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Abstract

Cellulase production by solid-state fermentation (SSF) is a promising pre-treatment strategy for optimizing methane genera-
tion from passion fruit and orange peel. This study employed an experimental design the enzymatic process for cellulase
production using orange peel and passion fruit peel as substrates. The biochemical methane potential (BMP) test was used to
assess the effectiveness of the SSF pre-treatment in methane generation from waste products. The study results showed that
passion fruit peel had a higher cellulase activity than orange peel. Moreover, the experimental design successfully optimized
the enzymatic process, with a maximum cellulase activity of 13.91 and 14.46 U/mL for FPase e CMCase of passion fruit
peel and 2.21 and 5.67 U/mL for FPase e CMCase of orange peel. BMP assays revealed that SSF pre-treatment increased
methane production, with the most significant increases observed in orange peel waste with both granular and flocculent
sludge (17 and 25 NmL/gVS) compared to passion fruit peel waste (13 and 14 NmL/gVS). Furthermore, configurations
obtained a high percentage of methane (63 to 71%). The cone and logistic models exhibited superior performance in terms
of coefficient of determination (0.891 to 0.991) and minimized residual squares (7.3 to 247.7 NmL/gVS). Overall, this study
demonstrates SSF potential as an efficient pre-treatment method for cellulase production and methane generation from agro-
industrial waste (passion fruit peel and orange). This sustainable, cost-effective approach not only reclaims waste products
but also contributes to renewable energy production, offering significant implications for agro-industrial waste management
and innovative biotechnological solutions.

Keywords Fruit waste - Lignocellulosic - Methane - Enzyme - Aspergillus

Introduction

Highlights
o Solid-state fermentation (SSF) is promising for methane

generation by fruit waste Agro-industrial fruit waste such as peels, seeds, and

o Agro-industrial waste had higher cellulase activity, and the peel have great potential to be used to produce enzymes,
process was optimized. biopolymers, chemical fertilizers, animal feed, and biofuels
o SSF pre-treatment increased methane production, especially (biogas, ethanol, biodiesel) [1-4]. The use of these wastes
from passion fruit peel. . . .

o Study offers sustainable solution for waste valorization and as a source Of ]:_)lomass f(.)r biogas production and energy l.lse
energy generation. has been gaining prominence due to the large generation
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of agro-industrial waste and economic and environmental
gains. However, its use as a source of biomass for anaerobic
digestion is constrained by its recalcitrant nature (lignocellu-
losic), acidic pH, high moisture content, and seasonal nature
of production [3-5], requiring the application of pre-treat-
ment (chemical, physical, biological) to improve the accessi-
bility and biodegradability of this material during anaerobic
digestion, through action on lignin, cellulose, and hemicel-
lulose [6, 7]. These fractions are responsible for 97-99% of
the dry mass of agro-industrial waste [8]. Cellulose is the
most abundant component, representing approximately 35 to
50% of the dry weight of biomass [9]. Cellulose, a complex
polysaccharide found in plant cell walls, represents one of
the main sources of renewable carbon on Earth, but its com-
plex structure makes it difficult to degrade.

Enzymatic pre-treatment of lignocellulosic waste using
cellulolytic enzymes is a highly recommended strategy [10,
11]. Cellulase plays a fundamental role in this process, as it
breaks the glycosidic bonds of cellulose, releasing simpler
fermentable sugars (such as glucose) that can be substrates
for microorganisms (bacteria and fungi) and produce by-
products of biotechnological interest [12, 13]. It also works
by facilitating the degradation of hemicellulose (another
potential source of fermentable sugars), making these sugars
also bioavailable. Although cellulase does not act directly on
the degradation of lignin, its action on cellulose facilitates
its indirect removal.

Cellulase is a complex multicomponent enzyme consist-
ing of three types of enzymes in synergisms, the endo-p-
1,4-glucanase, exo-f-1,4-glucanase (cellobiohydrolase),
and B-glucosidase. These components act synergistically,
converting cellulose into glucose [14, 15]. Each of these
enzymes has a specific role in the cellulose degradation pro-
cess. Endoglucanases act on the internal bonds of cellulose,
exoglucanases on the ends of cellulose chains, while beta-
glucosidases convert cellodextrins into glucose [8, 16].

The biochemical mechanism of cellulose degradation
begins with the adsorption of cellulase on the surface of
cellulose molecules through specific active sites in their
structures [9]. Once bound to cellulose, cellulase acts on
the glycosidic bonds between the glucose residues that
make up the cellulose, using water molecules to break
these bonds (hydrolysis). The insertion of water molecules
between glucose residues (through hydrolases) creates free
OH™ groupings at the ends of glucose molecules, resulting
in the breakdown of the cellulose chain into smaller frag-
ments (cellodextrins). Cellodextrins are released from the
cellulose surface and can be further reduced by cellulases
into individual glucose fragments.

Cellulase can be applied for pre-treatment of agro-indus-
trial waste and any organic substrates with similar character-
istics [17]. Facilitating the breakdown of the hydrolytic step
of cellulose degradation significantly accelerates anaerobic

digestion resulting in greater biogas production. The efficiency
of enzymes in the pre-treatment stage of hemicellulosic waste
can improve methane production by up to 50%, which justifies
its application in various applications. Enzymatic pre-treat-
ment for agro-industrial waste can contribute as an additional
source of renewable energy to replace fossil fuels, contributing
to the diversification of the energy matrix and better use of the
energy potential of these wastes. Economic viability, however,
will depend on several factors, including the type and amount
of waste available, the cost of the cellulase enzyme, the effi-
ciency of converting cellulose to methane, and market prices
for methane [17]. Furthermore, environmental and regulatory
considerations also play an important role.

Among the existing pre-treatment methods, using
enzyme-producing microorganisms through solid-state fer-
mentation (SSF) has shown promise in facilitating hydroly-
sis [12, 18].

SSF applies to the growth process of aerobic microorgan-
isms on organic substrates in the absence of free water, with
controlled moisture, to obtain a desired product [12]. SSF
is a widely used fermentation technique for producing pro-
teases, pectinases, and cellulases [13, 19]. The SSF process
has several advantages, such as higher concentration and
productivity, high yield of the required product, low energy
cost, lower operating costs, the use of simpler machines for
fermentation, shorter fermentation time, and decrease or
absence of degradation of enzymes by undesirable proteases,
in addition to the use of low-cost substrates [20, 21]. SSF has
been used as a suitable method for producing cellulases from
lignocellulosic substrates due to the low operational cost and
high yield of the fermented product [12, 22].

Filamentous fungi are the main source of hydrolases that
produce multienzymes such as endo- and exo-enzymes,
including cellulase, xylanase, and pectinase, which degrade
biopolymers such as cellulose, hemicellulose, and pectin,
respectively [23]. Fungi commonly used in enzyme produc-
tion include the genera Aspergillus, Trichoderma, Penicil-
lium, Fusarium, Humicola, and Phanerochaete [18, 23, 24].
The genus Aspergillus has stood out as an excellent cellulase
producer, representing an advantage in the biomass fermen-
tation process [12, 14, 15, 24].

Therefore, this work aimed to determine the production
of cellulase by Aspergillus japonicus through SSF as a pre-
treatment strategy for orange peel and passion fruit peel to
contribute to increased methane generation.

Material and Methods
Standardization of Substrates

In the experimental tests, two substrates were used:
orange peel (OP) and passion fruit peel (PF). Initially, the
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substrates were manually chopped into pieces of approxi-
mately 2 X2 cm. The material was dried in an oven at 65 °C
until moisture stabilization. After drying, the material was
crushed in a Willye knife mill (SPLabor brand) with 2.0-mm
sieve attached. After this first separation, it was manually
sieved through a 0.5-mm sieve. The substrate retained in this
last sieve was used for SSF.

Obtaining the Fungus and Anaerobic Inoculum

Aspergillus japonicus URMS5620 was obtained from the
culture collection of the URM mycology collection at the
Federal University of Pernambuco (UFPE). The fungus was
selected because it has proven cellulolytic activity in the
literature for lignocellulosic substrates [12, 14, 15, 24, 25].
The microorganism was reactivated in a nutrient solution
(10 g of peptone, 3 g of meat hydrolyzed, and 20 g of glu-
cose for 100 mL of distilled water) and placed in a 125-mL
Erlenmeyer flask containing PDA medium (potato, dextrose,
agar), sterilized (121 °C/20 min), and incubated at 30 °C
for 7 days in a microbiological oven. The spore suspension
was obtained by adding 10 mL of a saline solution NaCl
(0.9%) with Tween 80 (0.01%) previously sterilized. The
spore count was performed using a Neubauer chamber, and
the inoculum was standardized to a concentration of 10’
spores/mL.

Two anaerobic inoculums (sludge) were used: a granular
sludge obtained from an industrial UASB reactor used in the
treatment of vinasse and a flocculent sludge obtained from
a UASB reactor used in the treatment of sanitary sewage.
UASB reactors operate at full scale. Samples of 5 L of the
two sludges were obtained directly from the sludge disposal
valves of the UASB reactors. The sludge was stored under
refrigeration at 4 + 1 °C until the experiments were carried
out.

Characterization of Dry Substrates and Inoculum

The dry substrates (OP e PF) and inoculum (granular sludge
(GS), floccular sludge (FS)) were characterized by pH, mois-
ture, total solids (TS), and volatile solids (VS) [26]. The
elemental analysis (carbon/nitrogen ratio) was performed
by direct combustion in an elemental analyzer (EC EA 111
instruments).

Experimental Design
After the characterization of substrates, sludge and fungus,

a methodological sequence in 4 steps was proposed, which
is briefly presented in Fig. 1.

@ Springer

Step 1: Enzymatic Hydrolysis

SSF was used as a strategy for pre-treatment of substrates
through enzymatic hydrolysis. The SSF was performed
in a 250-mL Erlenmeyer flask containing the amount of
substrate to be used in grams, according to the experimen-
tal design (Table 1), with granulometry between 0.5 and
2.0 mm. Then, the spore solution 107 spores/mL (orange
and passion fruit peel) was added to the nutrient solution
(citrate buffer at pH 6.0 containing 0.5% yeast hydrolyzed
and 1.0% glucose) until it reached the desired moisture
according to the experimental design. The substrates
and nutrient solution were sterilized in an autoclave at
121 °C/1 atm for 20 min.

The enzyme extraction was performed with 7.5 mL of
citrate buffer per gram of substrate added to each Erlenmeyer
flask and shaken in an incubator with temperature control
and orbital agitation—shaker (Tecnal, TE-424) at 150 rpm
per 90 min [27]. Then, the enzymatic hydrolyzed was filtered
and centrifuged to quantify the cellulolytic activity.

The enzymatic hydrolyzed of orange peel (OPH) and pas-
sion fruit peel (PFH) substrates were characterized through
analysis of hydrogen ion potential (pH) using the methodol-
ogy of the NBR 10006 standard [28] and chemical oxygen
demand (COD) by the method of SMEWW [29].

Step 2: Enzymatic Analysis

The determination of cellulolytic activity was determined
according to Ghose (1987), through the determination of the
total activity in paper (FPase) and endoglucanase (CMcase).

Total cellulase activity on filter paper (FPase) was
determined by incubating 1 mL of diluted enzyme solution
(0.5 mL of enzyme extract and 0.5 mL of 0.05 mol/L cit-
rate buffer and pH 4.8) containing paper filter n° 1 (50 mg,
1x6 cm) and incubated at 50 °C in water bath for 60 min.
Endoglucanase activity (CMCase) was performed in 1 mL
mixture, containing 0.5 mL of enzyme extract and 0.5 mL
of 1% carboxymethylcellulose (CMC) solution in citrate
buffer (0.05 mol/L pH 4.8) incubated at 50 °C in water bath
for 30 min [30]. One unit of enzyme activity was defined as
the amount of enzyme required to release 1 pmol of glucose
or p-nitrophenol from appropriate substrates per minute,
under assay conditions and was expressed as units per milli-
liter, determined by 3,5-dinitrosalicylic acid method (DNS)
[31]. The amount of glucose released was measured, also
by reaction with DNS. In both activities, we used enzyme
blank and reaction blank controls, and we converted absorb-
ance into glucose using a standard curve previously estab-
lished. One international unit (IU) was defined as 1 umol
of glucose released per minute, equivalent to 0.18 mg of
glucose per minute.
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Fig. 1 Graphical representation of the execution steps of the experiments
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Table 1 Experimental conditions used from the 2? experimental
design utilized for solid-state fermentation (SSF)

Assay Factor Conditions
Moisture Substrate Moisture (%) Substrate (g)

1 -1 -1 40 5.0
2 +1 -1 60 5.0
3 -1 +1 40 10.0
4 +1 +1 60 10.0
5 50 7.5
6 0 0 50 7.5
7 0 0 50 7.5
8 0 0 50 7.5

Step 3: Anaerobic Fermentation

For the anaerobic fermentation step, the biochemical meth-
ane potential (BMP) test was used. The BMP test followed
the methodology by Silva et al. [25] and Santos et al. [3].

The hydrolyzed of orange peel (OPH) and passion fruit
peel (PFH) obtained from the SSF in the best condition
obtained by the experimental design were used in the BMP
test. Borosilicate flasks (total volume of 250 mL) were used,
consisting of a threaded nylon lid and sealing rings. The top
of the flask had two needle valves attached, one for releasing
the biogas-generated pressure or inserting N, (purge of O, at
the beginning of the assay) and another, where a mechanical
manometer (100 kPa) is installed for monitoring the biogas
pressure inside the reactor.

The test was carried out to evaluate the increase in biogas
production of orange peel and passion fruit peel substrates
after pre-treatment by SSF using A. japonicus. Tests were
conducted using enzymatic hydrolysates of orange peel
(OPH) and passion fruit peel (PFH) with inoculum (GS, FS).

The extract inserted to OPH and PFH into the reac-
tors were 13 mL and 30 mL, respectively (Table 2). The
inoculum (GS, 26.5 mL, and FS, 72.0 mL) added to each
flask was 5 g VSS/L. The sodium bicarbonate used was

Table 2 Experimental conditions of BMP tests

1 g, according to Santos et al. [3]. Distilled water was
added to the reactor to maintain COD of 2 g/L and a useful
volume of 200 mL for each assay. A headspace of 50 mL
was maintained in all reactors, representing 20% of the
reactor volume. The test was performed in triplicate, also
considering a blank (distilled water and inoculum). A total
of 18 reactors with 6 configurations were evaluated over
60 days.

The filling of each reactor followed the sequence per-
formed by Santos et al. [3]: (1) addition of inoculum, (2)
addition of enzymatic hydrolyzed, (3) volume comple-
mentation with distilled water (calculated), (4) addition of
sodium bicarbonate, (5) initial measurement of electrical
conductivity and pH, (6) closing of the reactor and valves,
and (7) wrapping of the reactor in aluminum foil. After the
reactors were filled and closed, the pressure gauges were
removed, and N, was introduced with the needle valves
open for 2 min (to provide ideal anaerobic conditions
for substrate degradation). Then, the gas outlet and inlet
valves were closed, and the manometers were replaced in
the reactors, maintaining a pressure of 20 kPa in all the
flasks. Then, the reactors were kept in an incubator table
(Tecnal, TE-424) with temperature control (37 °C) and
orbital agitation (60 rpm) for 60 days. The accumulated
biogas production was analyzed by measuring the accumu-
lated pressure of biogas obtained in the daily monitoring
following the methodology of Ivanova et al. [32].

The characterization of the biogas was analyzed weekly,
keeping the headspace of the flasks (reactors) accumulated
for 2 days before measuring the biogas, without relief, to
increase the volume of biogas for injection into the gas chro-
matograph [3]. The composition of the biogas (CH,, CO,)
was analyzed using a gas chromatograph (APPA GOLD),
with a column (Porapak “N”) that uses H, as a carrier gas,
at an oven temperature of 60 °C, with a thermal conductivity
detector (TCD). The chromatograph was calibrated using a
standardized gas consisting of 60% CH, and 40% CO,. The
N2000 Chromatostation Chromatographic Data Acquisition
System was used for data processing.

Treatment Configuration  Sub- Inoculum (mL) Water (mL) Headspace (mL)
strate
(mL)

Orange peel enzymatic hydrolyzed with granular sludge OPH+GS 13 2.5 160.5 50.0

Orange peel enzymatic hydrolyzed with floccular sludge OPH+FS 13 72.0 115.0 50.0

Passion fruit peel enzymatic hydrolyzed with granular sludge =~ PFH+GS 30 26.5 143.5 50.0

Passion fruit peel enzymatic hydrolyzed with floccular sludge ~ PFH+FS 30 72.0 98.0 50.0

Granular sludge blank GS - 26.5 173.5 50.0

Floccular sludge blank FS - 72.0 128.0 50.0

PFH passion fruit hydrolyzed, OPH orange peel hydrolyzed, GS granular sludge, FS floccular sludge
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The initial and final contents of the BMP test through
pH, COD, COD removal, electrical conductivity (EC), total
alkalinity (TA), volatile fatty acids (VFA), and VFA/TA
ratio [33].

Step 4: Analysis of Results

Biogas and Methane Potential Analysis The biogas or meth-
ane potential (Y,) was calculated by subtracting the accumu-
lated volume of biogas/methane from the substrate +inocu-
lum by the accumulated volume of the respective inoculum
blank, divided by the mass (volatile gram solids) of the sub-
strate according to Eq. 1.

VAg — VA,

Vo= —p5— M
VS,

where Y, =biogas or methane potential (NmL/VS),
VA, =accumulated biogas/methane volume of the BMP test
setup (NmL), VA; =accumulated biogas/methane volume of
the inoculum blank (NmL), and VS, =initial VS concentra-
tion of the dry substrate (g/VS).

Models and Kinetic Parameters The methane potential
obtained from BMP assays was adjusted using modified
Gompertz (Eq. 2), first-order (Eq. 3), cone (Eq. 4), modi-
fied logistic (Eq. 5), and Fitzhugh (Eq. 6) models, commonly
used for batch tests [3, 4, 34, 35]. The kinetic parameters
were also evaluated for each model studied to compare the
most suitable for this type of substrate. Kinetic models were
obtained using the OriginPro 8.0 software, based on expo-
nential curve and non-linear regression.

N0, =ym-exp<—exp(”y—'eu—t>+ 1)) @)
y(0) = y,,(1 — exp(=k - 1)) 3)
a Vi
y(t) - 1+ (khyd . t)_" (4)
Y
NOES
ey )
1+ exp< y”’x’(/l N+ 2)
y(t) =y, (1 — exp(=k - 1)") (6)

where y(t) is the methane cumulative production (NmL/
gVS), t is the experimental execution time (d), k is the
hydrolysis constant (d™); y,, refers to the methane maxi-
mum production (NmL/g VS), u is the maximum methane
production rate (NmL/d), and 4 is the lag phase (d).

Statistical Analysis The results obtained in the BMP test
were evaluated through analysis of variance (ANOVA) and
Tukey’s test with a confidence level of 95% (p <0.05) using
the Statistica® 7.0 program (StatSoft, Tulsa, USA). To
evaluate the performance of the kinetic models, the deter-
mination factor (R?) (Eq. 7) and the residual sum of squares
(RSS) (Eq. 8) were calculated, where Z is the predicted
value and Z, is the observed value.

2

2(2-%)(% %)

R =
VE(@-7) (a7

Rss=Y" (2,-7,) ®)

@)

Results and Discussion

Production of Cellulolytic Enzymes by A. japonicus
URM5620

Table 3 presents the results of the cellulolytic activity of the
waste studied. The maximum FPase activity according to
factorial design for passion fruit peel was 13.91 U/mL, while
the maximum CMCase activity was 14.46 U/mL. Pareto
charts show the influence of conditions on the total cellu-
lase (FPase) and endoglucanase (CMCase) activity (Fig. 2).

Analyzing the Pareto chart of passion fruit hydrolysate
(Fig. 2a, b), it is possible to observe that FPase and CMCase
had very similar results, where only moisture had a signifi-
cant effect on the process, which with negative values, i.e., a
lower moisture condition positively influences the evaluated
cellulolytic activities. This can be confirmed when consid-
ering the response in Table 3, where the highest activities
occurred when moisture was 40% (Assay 1 and 3). Assay 1
was the best result, with values of 13.91 and 14.46 U/mL for
FPase and CMCase, respectively.

The analyzed variables (substrate and moisture) nothing
had a significant effect on the production of FPase for the
orange peel substrate (Fig. 2¢). Still, they would escape the
conditions of the fermentative method since fermentation
under moisture conditions greater than 60% corresponds to
a semi-solid fermentation. For CMCase production, all vari-
ables were significant (Fig. 2d), with positive values, so that
the greater the amount of substrate, the most favored will be
the production of endoglucanase. The moisture had a posi-
tive and synergistic effect with the amount of substrate. High
moisture prevents this stress during fermentation, keeping
water available until the end of the fermentative process.
The best result for FPase in orange peel occurred under the
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Table 3 Results of the cellulase

o . . Assay  Conditions Passion fruit peel Orange peel
activities of SSF with passion
fruit peel and orange peel as Moisture (%)  Substrate (g) FPase (U/mL) CMCase (U/mL) FPase (U/mL) CMCase
substrate (U/mL)
1 40 5 13.91 14.46 1.92 4.55
2 60 5 8.49 8.45 1.83 478
3 40 10 12.80 13.33 1.59 5.00
4 60 10 7.93 8.34 1.79 5.67
5 50 7.5 10.35 10.75 1.97 5.07
6 50 7.5 9.79 10.26 2.21 5.19
7 50 7.5 10.32 10.83 1.99 5.20
8 50 7.5 10.03 10.34 2.01 5.15
(a) (b)
(2)Moisture (%) | 194

p=0.05

(©)

(1)Substrate (g) .

FPase

p=0.05

(2)Moisture (%)

1by2
CMCase
p=0.05
(d)
(1)Substrate (g) ” 11.34
(2)Moisture (%) /

CMCase

Fig. 2 Pareto chart for the activity of a FPase and b CMCase by SSF using passion fruit peel and ¢ FPase and d CMCase using orange peel

central point conditions with a production of 2.21 U/mL. In
contrast, for CMCase, the best results were obtained in 60%
moisture and 10 g substrate, levels higher of conditions, with
the production of 5.63 U/mL.

The cellulase enzyme acts in the degradation of cellu-
lose and hemicellulose during anaerobic digestion. It has the
function to increase the digestibility of complex lignocellu-
losic substrates [36]. This process can be used industrially,
without the need to use expensive commercial enzymes,
which sometimes make this alternative unfeasible. It is also

@ Springer

noteworthy that the production of the enzyme through fun-
gal pre-treatment such as SSF is an efficient and low-cost
method. It has a lower energy consumption and is environ-
mentally safer (no toxic by-products are formed during the
process) compared to other pre-treatment methods such as
physical and chemical [36].

Several lignocellulosic wastes (mango and passion fruit
waste, orange peel) used to produce cellulase. Santos et al.
[37] studied the mango waste SSF using the Aspergillus
niger and obtained lower enzymatic activity for CMCase
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(7.26 U/mL) and FPase (2.55 U/mL) after 74.5 h and 98.5 h,
respectively. Mrudula and Murugammal [13] studied cel-
lulase production from coconut waste through SSF using A.
niger and too obtained lower enzymatic activity for CMCase
and FPase with 3.42 and 1.77 U/mL, respectively, in 96 h.
Junqueira et al. [38] found lower results for the enzymatic
activity of 0.57 U/mL using passion fruit waste as substrate
and A. niger.

Delabona et al. [39] studied cellular production from
orange peel through SSF using the A. niger and obtained
lower enzymatic activities for CMCase with 0.9 U/mL at
120 h with 70% moisture. Mamma et al. [40] too investi-
gated cellulase production from orange peel using A. niger
by solid-state fermentation after 1 day to 70% moisture
and pH 5.0, obtained a higher result for CMCase activity
(12.9 U/mL). According to the results, the A. japonicus was
promising in cellulase production using passion fruit peel
and orange peel substrates.

Characterization of Substrates, Enzymatic
hydrolyzed, and Inoculum

The pH of the enzymatic hydrolyzed, OP and PF were acidic,
typical of substrates obtained by hydrolytic processes and
waste fruit (Table 4). Similar pH (3.5 to 4.6) was obtained
by Silva et al. [25] and Marin et al. [12] when working with
orange peel and passion fruit pre-treated with fungi (Penicil-
lium digitatum, P. italicum, A. japonicus).

The subtract OP (18,508 mg/L) and enzymatic hydrolyzed
OPH (30,337 mg/L) showed a high initial concentration of
COD, indicating a greater organic load to be degraded com-
pared to PF (16,279 mg/L) and PFH (12,526 mg/L). In the
literature, a lower COD value (1075 to 10,777 mg/L) was
found for orange peel [41, 42].

The PF and OP substrates showed high moisture con-
tent (> 81%), corroborating the results found by Zhao et al.
(2016) and Siles et al. (2016) for citrus waste (80%) and
passion fruit peel (85%). Moisture is a crucial parameter in
anaerobic digestion, as it facilitates the transport of nutrients
and enzymes and the distribution of microorganisms in the
digester, in addition to reducing the concentration of dilution
of toxic compounds in the medium [3, 43]. The high VS con-
tent for PF (94%) and OP (95%) was characteristic for fruit

residues due to the high fraction of organic matter favorable
for methane production [3]. Similar VS values were found by
other authors for orange peel (97%) and passion fruit (94%)
[5, 25]. The inoculum (FS, GS) showed high levels of VS
(56.8%, 75.9%) and moisture (89.4%, 94.7%), corroborating
with other authors who used flocculent and granular sludge
as inoculum [44-46].

Accumulated Volume of Biogas and Methane
from the BMP Test

In terms of accumulated biogas production, considering the
average value of the experimental of passion fruit peel and
orange peel hydrolyzed by SSF, the configurations PFH + FS
and PFH + GS presented the highest accumulated volume
of biogas (266 NmL, 237 NmL, respectively), indicating
that culture present with greater enzymatic activity pro-
duced it increased the production of biogas (passion fruit
hydrolyzate =FPase 13.91 U/mL and CMCase 14.46 U/
mL). The greater enzymatic activity of the PFH hydrolyzed
indicates greater degradation of cellulose, that is, a greater
concentration of free glucose usable by FS, GS inoculum
rich in methanogenic microorganisms. The configuration
OPH + GS obtained the lowest accumulated volume of
biogas (144 NmL), being 45% lower compared to PFH+FS.

Regarding the accumulated volume of CH,, the con-
figuration PFH+FS (118.9 NmL of CH,) obtained a supe-
rior result, followed by OPH+FS (97.5 NmL of CH,) and
PFH+GS (73.5 NmL of CH,), respectively (Fig. 3b). The
OPH + GS configuration showed the lowest accumulated
volume of CH4 (62.3 NmL).

The accumulated volume of biogas (128 NmL) and CH,
(70 NmL) in the FS blank was higher than that obtained
by the GS blank (47 NmL, 23 NmL). That is, there was a
significant difference between the inoculum alone. The FS
inoculum produced more methane in methane volume pro-
duction levels in the digestion with the hydrolyzates. The
FS was 2.98 times greater than the GS compared to the best
digestion with the passion fruit hydrolyzate (PFH).

It should be noted that, despite the possibility of improve-
ment via fungal hydrolysis, this process represents an addi-
tional step that must be considered in the scale-up, costs, and
economic evaluation of gains not performed by this work.

Table 4 Physicochemical

characterization of substrates, Parameter PF op PFH OPH GS FS

hydrolysates, and inoculum pH 3.7 4.0 35 4.1 77 6.7
COD (mg/L) 16,279 18,508 12,526 30,337 ND ND
VS (dry basis) (%) 94.0 95.2 ND ND 75.9 56.8
Moisture (%) 81.5 81.0 ND ND 89.4 94.7

PF passion fruit, OP orange peel, PFH passion fruit hydrolyzed, OPH orange peel hydrolyzed, GS granular
sludge, FS floccular sludge, ND not determined
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Fig.3 Accumulated volume of biogas (a) and methane (b) from the BMP test. Legend: PFH, passion fruit hydrolyzed; OPH, orange peel hydro-

lyzed; GS, granular sludge; FS, floccular sludge

Composition and Potential for Biogas and Methane
Generation

Figure 4a, b shows the BMP test setups’ biogas and meth-
ane potential composition (CO,, CH,). The PFH+FS and
OPH + GS configurations showed the highest biogas genera-
tion potential (55 NmL/g VS, and 52 NmL/g VS, respec-
tively). In contrast, the OPH + FS showed the best methane
potential (25 NmL/g VS).

Jos et al. [47] obtained a similar biogas generation poten-
tial (58 NmL/g VS) when studying the fungal pre-treatment
(SSF) of palm fruit waste using a consortium of microorgan-
isms with the inoculum (bovine rumen) in batch reactors (2 L)
under mesophilic conditions. Other studies have reported
higher biogas potential (500 NmL/g VS) when evaluating the
effect of different mixed strains of fungi (Sporotrichum sp.,
Aspergillus spp., Fusarium sp.) cultivated under SSF from
orange waste (8% TS) using as inoculum cow dung in semi-
continuous reactors (1.5 L) under mesophilic conditions in
25 days was found by Srilatha et al. [48]. Ruiz et al. [49] found
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a higher methane generation potential (359 NmL/g VS) when
using orange peel pre-treated with fungi (P. digitatum and P.
italicum) with digestate (cow manure with vegetable waste)
in BMP test under mesophilic conditions. Marin et al. [12]
reported a production of 552 NmL/g VS at 37 °C for 25 days
of incubation for orange peel with digested, higher than the
value obtained in this study.

No studies were found that used SSF using Aspergillus
with passion fruit peel to optimize the methane production.

Figure 4a shows that all configurations achieved a high
average percentage of methane, ranging from 63 to 71%,
demonstrating that SSF increased the effectiveness of the
hydrolysis step in anaerobic digestion, facilitating the break-
down of cellulose by the cellulase enzyme into simpler fer-
mentable sugars. This pre-treatment allows microorganisms
to degrade lignocellulosic materials more effectively, pro-
ducing more methane.

The PFH + GS had the lowest methane percentage (63%)
compared to the other configurations. The percentage of
CH, for the configurations studied was higher than the
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Fig.4 Composition (a) and biogas and methane generation potential (b) (NmL/g VS) of configurations. Legend: PFH, passion fruit hydrolyzed;

OPH, orange peel hydrolyzed; GS, granular sludge; FS, floccular sludge
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work by Srilatha et al. [48]. The authors reported methane
production of 45-50% of the biogas produced for orange
residues pre-treated by SSF (Sporotrichum sp., Aspergil-
lus sp., Fusarium sp., Penicillium sp.), with the addition
of cow manure in semi-continuous reactors (1500 L) in
mesophilic conditions for 25 days.

The GS and FS inoculum without interaction with
hydrolyzed substrate showed methane percentages above
71%, indicating that both can be used as process accelera-
tors for the studied substrates.

Kinetic Parameters of the Configurations

Figure 5 and Table 5 show the kinetic curves of methane
production and the parameters obtained through the kinetic

(a) —

models of modified Gompertz, cone, first order, logistic, and
Fitzhugh.

In general, the studied configurations showed a good
R? (0.901 to 0.991) for the five kinetic models, except
for the OPH + FS configuration (R?><0.9). The con-
figurations studied in the batch tests showed a better
fit to the kinetic logistic (PFH + FS, OPH + FS) and
cone (PFH + GS, OPH + GS) models with determina-
tion coefficient (R?) ranging from 0.891 to 0.991, being
confirmed through the smallest residual sum of squares
(RSS) of the models. The OPH + GS configuration
obtained the best R? (0.991) and OPH + FS the lowest
(0.891) fit.

The y,, value of all kinetic models was similar to the
methane potential of the experimental data, indicating that
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Fig.5 Kinetic models for the temporal evolution of the accumulated volume of methane: a OPH+FS, b OPH+GS, ¢ PFH+FS, d PFH+GS.
Legend: PFH, passion fruit hydrolyzed; OPH, orange peel hydrolyzed; GS, granular sludge; FS, floccular sludge
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Table 5 Kinetic and statistical

Configuration Model
parameters of the models, for

Ym (NmL/g VS) & (d)

p (NmL/d) 4 (d)

RSS (NmL/g VS) R?

each configuration OPH+FS Experimental 25.0 - - - - -
First order 21.62 0.152 - - 468.9 0.797
Logistic 21.45 - 2.858 2993 247.7 0.891
Gompertz 21.49 - 2.989 4457 260.8 0.885
Cone 21.49 0.154 - - 278.2 0.877
Fitzhugh 21.62 0.128 - - 468.9 0.793
OPH +GS Experimental 17.0 - - - - -
First order 15.36 0.074 - - 36.9 0.956
Logistic 15.33 - 0.403 -9.057 56.7 0.931
Gompertz 15.57 - 0.464 4411 424 0.949
Cone 26.41 0.033 - - 7.3 0.991
Fitzhugh 15.36 0.086 - - 36.9 0.955
PFH+FS Experimental 14.0 - - - - -
First order 12.95 0.122 - - 87.0 0.889
Logistic 12.67 - 1.489 3361 149 0.981
Gompertz 12.70 - 1.592 5279 192 0.975
Cone 12.72 0.135 - - 22.3 0.971
Fitzhugh 12.95 0.110 - - 87.0 0.887
PFH+GS Experimental 13.0 - - - - -
First order 12.05 0.077 - - 36.5 0.929
Logistic 12.38 - 0.280 —11.991 489 0.904
Gompertz 12.49 - 0.336 4031 393 0.923
Cone 24.05 0.021 - - 11.5 0.977
Fitzhugh 12.06 0.088 - - 36.5 0.928

PFH passion fruit hydrolyzed,

OPH orange peel hydrolyzed, GS granular sludge, FS floccular sludge

the models can be used in future scale-up studies of reactor
sizing and predictions and full-scale simulations.

Regarding the kinetic parameters, the value of k ranged
from 0.077 to 0.152 d, 0.077 to 0.154 d, and 0.086 to 0.128
d for the first-order models, cone, and Fitzhugh, respec-
tively. The OPH + FS configuration obtained the highest k
(0.128-0.154 d) in all kinetic models. The k value obtained
in this study was within the range (0.02 to 0.66 d) reported
by other authors for fruit substrates [4, 25, 34, 50]. Li
et al. [51] obtained similar degradation constant (k) values
for fruit and vegetable waste of 0.07 d for the configura-
tions with OPH + GS and PFH + GS. In contrast, Santos
et al. [4] reported a higher k (0.10-0.11 d) when study-
ing the anaerobic digestion of ensiled orange peel (14 and
21 days) with the addition of granular sludge.

The methane p parameter ranged from 0.28 to
2858 NmL/d (logistic) and 0.33 to 2989 NmL/d (modi-
fied Gompertz), respectively. OPH + FS showed the high-
est 1 (2858-2989 NmL/d) of methane for the two mod-
els used. In contrast, PFH + GS obtained the smallest p
(0.28-0.33 NmL/d).

The OPH+ GS configuration presented a faster A for
methane production for the logistic model (— 11,991 d) and

@ Springer

modified Gompertz (4.031 d). The slow 4 phase was reported
by Santos et al. [4] when studying orange peel using another
pre-treated (silage at 14 and 21 days) ranging from 2334 to
4371 d (logistic) and 2031 to 3764 (modified Gompertz),
respectively. In contrast, 1 (3361 d, 5279 d) was slower for
PFH +FS for both kinetic models than the other configura-
tions, indicating that microorganisms took longer to adapt and
convert organic matter into methane. Other authors reported
a faster A phase (1.96 d) when studying dried passion fruit
peel anaerobic digestion by adding granular sludge using the
modified Gompertz model [3]. However, Zhao et al. [50],
when studying passion fruit peel with acclimatized anaerobic
inoculum, obtained a longer A phase (6.9 d).

Initial and Final Characterization of the Contents
of the BMP Test

Table 6 presents the characteristics of pH, EC, COD, total
alkalinity, and VFA of the BMP test, before and after the
tests.

The initial and final mean pH values of the enzymatic
hydrolyzed and inocula were within the ideal range (6.7
to 7.5) for methane production [52]. The amount of
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Table 6 I,nitifﬂ and final Parameter OPH +GS OPH+FS PFH+GS PFH+FS Ideal range
characterization of the BMP test
content Initial pH 6.8 6.7 72 7.0 6.5-7.5
Final pH 7.3 7.5 7.5 7.4 6.5-7.5
Initial EC (us/cm) 811 1485 1920 2297 -
Final EC (us/cm) 5468 7871 7484 8569 2900-7700
Initial COD (mg/L) 2000 2000 2000 2000 -
Final COD (mg/L) 298.2 342.4 466.7 586.0 -
COD remotion (%) 85.0 83.0 76.7 70.7 50-100
Final TA (mg CaCOs/L) 4974 4883 5358 7653 2500-5000
VFA (mg Hac/L) 120.4 65.7 4062 4067 -
VFA/TA 0.013 0.024 0.63 0.59 0.3-1.0

PFH passion fruit hydrolyzed, OPH orange peel hydrolyzed, GS granular sludge, FS floccular sludge, VFA
volatile fatty acids, EC electrical conductivity, TA total alkalinity, COD chemical oxygen demand

sodium bicarbonate (1 g of NaHCO;/g COD) used had a
beneficial effect, ensuring the necessary pH control for
the development of microorganisms in all reactors during
the 60 days [4].

The EC in all configurations increased from the initial
to the final condition in the BMP tests, indicating that the
waste was degraded [53]. The final EC (5468 to 7871 ps/
cm) of most configurations was close to the range (5328 to
7969 ps/cm) found by Santos et al. [3] for orange and pas-
sion fruit waste.

The initial COD concentration of all configurations was
standardized, according to the methodology of Field et al.
[54], for 2000 mg/L. It can be observed that there was an
average reduction in COD (298 to 586 mg/L), satisfactory,
indicating the conversion of the organic substrate into biogas
by anaerobic microorganisms. The OPH enzymatic hydro-
lyzed, with the addition of GS and FG inocula, obtained
the best COD removal efficiency, whose value ranged from
83 to 85%. In contrast, PFH + FS showed the lowest COD
removal (70.7%).

Regarding total alkalinity, the experimental OPH + GS,
OPH +FS, and PFH + GS configurations were close to the
recommended total alkalinity range of 2500 to 5000 mg
CaCOs/L which is necessary for process stability. That
is, the addition of sodium bicarbonate at the beginning of
the BMP test had a positive effect in maintaining the pH
within the ideal range for methane production for 60 days.
Srilatha et al. [48], when evaluating the effect of different
strains of fungi (Sporotrichum sp., Aspergillus sp., Fusarium
sp., Penicillium sp.) cultivated under SSF of orange resi-
dues, obtained lower final alkalinity ranging from 2200 to
3000 mg CaCO,/ L.

The VFA/TA ratio of the OPH+ GS (0.013) and
OPH +FS (0.024) configurations was within the range (0.5
to 1.0) recommended by Liu et al. [55] and Poggi-Varaldo
and Oleszkiewicz [56] so that there is no predisposition
to the accumulation of acids. The PFH + GS (0.63) and

PFH +FS (0.59) configurations were within the ratio rec-
ommended by these authors.

Conclusions

This study demonstrates the potential of solid-state fermen-
tation as an effective pre-treatment strategy to produce cellu-
lase, which can then be used to optimize methane generation
from agro-industrial waste such as orange peel and passion
fruit peel. The results suggest that this approach could offer
a sustainable solution for valorizing these waste products
while also contributing to producing renewable energy. Fur-
ther research is needed to optimize the process parameters
and evaluate the economic feasibility of this approach at
a larger scale. Overall, the findings of this study highlight
the importance of exploring innovative biotechnological
solutions for the sustainable management of agro-industrial
waste.
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