generate toxic effluents and increase operational
costs. Based on this, the present study evaluated the efficiency of an inexpensive, alternative, and
more sustainable method to improve the biodegradability of SCB and increase methane production
by pre-storing it with acidic organic biowastes, such as cheese whey (CW) and fruit and vegetable
waste (FVW). Different fresh weight-based proportions of FVW (5:95, 10:90, and 15:85) and CW (10:90,
20:80, and 25:75) were soaked with SBC for 7 days at 25 ◦C. These treatments were compared with
traditional alkaline pretreatment using NaOH at concentrations of 1%, 5%, and 10% (w/v). The best
result was obtained with SCB + FVW (5:95), being 520 ± 7 NL CH4 kg VS−1 (27.6% higher than
the control) with degradation time (T90) reduced from 13 to 7 days. Pretreatment with SBC + CW
resulted in antagonistic effects due to process inhibition, while alkaline pretreatment with NaOH at
concentrations of 5% and 10% similarly increased methane yield by 21.2% and 34.1%, respectively.
Therefore, pre-storage of SBC with FVW proved to be the best strategy to increase methane production
from SCB, while simultaneously avoiding the use of chemical reagents that result in toxic effluents.

Keywords: chemical pretreatment; biochemical methane potential; lignocellulose; fruit and vegetable
waste; cheese whey

1. Introduction

Energy is a critical factor for humanity that influences the socioeconomic development
of all countries [1]. Approximately 72% of the energy produced worldwide comes from
fossil sources, and only 15% comes from renewable sources [2]. Owing to the non-renewable
and polluting characteristics of fossil fuels, the search for sustainable energy sources such
as biomasses is consistently increasing [3]. Brazil is the largest sugarcane producer and
the second largest producer of ethanol from sugarcane [4]. The industrial processing of
sugarcane generates large amounts of organic residues, mainly in the form of sugarcane
bagasse (SCB). The worldwide generation of SCB is approximately 540 million tons per
year (fresh weight basis), representing 30% of harvested sugarcane [5]. A large amount
of residual bagasse, together with its very low density (80–120 kg/m3), results in massive
volumes of waste in the sugar mills, demanding appropriate management practices to
minimize the associated environmental and economic impacts [6,7].
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Anaerobic digestion (AD) is a sustainable technology for treating different organic
residues [8]. This biological treatment transforms environmental liabilities into economic
assets through the production of biogas, which can be used as a clean and renewable source
of energy for the generation of electricity, heat, or biofuel (biomethane) [9]. AD occurs by
a consortium of microorganisms in four stages, based on complex biochemical reactions:
hydrolysis, acidogenesis, acetogenesis, and methanogenesis [10], with hydrolysis being the
rate-limiting step when organic complex biomass is used as substrates.

SCB has been increasingly used as a substrate for biogas production [11]. However,
agricultural substrates, such as SCB, are slowly hydrolyzed because of the complex struc-
ture formed by lignocellulose [12]. The recalcitrance of these substrates usually requires
a pretreatment process before digestion to facilitate microbial degradation. Several pro-
cesses, including physical, chemical, and biological pretreatments, are usually applied to
lignocellulosic biomass. These pretreatments can open the lignocellulosic structure and
facilitate the access of microorganisms to the biodegradable fraction, thereby increasing its
biodegradability [13]. Pretreatments also lead to a reduction in the crystallinity of cellu-
lose and the degree of polymerization, leading to an increase in lignin and hemicellulose
solubilization [14].

Chemical pretreatments enhance lignocellulose degradation and are one of the most
applied techniques owing to their high efficiency in carbohydrate solubilization [15]. How-
ever, the application of chemical pretreatments in full-scale biogas plants is still limited
because of the high cost of chemical inputs and the subsequent toxic effluents that require
specific treatment and final disposal [1]. Different strategies have been investigated to
minimize the costs related to chemical reagents and their impact on the environment after
the pretreatment process. Among these, pre-hydrolysis has been reported as a promising
alternative to pretreat lignocellulosic waste [16]. This method is used as a storage system
to maintain the energy content of crops, ensuring the maintenance of good nutritional
values, allowing the use of these feedstocks as AD substrates [17]. Pre-hydrolyzed biomass
is rich in fermented organic compounds, such as lactic acid [18]. This process causes a drop
in the pH of the media prior to the AD reactor, creating an acidic environment (catalytic
biowaste medium) that results in the delignification of lignocellulose in an eco-friendly
way, removing the need for chemicals or high-energy requirements [19].

Fruit and vegetable waste (FVW) and cheese whey (CW) stand out among the potential
acidic biowastes available for pre-hydrolysis with lignocellulosic substrates, since they
are produced in large quantities worldwide. Brazil is the third largest producer of fruits
worldwide and the third largest producer of vegetables in Latin America, with 1.7 million
tons of FVW generated in 2011 [20]. These residues are characterized by high moisture
content and high biodegradability, with a density of 1,030 kg·m−3 [21]. Approximately
9 kg of CW is generated to produce 1 kg of cheese [22], and it is characterized by a high
concentration of easily degradable carbohydrates. Brazil is the second largest producer of
milk worldwide, with an annual production of 33.4 billion liters in 2018 [23]. However,
there is little or no information in the literature on the effect of pre-hydrolysis of SCB with
acidic organic wastes.

This study aimed to evaluate the effect of pre-hydrolysis of SCB mixed FVW and CW
on biodegradability and methane production. SCB was mixed with FVW in the proportions
of 5:95, 10:90, and 15:85 (w/w) and with CW in the proportions of 10:90, 20:80, and 25:75
(w/w) on a fresh weight basis for pre-hydrolysis during 7 days at room temperature (25 ◦C).
In addition, mild-alkaline pretreatment using NaOH at concentrations of 1%, 5%, and 10%
w/w was also applied to SCB for comparison with the previous pretreatments. Biochemical
methane potential (BMP) of the substrates was determined using batch bottles at mesophilic
temperature (37 ◦C).
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2. Material and Methods
2.1. Feedstock and Inoculum

The SCB used as feedstock was collected from a sugarcane juice retailer in a local
fruit market in Medianeira/Brazil. The feedstock was milled using a kitchen blender to
a particle size of less than 10 mm, as recommended by Holliger et al. [24]. The samples
were stored in plastic bags and kept frozen at −20 ◦C until further use. FVW, used as acid
biowaste, was collected from a wholesale market in Foz do Iguaçu/Brazil. The FVW was
composed of watermelon (17%), mango (16%), melon (14%), tomato (13%), plum (12%),
orange (9%), chayote (4%), sweet potato (3%), pepper (3%), and others (9%). The FVW was
blended and also milled to a particle size of less than 10 mm. The CW, an acidic by-product
of casein-induced coagulation (sweet whey), was collected from a dairy agroindustry in
the western region of Parana/Brazil. The TS and VS contents of the substrates were 38.3%
and 37.4% (SCB), 10.5% and 9.8% (FVW), 6.8% and 6.3% (CW).

Anaerobic effluents obtained from full-scale biogas plants treating cattle and swine
manure were used as inoculum. The two digestates were mixed in a ratio of 1:1 (fresh
weight-based), stored in a 100 L laboratory-scale reactor at mesophilic temperature (37 ◦C),
and weekly fed with a mixture of different organic materials [25] to simulate a complex
biomass degradation and increase the diversity of the microbial community [26]. The
inoculum was then degassed for 7 days prior to incubation.

2.2. Pretreatment Procedure

Two different pretreatment strategies were investigated in this study: (experiment I)
preliminary mixing (pre-hydrolysis) between SCB with FVW (5:95, 10:90, and 15:85), and
between SCB with CW (10:90, 20:80, and 25:75) on a fresh weight basis; and (experiment II)
mild-alkaline pretreatment of SCB with NaOH at concentrations of 1%, 5%, and 10% w/w
(Table 1). Mixture proportions between SCB and FVW or CW were adopted according to
the capacity of the acidic biowaste to completely humidify the bagasse, owing to the very
low density of the SCB (80–120 kg·m−3) than that of the acidic biowastes (1030 kg·m−3).
The concentration of the alkaline pretreatments was based on previous investigations by
Bastos et al. and Remor et al. [27,28].

Table 1. Pretreatment conditions.

Treatment Pretreament
Strategy

Mass of the
Catalytic Residue

or NaOH

Proportions
(Fresh Weigh

Basis)

Proportions
(VS Basis)

TS of the Mixtures
(%)

1
SCB pre-stored

with FVW

1 g SCB/19.0 g FVW 5:95 (SCB:FVW) 17:83 (SCB:FVW) 11.9
2 1 g SCB/9.0 g FVW 10:90 (SCB:FVW) 30:70 (SCB:FVW) 13.3
3 1 g SCB/5.7 g FVW 15:85 (SCB:FVW) 40:60 (SCB:FVW) 14.7

4
SCB pre-stored

with CW

1 g SCB/9.0 g CW 10:90 (SCB:CW) 40:60 (SCB:CW) 10.0
5 1 g SCB/4.0 g CW 20:80 (SCB:CW) 60:40 (SCB:CW) 13.1
6 1 g SCB/3.0 g CW 25:75 (SCB:CW) 66:34 (SCB:CW) 14.7

7
SCB pretreated

with NaOH

1 g SCB/0.04 g NaOH NaOH 1% N.A 8.5
8 1 g SCB/0.18 g NaOH NaOH 5% N.A 12.3
9 1 g SCB/0.35 g NaOH NaOH 10% N.A 16.3

SCB: sugarcane bagasse; FVW: fruit and vegetable waste; CW: cheese whey; TS: total solids. The mixtures were
prepared on a fresh weight basis. N.A.: not applied.

Mixtures between SCB and the acidic biowastes (0.5 kg) were kept in open beakers
of 0.5 L for 7 days at room temperature (25 ◦C). The duration of the pretreatment with
acidic biowastes was based on the reduction in the pH values that started with 6.8 for
SCB + CW and pH of 4.7 for SCB + FVW and finished with ≈4.0. Alkaline pretreatment
was performed by soaking 100 g of SCB in 340 mL of a solution of NaOH at 1%, 5%, and
10% (w/v) for 12 h at 25 ◦C in open beakers (Table 1). The TS content of the mixtures
between SCB and the NaOH solution was kept in the range of 8.5–16.3% (Table 1). The
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chemical pretreated mixtures resulted in a pH > 10, and it was subsequently washed with
tap water until neutral pH (≈7.0) to ensure biological activity compatible with the BMP
assay protocols. The washing step was included since the inoculum used for the BMP
tests was composed only of digestates and did not contain any extra nutrient or buffering
solution. It is noteworthy that washing after pretreatment is a strategy that can be avoided
by the addition of nutrient/buffering solutions as performed by Vasmara et al. (2021) [29].
The screened fraction was then oven-dried at 50 ◦C for 24 h to remove extra humidity and
increase the homogeneity of the tests.

2.3. Biochemical Methane Potential (BMP) Assay

SCB after pretreatments were mixed with inoculum to obtain a feedstock to inoculum
(F/I) ratio of 1/3 [24,26] based on volatile solids (VS) and loaded into 125 mL batch glass
reactors. Triplicate reactors were run for each condition, including untreated SCB, FVW
and CW, which were used as control, and microcrystalline cellulose (Sigma-Aldrich, 20 µm
diameter) was used as a positive control [24]. Each flask was enclosed using 20 mm
sealing pliers with a polytetrafluoroethylene/butyl septum and an aluminum seal cap. The
endogenous production of biogas produced by the inoculum was subtracted from the total
biogas produced by the substrates (Equation (1)).

BMP =
V1 − [V2(M1 · VSIN)]

(M2 · VSSUB)
· % CH4 (1)

where:
BMP: biochemical methane potential (L CH4 kg VS added−1);
V1: biogas volume of the flask containing inoculum and substrate (L);
V2: biogas volume of the flask containing only inoculum (L kg VS–1);
M1: mass of inoculum added (kg);
M2: mass of substrate added (kg);
VSIN: VS content of the inoculum (%);
VSSUB: VS content of the substrate (%);
% CH4: methane concentration in the measured biogas (%).
Biogas yield was recorded every 1 to 3 days until the daily production of each flask

was ≤1% of the cumulative production. The experiment was maintained in an incubator at
a mesophilic temperature (37 ◦C). Biogas yield was corrected to standard temperature and
pressure using Equation (2):

V0 = V· (PL − PW) T0

P0 · T
(2)

where:
V0: standard biogas volume (LN);
V: registered biogas volume (L);
PL: atmospheric pressure at the time of registration (mbar);
Pw: vapor pressure of water (mbar);
T0: standard temperature (273.15 K);
P0: standard pressure (1013 mbar); T: temperature (K) within incubator.
The vapor pressure of water was determined by using the temperature within the

incubator as the basis for calculations, where the temperature used was the same as that
registered inside the flask (Equation (3)):

PW = 108.1962− 1730.63
T−39.724 (3)

2.4. Analytical Methods

TS, VS, and lipids were determined according to APHA [30]. Crude protein content
was estimated by multiplying the total Kjeldahl nitrogen by the nitrogen-to-protein conver-
sion factor of 5.36, considering an average protein content of approximately 18.6% nitrogen
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for fruits and vegetables [31]. Cellulose, hemicellulose, and lignin were determined us-
ing neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin
(ADL) [32].

The biogas composition was analyzed via gas chromatography (Clarus 680, Perkin
Elmer) with a thermal conductivity detector and packed Plot Q column, using helium as a
carrier gas at a flow rate of 30.0 mL min−1. In each analysis, which had been performed
in duplicate, a 200 µL volume of biogas was injected with a Hamilton Gastight syringe
(1750RN SYR, 22/2”/2 capacity of 500 µL).

2.5. Data Analysis

The synergistic effect of pre-hydrolysis was calculated considering the inner reactions
produced by the different biomasses on the cumulative methane yields. The possible
influence of the acidic biowastes on the breakdown of the lignocellulose content present in
the SCB, and thus, improved methane yields were calculated using Equation (4):

α =
Methane yield experimental

Methane yieldcalculated
·100 (4)

The experimental methane yield is the BMP from the pre-treated substrate mixtures
(SCB + FVW and SCB + CW), while the calculated methane yield is the BMP of the mono-
digestion of the substrates (SCB, FVW, and CW) in the same VS proportions used in the
pretreatment mixtures (Equation (5)) [16]. The calculated methane yield was used to assess
the BMP in the case the same substrates were digested isolated. The result indicates a
synergistic effect if α > 1, antagonistic effect if α < 1, and no effect if α = 0 of the pretreatment
strategies [33]:

BMPcalculated = (BMPSCB · VSSCB) +
(

BMPFVW (or CW) · VSFVW(or CW)

)
(5)

where:
BMPSCB: BMP of the SCB (LN CH4 kg VS−1)l
BMPFVW/CW: BMP of the acidic waste (FVW or CW) (LN CH4 kg VS−1);
VSSCB: mass of VS from SCB added to batch bottles (g);
VSFVW/CW: mass of VS from acidic waste (FVW or CW) added to the batch bottles (g).
The Tukey test (p < 0.05) was applied after the analysis of variance (ANOVA) to assess

statistical differences between pretreatment strategies. The normal distribution of data
was performed, and only the data resulting in a normal distribution (Anderson–Darling,
p > 0.05) were used in Tukey’s test. Statistical analysis was performed using the Action Stat
package for Excel (Statcamp/Brazil).

2.6. Kinetic Study

A kinetic study was performed using a first-order kinetic model assuming that
methane production is related to the concentration of the substrate and that hydrolysis is
the rate-limiting step during anaerobic digestion [34] (Equation (6)):

G(t) = G0 ×
(

1 − e(−Kt)
)

(6)

where:
G(t): cumulative methane yield at digestion time t (L kg VS–1);
G0: methane potential of the substrate (L kg VS–1);
Khyd: first-order disintegration rate constant (day–1);
t: time (day).
The parameters of the kinetic model were determined using nonlinear regression mod-

els calculated by the ‘Solver’ function in Excel software (Microsoft, 2010). The coefficient of
determination was used to evaluate the statistical indicators of the kinetic model.
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3. Results and Discussion
3.1. Characterization of Substrates and Inoculum

The inoculum had a pH of 8.37, a TS content of 3.1%, and a VS content of 1.8%. The
VS/TS ratio of 58.3% indicated a satisfactory amount of VS in the inoculum (VS/TS > 50%)
to perform the BMP tests. The untreated SCB had a TS content of 38.3% and a VS content of
37.4%, resulting in a VS/TS ratio of 97.6% (Table 2). Despite the low moisture content of the
SCB for wet-AD, the preliminary VS/TS ratio indicated high organic fraction with potential
to be converted into biogas. A similar VS/TS of 97.4% was reported by Leite et al. [35] for
SCB. However, lignocellulose represented most of the organic fraction of the SCB, with
30.5% cellulose, 25.6% hemicellulose, and 5.5% lignin (61.3% of the total VS content), while
only 3.2% was lipid and 2.3% was protein (Table 2). Leite et al. [35] also reported low lipid
(0.8%) and protein (1.2%) contents of SCB. The high lignocellulose content in the chemical
composition of SCB suggests its low biodegradability if directly treated by AD.

Table 2. Characterization of the sugarcane bagasse, fruit and vegetable waste, and cheese whey.

Substrate
TS VS

VS/TS pH
Crude

Protein
Crude
Lipid Cellulose Hemicellulose Lignin

(%) (%) (% VS) (% VS) (% VS) (% VS) (% VS)

SCB 38.3 ± 0.1 37.4 ± 0.1 97.7 N.D. 2.3 ± 0.2 3.2 ± 0.4 30.5 ± 0.3 25.6 ± 0.8 5.2 ± 0.1
FVW 10.5 ± 0.2 9.8 ± 0.1 93.8 4.7 ± 0.1 9.6 ± 0.1 5.0 ± 0.2 N.D. N.D. N.D.
CW 6.8 ± 0.1 6.3 ± 0.1 92.5 6.7 ± 0.1 12.1 ± 0.4 9.8 ± 0.2 N.D. N.D. N.D.

SCB: sugarcane bagasse; FVW: fruit and vegetable waste; CW: cheese whey; TS: total solids; VS: volatile solids.
N.D.: not determined.

The FVW and CW used for pre-hydrolysis with SCB had low TS and high VS contents.
The moisture contents were 89.5% and 93.2% for FVW and CW, respectively. The high
moisture content of the catalytic biowaste is desired to completely humidify the dried ligno-
cellulosic biomass during the pre-hydrolysis period and increase the chemical interactions
between the organic compounds. The pH of the FVW was 4.7, owing to the typical content
of easily degradable sugars present in this type of biomass. The pH of the CW was 6.7,
which was similar to that of sweet whey obtained from Risner et al. [36], characterized by
the casein-induced coagulation process at a pH close to 6.5.

The lipid and protein contents of the catalytic wastes were 5.0% and 9.6% for the FVW,
and 9.8% and 12.1% for the CW, respectively. The slightly higher values obtained from
the CW were possibly due to the residual fat and protein concentrations typical of cheese
production. The physical and chemical properties of the catalytic biowastes, especially
moisture and pH, are essential for providing sufficient water and an acidic environment to
break the lignocellulosic rigid structure of the SCB during the pre-hydrolysis phase.

3.2. Effect of Pre-Hydrolysis between SCB + FVW and SCB + CW on Methane Potential
(Experiment I)

FVW and CW were mixed with SCB and kept for 7 days prior to BMP batch tests.
The pH of the mixtures started to decrease after one day of exposure time because of
the fermentation of the mono and disaccharides content present in the FVW and CW.
On average, the pH decreased from 6.8 to 4.1 in the mixture with SCB + CW and from
4.7 to 3.7 in the mixture with SCB + FVW (Figure 1). Although the initial pH of CW was
higher than that of FVW, the fermentation process of soluble sugars (lactose and fructose)
occurred in both mixtures, and an acidic environment was observed from the first day
of pre-hydrolysis.
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tures between SCB and FVW because of the naturally higher contents of organic acids in 
FVW. Some sugar-rich fruits, such as melon, watermelon, mango, plum, and orange, rep-
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Figure 2. The pH before and after anaerobic digestion batch tests of differently pre-stored mixtures 
of sugar cane bagasse (SCB), fruit and vegetable waste (FVW), and cheese whey waste (CW). 

The biogas yields from the isolated substrates were higher for the FVW and CW than 
for the SCB, being 705, 713, and 523 NL biogas kg VS–1, respectively (Figure 3a). This fact 
was expected due to the much higher biodegradability of the FVW and CW, which pro-
vided the rapid conversion of easily degraded carbohydrates into biogas. Biogas produc-

Figure 1. The pH of pre-stored mixtures from SCB + FVW and SCB + CW at different proportions.
SCB: sugarcane bagasse; FVW: fruit and vegetable waste; CW: cheese whey waste.

The pH of the digestates produced after the batch digestion tended to be slightly
higher than the initial values, except for the chemical pretreatments (Figure 2). This was
observed for isolated residues (SCB, FVW, and CW) and for all mixtures containing them,
indicating adequate degradation of the organic fraction and no evidence of organic acid
accumulation or inhibition during AD. The lowest pH value was observed for the mixtures
between SCB and FVW because of the naturally higher contents of organic acids in FVW.
Some sugar-rich fruits, such as melon, watermelon, mango, plum, and orange, represented
68% of the FVW composition used in this study. The stable pH condition of the organic
matter degradation was supported by the good quality inoculum and a safe (F/I), even
when an acidic biomass, such as FVW, was used.
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Figure 2. The pH before and after anaerobic digestion batch tests of differently pre-stored mixtures
of sugar cane bagasse (SCB), fruit and vegetable waste (FVW), and cheese whey waste (CW).

The biogas yields from the isolated substrates were higher for the FVW and CW than
for the SCB, being 705, 713, and 523 NL biogas kg VS–1, respectively (Figure 3a). This fact
was expected due to the much higher biodegradability of the FVW and CW, which provided
the rapid conversion of easily degraded carbohydrates into biogas. Biogas production
started immediately for each of the three residues, and the peak of daily biogas production
occurred after only one day of digestion, being 239 and 276 NL kg VS–1 d–1 for FVW and
CW, respectively. There was no clear peak in daily biogas production for the untreated SCB,
with values in the range of 57–74 NL kg VS–1 d–1 during the first four days of digestion
(Figure 3b).
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The BMP of the untreated SCB was 330 NL CH4 kg VS–1, while FVW and CW resulted
in higher BMP values of 423 and 449 NL CH4 kg VS–1, respectively (Table 3). Similar results
of 326 NL CH4 kg VS–1 for SCB, 388 NL CH4 kg VS–1 for FVW, and 510 NL CH4 kg VS–1 for
CW were reported in the literature [37–39]. Compared to the SCB, catalytic biowastes had
higher methane yield, which was related to their macromolecular composition, with lower
lignocellulose and higher contents of protein and lipids (Table 2). The hydrolysis constant
obtained after the kinetic analysis (Khyd) also reflected the different degradation rates of
these residues. The Khyd of the SCB was only 0.18 d–1, while FVW and CW resulted in a
Khyd of 0.48 d–1 and 0.56 d–1 (Table 3), respectively. The higher Khyd of the CW compared
to the FVW is related to its smaller particle size and lower lignocellulose content, which
can promote the faster degradation of sugars. The technical T90, i.e., the time necessary
to achieve 90% of the cumulative methane yield, was calculated to be 13 days for SCB,
while only 6 and 4 days were necessary to convert 90% of the organic matter into methane
from FWV and CW, respectively. Edwiges et al. [16] also evaluated the T90 of the methane
potential from lignocellulosic substrates and reported similar values of 15 days for garden
waste (lignocellulosic substrate) and only 5 days for FVW. Higher T90 values of 17–28 days
were reported by Kafle and Chen [34] for animal manure, such as dairy, chicken, and swine.

Table 3. Summary of results from batch tests and kinetic analysis.

Treatment Biogas Yield
(NL kg VS−1)

BMPE
(NL kg VS−1)

BMPC
(NL kg VS−1)

T90
(d)

Khyd
(d−1)

Tdelay
(d) R2 α

(%)

SCB 523 ± 4 330 ± 6 N.A. 13 0.18 0.1 0.999 N.A.
FVW 705 ± 10 423 ± 6 N.A. 6 0.48 0.1 0.998 N.A.
CW 713 ± 9 449 ± 6 N.A. 4 0.56 0.1 0.999 N.A.
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Table 3. Cont.

Treatment Biogas Yield
(NL kg VS−1)

BMPE
(NL kg VS−1)

BMPC
(NL kg VS−1)

T90
(d)

Khyd
(d−1)

Tdelay
(d) R2 α

(%)

(1) SCB 5% + FVW 95% 816 ± 10 520 ± 7 407 7 0.42 0.4 0.999 27.6
(2) SCB 10% + FVW 90% 771 ± 10 437 ± 6 395 8 0.37 0.3 0.996 10.4
(3) SCB 15% + FVW 85% 638 ± 7 383 ± 4 386 9 0.36 0.4 0.997 −0.7

(4) SCB 10% + CW 90% 583 ± 10 345 ± 6 381 10 0.28 0.1 0.997 −10.5
(5) SCB 20% + CW 80% 587 ± 15 338 ± 9 365 11 0.24 0.1 0.998 −7.9
(6) SCB 25% + CW 75% 536 ± 18 309 ± 11 353 11 0.36 0.1 0.998 −14.4

SCB1 449 ± 11 246 ± 6 N.A. 12 0.20 0.1 0.999 N.A.
(7) SCB + NaOH 1% 405 ± 13 223 ± 7 N.A. 12 0.13 1.9 0.997 −9.1
(8) SCB + NaOH 5% 567 ± 28 298 ± 15 N.A. 12 0.28 1.3 0.998 21.2

(9) SCB + NaOH 10% 632 ± 13 330 ± 7 N.A. 12 0.27 1.5 0.999 34.1

SCB: sugarcane bagasse; SCB1: untreated SCB used as a control in experiment II; FVW: fruit and vegetable
waste; CW: cheese whey; BMPE: experimental biochemical methane potential; BMPC: methane yield calculated
using Equation (5); T90: time to achieve 90% of the cumulative methane potential; Khyd: hydrolysis constant; R2:
coefficient of determination of the kinetic analysis. α is the synergistic effect (percentage of increased/decreased
BMP of treated SCB when compared to untreated SCB). N.A.: not applied. The mixtures SCB and FVW or CW
were prepared on a fresh weight basis.

When 5% of SCB was mixed with 95% of FVW on a fresh weight basis, the resulting
BMP was 520 NL CH4 kg VS–1. The calculated methane yield in the case of mono-digestion
of isolated SCB and FVW was 408 NL CH4 kg VS–1 (Equation (5)), resulting in a synergistic
effect (α) of 27.6% (Table 3). The corresponding mix proportion based on VS was 17:83
(Table 1), indicating that the synergistic effect requires five-fold more VS from FVW than
from SCB, suggesting that a small amount of SCB has a catalytic role when added to
FVW. Lower bagasse to co-substrates ratios were also reported in the literature [40] as
being essential to achieve higher biodegradability and methane yields, e.g., 35:65 (bagasse:
poultry waste) and 40:60 (bagasse: catering waste). When the percentage of SCB mixed
with FVW increased from 5% to 10% and 15%, the synergistic effect of the tests decreased,
probably due to the minor proportion of FVW in the mixtures and, consequently, lower
moisture and availability of organic acids to break the lignocellulose of the SCB. The BMP
of the SCB mixed in the proportions of 10% and 15% with FVW was 437 and 383 NL CH4
kg VS–1, with α of 10.4% and −0.7%, respectively. The antagonistic effect observed when
15% SCB was added to the mixture reveals the treatment limitation with higher proportions
of lignocellulosic waste. Edwiges et al. [16] reported 13% higher BMP when FVW was
pre-stored with garden waste for 7 days. The hydrolysis rate in these treatments also
decreased with the increased concentrations of SCB, being 0.42, 0.37, and 0.36 d–1 for 5%,
10%, and 15% of SCB added to the mixture, respectively (Table 3). In addition, the T90
increased from 7 to 8–9 days when 5%, 10%, and 15% of SCB were applied.

The mixtures of SCB and CW resulted in an antagonistic effect, with α being −10.5%,
−7.9%, and −14.4%, respectively (Table 3). The conversion of lactate into lactic acid by
lactic acid bacteria has been reported to produce antimicrobial peptides (bacteriocins),
which may have inhibited the reproduction of archaea methanogens during the AD, since
bacteriocins naturally work as food preservatives [41].

Although no time delay was observed for the mixtures using CW, the T90 of these
treatments was in the range of 10–11 days, which was higher when compared to the
7–9 days obtained with the mixtures using FVW (Table 3). Despite the higher Khyd of the
mono-digestion of CW (0.56 d–1) than that of the FVW (0.48 d–1), the hydrolysis rates of the
mixtures between SCB + FVW were faster than that with SCB + CW, being 0.36–0.42 and
0.24–0.36–1, respectively. These values suppose that, in addition to the pH of the media, the
chemical composition of the catalytic biowastes may have also affected their performance
in breaking the lignocellulose content.
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3.3. Effect of Alkaline Pretreatment on Methane Potential of SCB (Experiment II)

The BMP of the untreated SCB used in experiment II was 246 NL CH4 kg VS–1 (Table 3),
which was lower than that of the untreated SCB obtained from the experiment I. Even
though the SCB sample was frozen at −20 ◦C between experiments, humidity loss due
to the freezing/thawing process was observed. The TS content of the SCB was 38.3% in
experiment I and 43.9% in experiment II. However, very similar VS/TS proportions of
97.7% and 98.2% were detected in both situations, resulting in a similar biogas yield of
195 L kg SCB–1 (experiment I) and 201 L kg SCB–1 (experiment II) on a fresh matter basis.

The BMP of the SCB pretreated with NaOH at 1% was 223 NL CH4 kg VS–1, resulting
in an antagonistic effect (α = −9.1) (Table 3). The mild-alkaline solution (i.e., 1%) showed
a weak capacity to increase cellulose and hemicellulose accessibility, and in addition, it
could have partially removed other organic compounds, such as lipids, proteins, and
simple sugars during the washing process, which can decrease the methane yield of
the pretreated bagasse. The hemicellulose and lignin solubilized by the mild alkaline
pretreatment with NaOH can also be lost during the washing process, as investigated by
Vasmara et al. [29], who reported 16% and 25% losses of lignin and hemicellulose after mild
alkaline pretreatment with KOH. The lower Khyd of 0.13 d–1 for the pretreated SCB with
NaOH at 1% than that of 0.20 d–1 for the untreated SCB also highlights this effect.

Increasing the concentration of the NaOH during pretreatments resulted in a syner-
gistic effect (α > 1). Alkaline pretreatment causes swelling in the lignocellulosic cell wall,
which increases the internal surface area, decreases the degree of polymerization of these
compounds, and breaks the ester bonds that keep them strongly linked. These physical
changes in the biomass structure make it more accessible to anaerobic microorganisms [42].
The BMP of SCB pretreated with NaOH at 5% and 10% were 298 NL CH4 kg VS–1 (α = 21.2)
and 330 NL CH4 kg VS–1 (α = 34.1), respectively (Table 3). These values were similar to the
ones reported by Remor et al. [28] (α = 19.9%) SCB pretreated with NaOH at 5.5% for 12 h
when compared to the untreated substrate. El Achkar et al. [43] also reported 20% and 36%
higher BMP with grape pomace pretreated with NaOH at 6% and 10% NaOH. Agarwal
et al. [40] investigated several references for the pretreatment effect applied to SCB using
different alkaline solutions with concentrations between 1 and 10% and which also reported
α in the range of 3–30%. The Khyd of the pretreated SCB with 5% and 10% NaOH were
higher (0.27–0.28 d–1) than those of the untreated bagasse (0.20 d–1). However, increasing
the concentration of the alkaline solution from 5% to 10% did not cause any proportional
enhancement in the hydrolysis rate, and the time delay was increased from 1.3 to 1.5 day.
A higher time delay was observed for all chemically pretreated samples (1.3 to 1.9 day)
than that for untreated bagasse (0.1 day) because, even after washing, some fraction of the
chemical solution may have remained stuck to the biomass, limiting its initial degradation.

Degradation rates and time delay together with biogas and methane yields are essential
to help decision making during the design of biogas plants. The comparable results in
terms of a traditional alkaline pretreatment with the pre-hydrolysis strategy with acidic
biowastes evidence the benefits of a mild condition created by the treatment of two types
of organic waste, which can also benefit higher-scale operations due to the very low cost of
co-substrate management and digestate post-treatment.

4. Conclusions

FVW proved to be a more effective catalytic biowaste than CW to improve the
biodegradability of SCB after the pre-hydrolysis strategy. The best result was obtained by
mixing SCB with FVW in the proportion of 5:95 fresh weight basis, with 27.6% increase in
methane yield when compared to the mono-digestion of SCB and FVW. Alkaline pretreat-
ment with NaOH at 5% and 10% concentrations also increased the methane yield of SCB by
21.2% and 34.1%, respectively. However, mixing low-moisture lignocellulosic wastes with a
high-moisture acidic biowaste, such as FVW, generated comparable benefits in terms of the
bioconversion of organic matter into methane. In addition, T90 was reduced from 13 to only
7 days when the organic pre-hydrolysis with FVW was applied. This sustainable strategy
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does not require the addition of chemicals or the subsequent treatment of potentially toxic
effluents, therefore contributing to the environmental footprint of the pretreatment process
while improving the economic feasibility of the real-scale operation. It is suggested in
future studies the determination of the lignocellulose content of the solid fraction after the
pretreatments to evaluate the cellulose degradation promoted by them.
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