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In this study, the production of biogas using two fungal strains, Aspergillus
niger and Saccharomyces cerevisiae, was studied. In fact, three different waste
components consisting of sardine waste (SW), potato peels (PP), and poultry
waste (PW) were successfully combined in mesophilic bio-digestion with
fungal strains to enhance the production capacities of gas. This work also
exhibited the effect of the formulation using a 10-point simplex-centroid
mixture design strategy on biogas optimization. The results showed that 12
days was sufficient to achieve stability in mesophilic bio-digestion. This paper
proved that the use of fungal inoculum with the mixture of organic and agro-
industrial wastes, balanced in chemical elements necessary for cell growth
(M7: 66% SW;17% PP;17% PW), led to higher production capacities of biogas.
Therefore, the germination and fertilization tests carried out by the digestates
resulting from these mixtures showed that they did not inhibit growth and
proved to be suitable to improve the crop yields of bell peppers.

1. Introduction

The food industry sector in Morocco represents an
important part of the national economy; its

development has
environmental and

economic

UNEP Food Waste Index Report (2021), 91 kilograms
of food per person are wasted annually in Morocco.
Nationwide, about 30% of global CO; emissions
come from food production, and food waste
accounts for over 3.3 million tons per year [6]. Food
wastage is also a waste of energy because organic

a multitude of
challenges.

Moreover, food waste constitutes a silent disaster;
many economic losses are generated through the
food value chain, making food products more
expensive and less accessible to the poorest and
most vulnerable population [1-5]. According to the
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matter can be used to produce biogas via the
anaerobic bio-digestion process. And this is one of
the best solutions for recovering and creating
added value from organic industrial waste. The
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application of anaerobic digestion would indeed
lead to the production not only of biogas but also
an organic digestate that represents an excellent
quality of  biofertilizer rich in  various
macronutrients, including nitrogen (N),
phosphorus (P), potassium (K), and sodium, as well
as an organic matter [7-9]. Morocco ranks first in
the world as a sardine producer/exporter country;
this sector is considered a polluting industry and
causes many environmental problems [10,11].
Meanwhile, the poultry sector also continues to
industrialize in Morocco, according to the figures
communicated by the Interprofessional Federation
of Poultry Sector (FISA). The increase in meat
production generates a tremendous amount of
waste resulting from inadequate management [12-
14]. The potato is among the most practiced
vegetable crop in the world and in Morocco. It holds
an important place in the diet of Moroccans;
moreover, this sector also produces a significant
amount of waste that must be treated [15,16]. The
aim of this work was to study the effect of
formulation by using a 10-point simplex-centroid
mixture design strategy and the anaerobic
fermentation of three abundant wastes of
strategical agroalimentary products in Morocco:
sardine waste, potato peel, and poultry wastes. The
mixtures were inoculated with two different fungal
strains of Aspergillus niger and Saccharomyces
cerevisiae. The digestate quality was assessed using
physicochemical and microbiological testing in
order to determine the possibility for digestate use
as a biofertilizer according to the NF U 44-051
standard.

2. Materials and methods
2.1. Preparation of the fermentation mixture

The sardine waste containing mainly bones,
viscera, and heads was crushed in an ice crusher;
then, it was mixed with potato peels crushed by an
electric chopper and poultry wastes, which were
recovered after slaughtering. The
Saccharomyces
methanation agent and added at a set ratio of 1
percent [11]; reference strains of Aspergillus
niger (11G323A) were also used in this study. The
two species of fungal Saccharomyces cerevisiae
and A. niger were chosen as bioconversion agents
because they are ubiquitous and usually

yeast

cerevisiaze was used as a

inoffensive; therefore, their usage is not
hazardous. These species also demonstrated their
ability to resist a variety of stressful conditions
[10,17]. They are also of biotechnological and
economic value, as confirmed by several authors
[18]. Aspergillus niger is a thermotolerant and
osmotolerant fungus that is used in industrial
fermentation to produce citric and gluconic acids
as well as enzymes. Saccharomyces cerevisiae is
known to have a high fermentative capacity
capable of bioconversion of a wide range of
substrates. These two species are used in the
agricultural industry to ensure the fermentation of
food products such as cereal, wine, and tea. Other
industrial activities are interested in their
applications in the biological treatment of
industrial effluents using biofilm reactors [17].
Contrary to these species,
associated with anaerobic fermentation (e.g.,
Clostridium) pose a significant pathogen risk,
allowing us to sustain and justify the benefits of
using the studied fungal strains. A quantity of 200g
of waste was introduced into an Erlenmeyer flask
with a capacity of 500 ml. A digester was provided
with a hole where a capillary was fixed, which
transported the biogas from the tank to the test
tube, and a thermostatic bath that allowed the
temperature to be fixed at 37°C in the bioreactor
(mesophilic fermentation). The continuous control
of the temperature was carried out by a
Smartsensor AR300+ Infrared Thermometer,
effectively proving the stability of this parameter.
The volume of biogas formed was measured using

the displaced liquid method (Figure 1).
The stop valve

common bacteria

P —Reader's Eye

E. 1 (Cylinder Biogas flow
Thermostatic bath Pl

Fig. 1. Schematic presentation of the reactor of the
anaerobic digester.

The biogas production potential represents the
maximum amount of biogas produced by a given
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organic substrate. This measurement is specific to
each mixture (Table 1) and representative of its
level of biodegradability
conditions. The experiments continue until the
biogas volume is stabilized.

under anaerobic

Table 1. Initial compositions of the mixtures.

Sardine Potato Poultry
wastes (SW) peels (PP) wastes (PW)

M1 100.00% 0.00% 0.00%
M2 0.00% 100.00% 0.00%
M3 0.00% 0.00% 100.00%
M4 50.00% 50.00% 0.00%
M5 50.00% 0.00% 50.00%
Mé 0.00% 50.00% 50.00%
M7 66.67% 16.67% 16.67%
M8 16.67% 66.67% 16.67%
M9 16.67% 16.67% 66.67%
M10 33.33% 33.33% 33.33%

2.2. Physicochemical and nutritional analysis

The pH of each test was measured at the beginning
and end of anaerobic digestion by a pH meter
(Fisher Scientific, Basic AB15). The conductivity was
measured by a conductivity meter (HANNA
instruments, EC215). The dry matter (DM) was
determined by steaming at 60°C for 24 hours
(Lovergrove, 1966). The organic matter (OM) is
obtained by weighing the difference between the
mass of the dry waste and the mass of the waste
calcined at 600°C for six hours [10]. The total
organic carbon and nitrogen were determined by

catalytic thermal oxidation with a high
temperature TOC analyzer (Model: TOC-L
Shimadzu, Japan) [19]. The phosphorus was

measured by a spectrophotometric; the potassium
was measured by
spectrophotometry using a flame photometer
(Digital Flame Photometer PFP7/C, Jenway®) [10].
The contents of the metallic elements (cadmium,
nickel, lead, and copper) were analyzed by atomic
absorption spectrophotometry (AAS).

flame emission

2.3. Microbiological analysis

Microbiological analysis was performed before and
after the anaerobic biotransformation of the waste
according to the NF U 44-051 standards. The
presence of Escherichia coli (hygiene indicator) was
determined on a Mac Conkey agar. The SS medium
was used to determine the presence of salmonella
[1,19].

2.4. Statistical analysis

The study of the influence of each type of waste
was studied by the methodology of mixing plans for
the elaboration of Principal Component Analysis
(PCA) [20]. The graphs were drawn by the
STATISTICA ® software.

2.5. Tests of germination and fertilization

In the study of the toxicity of biofertilizer on the
germination of the bell pepper culture, 5 mL of the
filtrate was introduced on a double lined Whatman
filter paper into a sterile petri dish. Ten bell pepper
seeds were deposited in a similar manner in each
dish (three replicates for each sample) [21].

3. Results and discussion

3.1. Production of biogas and the mass of
digestate evolutions

The results presented in Figures 2 show that the
biotransformation process is described according
to three phases:

- The first phase, before the 5th day: slow and
relatively small production of biogas.

- The second phase, between the 5th and the 12th
day: important and exponential production of
biogas in variable proportions towards the
maximum values.

- The third phase, after the 12th day: stabilization
and saturation phase and end of the significant
biogas production.
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Fig. 2. Kinetics of cumulative biogas production of (a) Control (b) A. niger (c) S. cerevisiae.

The results showed that the optimal biogas
production for the control was 856 ml; however, the
addition of 1.0 percent yeast resulted in an increase
of 1171 ml, which was mainly due to the yeast
increasing the activity of methane-producing
bacteria in anaerobic digestion. These results are in
agreement with [22]. The with
Aspergillus niger increased biogas production up to
1231 ml, facilitating anaerobic digestion, improving
biodegradability, and reducing its inhibitory effect.
The biogas production (Figure 2) was faster
compared to the control substrate. This could be
explained by the fact that the fungi used
Aspergillus niger and Saccharomyces cerevisiae that
contained carbon and nitrogen-rich nutrients
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500
500
480
480
460
— —
) 460 R}
w440
= =
S aso R=
Q g 420
420 [<}]
fed 5 400
g :
400 o
é = 380

w
o
=}

360 340

needed for the growth of methane-producing
bacteria [23]. Kinetics of mass evolution for the ten
mixtures follows the same variations as the biogas
production as showing in Figure 3. So the two
results corroborate each other and confirm that
effectively the progress of the biotransformation
process according to the three phases.

3.2. Physicochemical and nutritional
characteristics

The specific characteristics of each simple, binary,
and ternary mixture are presented in Table 2.
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Fig. 3. Kinetics of mass evolution for the ten mixtures of (a) Control (b) A. niger (c) S. cerevisiae.
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Table 2. Physicochemical and nutritive parameters of studied initials mixtures.
M1 M2 M3 M4 M5 Mé M7 M8 M9 M10

pH 6.39 6.08 7.05 6.93 6.43 7.18 7.53 7.3 7.06 7.08

(x0.02) (x£0.03) (x0.1) (x0.13) (£0.06) (+x0.08) (x0.12) (x0.17) (+x0.15) (+0.03)
Cc 2.63 1.19 2.76 2.8 2.46 2.71 2.66 2.52 2.81 2.9

(x0.02) (£0.00) (x0.00) (£0.05) (x0.00) (+£0.01) (£0.13) (x0.01) (+x0.01) (x0.04)
DM 47.47 37.21 52.73 41.28 49.38 47.48 46.63 46.98 51.29 48.36

(x1.37) (x0.18) (+0.60) (+1.08) (£1.37) (£0.13) (£0.86) (£0.52) (+1.16) (x1.2)
OM 43.9 33.1 50.58 38.4 46.87 43.75 44.77 43.68 46.57 44.81

(x1.02) (x£0.15) (£1.53) (£0.34) (x0.04) (x0.12) (£0.02) (x1.18) (x0.05) (£1.14)
C/N 13.55 17.2 18.21 19.17 17.7 18.87 25.09 23.1 20.72 19.57

Table 2 shows that the waste used contains more
than 33.10 percent organic matter, making our
substrates more appropriate for anaerobic
digestion. The use of simple mixtures allowed for a
pH value between 6.08 and 7.05, a C/N ratio
between 13.55 and 17.00, and a less important
biogas production; thus, leading to the elaboration
of the mixing plan to increase the C/N ratio
towards the optimum and to have a balance
between the three mixtures. The use of the binary
and ternary mixtures resulted in an increase and
influence of the pH on the biogas and substrate
production. The study showed that the amount of
biogas produced in a range of pH 6.93 to 7.53 could
promote the development of methanogenic
bacteria in mixtures M3, M4, M6, M7, M8, M9, and
M10, which were also higher compared to the
amount produced from a pH between 6.08 to 6.43
for mixtures M1, M2, and M5. The pH value between
pH 6.93 to 7.53 that allowed for a significant
production of biogas is in agreement with those
mentioned in the literature whose favorable range
is between 6.5 and 7.6 [24]. There is also a
significant increase in the C/N ratio between 18.21
and 25.09%; also, mixture 7 with the highest value
of 25.09% was able to produce a significant
amount of biogas. The obtained value of C/N of the
best biogas producer is in agreement with those
reported in the literature for anaerobic treatment
and biogas production [25,26]. Table 3 presents the
physicochemical and nutritional characterization
of all digestates generated from the 10 mixtures
inoculated or not by fungi. The results in Table 3
clearly show that the fungal inoculum has a
significant impact on the anaerobic digestion of
agro-industrial waste, both in terms of biogas
production and the lowering of the organic load of
the substrate. The pH of the digestate (control)

ranged from 5.32 to 7.22, whereas that of SC
ranged from 6.51 to 7.78 and AN ranged from 6.55
to 8.06, implying that inoculation with SC and AN
indicates the higher stability in the AN process. The
conductivity of these mixtures in Table 3 varies
between 2.24 and 6.52. It should be noted that
plants root better in a substrate containing few
nutrients [27]. It can be seen that the conductivity
values show a difference in values between the
control and those inoculated with AN and SC. The
OM was substantially more evolved (decreased) in
the AN and SC than in the control, implying that
the AN and SC biomethanizing agents cause
significant organic matter degradation. The most
significant components in AD are the key plant
nutrients, such as nitrogen, phosphorus, and
potassium. A large part of the organic nitrogen is
transformed into by nitrogen
mineralization during the anaerobic digestion

ammonium

process, which allows an overall increase of
ammonium in the final digestate for all mixtures;
these results are confirmed by Moller et al. [28]. In
this study, we see that the final total nitrogen is
considered equal to that added, and the agronomic
azote potential of digestates obtained by
anaerobic digestion for all mixtures is below the
legal limits set by the standard NF U 44-051 for
agricultural use (N content of less than 3%).
Anaerobic digestion does not cause phosphorus
losses via biogas but changes the form of
phosphorus [29]. The increase in phosphorus in the
mixtures M1, M2, M4, M6, M7, M9, and M10
inoculated by AN is explained by the change from
organic to precipitated mineral forms. It is also
noticed that the mixtures M3, M5, and M8 with low
mineral content could not have an increase in
phosphorus. And this is in agreement with the
results of [30,31]. We also see that as the pH of the
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digestate rises, the phosphorus converts to
additional phosphates in different forms. We also
find that they develop more easily in alkaline
conditions, particularly for mixtures 7 inoculated by
AN, which has a pH of 8.06. As well, the
transformation of K in liquid form allowed a better
bioavailability of this element, especially for
mixture 7 inoculated by AN, which could have a
great evolution (increase) that is confirmed by
[32]. Also, this augmentation perhaps leads to an
ideal characterization of the pH (8.06) for the
culture. As a result, the anaerobic digestion C/N
ratio can be used to determine a link between
carbon and nitrogen contents. The drop in the C/N
ratio was detected in all combinations [33], and
this shift was primarily due to the degradation of
organic matter and carbon content in the treated
waste, which is a frequent process observed in
biological treatment [34]. Digestates with a C/N
ratio of 15 to 20 are regarded as ideal for use on
agricultural land. The combinations inoculated by
AN with a value of 17.06 and SC with a value of 15.16
in this study might display significant values
between 15 and 20; these are the mixtures
characterized by a pH between 7.40 and 8.06 with
optimal biogas production. The biogas vyields
obtained are comparable to other studies [35-38]
(Table 4) from the general C/N criteria. The results
obtained also meet the criteria required by the ISO
NF U 44-051 standard (C/N > 8) for the amendment
of agricultural soils. The advantage of this study is
that the proposed solution does not require any
pre-treatment or the use of a specific additive;
therefore, it is inexpensive. It only takes advantage
of the effect of the formulation and the use of
fungal inoculum.

3.3. Determination of ions and heavy metals and
microbiological test

The microbiological test confirms the presence of
bacteria for combinations M3 and M5, as well as
Cu, Ni, and Pb values that do not match the
criteria of standard NF U 44-051 for the control
(Table 5). The results of the microbiological
analysis show that the process used can result in
safe and hygienic products. These studies also show

that S. cerevisiae and A. niger have an inhibitory
effect on E. coli growth. Indeed, in the case of some
unfavorable mixtures, specifically M5 and M3,
inoculation with the two molds allows them to be
microbiologically comparable to the control. This
may be explained generally by the probiotic activity
created by the production of organic acids by the
fungal strains, which prevent the growth of
spoilage/alteration flora (proteolytic and lipolytic),
so ensuring the microbiological quality of the
mixtures [18]. For the same mixes (M3 and M5), the
control of S. aureus was only positive for the
control. Aside from A. niger in the case of M5, the
effect of inoculation of mixtures by fungal shows
that the inhibit the growth of
bacteria indicators of spoilage/alteration. Taking
into account the M5 dataq, in particular, it appears
that S. cerevisiae probiotic activity is more powerful
than that of A. niger. These findings agree with the
work of Taiek et al. [10], which demonstrated the
significance of S. cerevisiae and confirmed that its
addition to fish waste allowed for effective
biotransformation and inhibition of pathogenic
spoilage/alteration bacteria.

latter can

3.4. Statistical analysis

Figures 4a and 4b show the biplot and circle of
correlation from the principal component analysis
(PCA). These figures show the following:

1. Both the formulation and the nature of the
affect the quality of
biodigestion in terms of biogas production and the
quality of generated residues.

2. The inoculation by fungal strains allows a
better production of biogas. In fact, the group of
uninoculated cases are anticorrelated with the

inoculum anaerobic

volume of biogas produced.

3. Generally, M7: 66% SW;17% PP;17% PW is the
best formula that allows the maximum generation
of biogas, probably due to its high content of C/N.

4. Inoculation with A. niger makes it possible to
generate a residue rich in chemical elements for
the growth of plant crops (nitrogen, phosphorus,
and potassium).
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Table 3. Characterization of digestate.
Parameter Inoculum M1 M2 M3 M4 M5 Mé M7 M8 M9 M10
pH Control 6.46 5.32 6.12 6.87 6.22 6.41 6.24 7.04 7.1 7.22
(+0.01) (+0.03) (£0.00) (+0.02) (+£0.01) (+0.00) (+0.01) (+0.01) (£ 0.03) (+0.01)
sC 6.81 6.51 6.65 7.34 6.85 7.01 6.80 7.40 7.71 7.78
(+0.30) (£0.30) (£0.10) (+0.20) (x0.16) (x0.15) (x0.09) (x0.20) (x0.30) (+0.04)
AN 6.55 (+0.13) 6.22 6.78 7.32 6.64 7.03 8.06 7.37 7.4 7.33
(£0.20) (x.15) (x0.10) (£0.03) (+£0.15) (x0.24) (£ 0.15) (£ 0.20) (x0.35)
Cond. Control 3.1 2.24 3.6 2.33 3.56 2.88 3.32 4.24 4.45 3.87
(mS/cm) (£ 0.13) (£0.02) (+0.00) (x0.01) (+£0.01) (+x0.10) (+0.00) (£ 0.15) (£ 0.01) (+0.00)
sC 5.13 3.56 6.07 4.24 6.03 4.57 6.14 4.01 5.87 5.43
(£0.02) (£0.11) (x0.03) (+0.01) (+0.12) (+0.00) (x0.23) (+x0.00) (+£0.00) (+0.00)
AN 3.25 4.02 6.32 4.45 6.52 4.19 5.37 4.58 5.78 5.35
(+0.00) (£0.16) (£0.27) (+0.02) (+£0.01) (+0.03) (+0.14) (+0.01) (£ 0.01) (+0.02)
DM (%) Control 40.23 25.51 44.44 32.16 37.46 37 .39 33.12 32.22 411 37.81
(£1.19) (£3.02) (£2.19) (£1.72) (x0.66) (+2.28) (+1.31) (+0.11) (£2.24) (£1.01)
sC 37.33 27.61 43.54  29.74 38.33 35.87 30.23 32.11 37.56 34.18
(£ 4.30) (£0.32) (£0.91 (x2.62) (+£1.33) (x3.33) (+0.25) (£5.44) (£2.02) (+£0.33)
AN 35.26 24.58 40.47  29.89 39.47 32.57 30.56 31.89 39.41 34.45
(x0.56) (£3.01) (1.09) (£3.01) (+2.07) (x£2.01) (+0.71) (£0.19) (£0.05) (x0.01)
OM (%) Control 36.67 22.02 40.26 29.72 34 .12 33.57 29.18 28.33 38.24 34.76
(£1.06) (x1.56) (+0.50) (x+3.16) (x0.06) (x0.12) (x0.71) (x0.06) (x0.66) (x0.89)
sC 33.10 23.41 40.98 25.57 35.30 31.70 26.03 28.91 33.56 31.02
(£1.62) (£0.06) (+2.10) (+.08) (£0.18) (x6.04) (+0.38) (+0.04) (+0.88) (+0.78)
AN 31.2 20.41 38.03  26.46 36.42 28.64 26.27 28.80 35.40 30.02
(£ 0.51) (£0.07) (x1.04) (x0.13) (+0.22) (+x0.41) (x0.05) (x0.66) (x0.26) (x0.13)
N (%) Control 1.86 0.95 1.72 1.46 1.37 1.62 1.28 1.2 1.64 1.37
(£ 0.02) (£0.00) (+0.01) (+0.00) (x0.00) (x0.00) (£0.02) (x0.03) (+0.00) (x0.01)
sC 1.89 0.90 1.68 1.05 114 + 1.23 0.94 112 (+0.03) 1.27 1.30
(£0.04) (+0.04) (+0.01) (+0.00) (0.05) (+0.12) (+0.01) ’ (£ 0.05) (+x0.08)
AN 2.22 0.70 1.53 1.55 1.62 1.33 1.30 1.28 1.63 1.22
(+0.03) (£0.01) (+0.03) (x0.00) (x0.06) (x0.01) (£0.00) (x0.00) (x0.01) (x0.01)
P (%) Control 0.38 0.22 0.34 0.42 0.45 0.33 0.42 0.31 0.38 0.28
(+0.00) (£0.00) (£0.00) (+£0.01) (£0.00) (x0.00) (x0.00) (x0.00) (+0.00) (x0.00)
sC 0.41 0.27 0.30 0.38 0.48 0.36 0.47 0.38 0.46 0.35
(+0.03) (£0.02) (+0.01) (x0.01) (+£0.00) (+0.01) (+0.06) (£0.00) (+£0.01) (+0.01)
AN 1.12 0.78 0.38 1.52 0.65 0.88 1.72 0.58 0.98 1.52
(+0.00) (£0.00) (£0.00) (+0.00) (£0.00) (x0.00) (x0.00) (x0.00) (+0.00) (x0.00)
K (%) Control 0.3 0.22 0.1 0.38 0.45 0.31 0.77 0.43 0.36 0.28
(+0.00) (£0.00) (£0.00) (+0.00) (£0.00) (x0.00) (x0.00) (x0.00) (+0.00) (x0.00)
sC 0.32 0.20 0.07 0.40 0.23 0.22 0.26 0.52 0.18 0.300
(+0.03) (£0.01) (£0.01) (£0.06) (+0.03) (+0.02) (+0.01) (+0.01) (£ 0.01) (+0.00)
AN 0.65 0.42 0.36 1.44 1.47 0.40 2.13 1.50 1.23 1.28
(+0.00) (£0.00) (£0.00) (x0.00) (£0.00) (x0.00) (x0.00) (x0.00) (+0.00) (x0.00)
C/N Control 10.87 12.68 12.48 11.10 12.74 10.77 1.1 13.78 12.20 13.89
sC 10.02 11.38 12.75 13.61 14.78 13.55 14.73 15.16 15.01 13.59
AN 8.85 14.31 15.09 10.23 13.45 13.28 17.06 13.66 12.97 14.55

C: Control; SC: Saccharomyces cerevisiae; AN: Aspergillus niger.
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Table 4. Comparison of the results obtained with other works.
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Nat f
ature @ Substrate Process Inoculum C/N Biogas Reference
Substrate
Marine Microalgae Mesophilic AD Sawarage 13 227ml [35]
Waste sludge
Cooked bone: 2.6%,
cooked vegetable: Mesophilic AD
(o) H . H
Food waste 24.3%, po.stc/rl'ce. With thermo! Seed sludge 14.4 ~1000 ml [36]
27.7%, fruit peeling: pretreatment in
20.9%, and cooked different duration
eggshell: 1.3%,
Agro-food . - .
Chicken manure Mesophilic AD dairy manure 10 425 ml [37]
waste
Agro-food . -
Animal waste Mesophilic AD none 8.21 288 ml [38]
waste
Sardine 16.67%
Agro-food potatoes peel 16.67‘? Mesophilic AD S. cerevisiae 14.73 ~1200 ml This study
waste poultry waste 66.67%
Sardine 16.67%
potatoes peel 16.67% Mesophilic AD A. niger 17.06 ~1200 ml This study
poultry waste 66.67%
100%
W N
: M1AN a b 2
2 M4 AN .
§ mic e ’ S 0 *Sardine
5 ©
g 1 M“."’H‘é_cu M9 AN 2 “Poultry
2 M3 Ctly - WG AN M10 AN - o%
& o . M7 AN .
o 0 e M8 AN 5 M
S S ’ ! wble INtial /N
w -t M2 %’*N W -50% Fhe
4'sC as
-2 M7 Sc
-100%
2 1 0 1 2 3 4 5 -100% -50% 0% 50% 100%

Factor 1: 40.14%

Factor 1:40.14%

Fig. 4. The Principal Component Analysis (PCA) in two-dimensional patterns explained almost 100% of the total

variance. (a) The Biplot consisting of projection on PC1 (40.14%) and PC2 (29.68%), (b) Correlation circle between
variables and principal components.
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Table 5. The control of effectiveness, chemical and microbiological harmlessness criteria.
Microbiological criteria control
T 8 ¢
E 3 ‘3 M1 M2 M3 M4 M5 Mé M7 M8 M9 M10
0 D b
Su 2
z £
Ctl nd nd d nd d nd nd nd Nd nd
Staph. - SC nd nd nd nd nd nd nd nd Nd nd
AN nd nd nd nd d nd nd nd Nd nd
<10 Ctl nd nd d* nd d* nd nd nd Nd nd
E.coli CFUg SC nd nd nd nd nd nd nd nd Nd nd
! AN nd nd nd nd nd nd nd nd Nd nd
nd in Ctl nd nd nd nd nd nd nd nd Nd nd
Salm. 25g SC nd nd nd nd nd nd nd nd Nd nd
AN nd nd nd nd nd nd nd nd Nd nd
Chemical criteria control
TS E
'E $ § M1 M2 M3 M4 M5 Mé M7 M8 M9 M10
Zo &
Zz
ctl 186.34 52.23 (1252‘;:11) 213.37 37?1;87 97.55 196.67 198.13 522.10 122.78
(£2.09) (£1.66) . (x7.11) 4.53)* (£2.04) (£3.20) (£5.77) (x1.19)* (x0.66)
m;:;lkg <300 sc 201.8 68.26 134.8 111.6 312.9 81.92 295.2 185.6 157.0 162.06 (+
(£0.29) (+0.40) (x2.75) (#1.76) (x3.16)* (+0.41)* (x1.75) (%2.83) (+0.94) 1.18)
AN 103.6 56.16 167.4 115.3 411.4 88.65 90.66 168.3 172.5 133.2
(£3.29) (+4.53) (*1.87) (x0.16) (+3.02)* (+0.55) (+2.06) (+4.41) (+x0.90) (+6.28)
ctl 23.44 48.56 98(':8 34.36 76.03 54.20 49.08 56.77 71.74 34.22
(£0.22) (+1.92) 1.73)* (x2.00) (+1.47)* (x0.99) (£1.16) (=1.33) (+0.85)* (x=0.29)
Ni <60 13.29 26.58 (+ 12.34 15.5 8.54 78.70 15.19 22.78 10.44 9.49
mg/kg S¢ (+0.50) 1.12) (£0.21) (+0.05) (+0.12) (#1.09)* (+0.07) (+0.13) (+0.12) (+x0.14)
AN 9.33 29.38 10.54 17.4 78.4 58.09 26.22 43.47 18.46 12.96
(£0.03) (+£0.00) (#1.11) (+0.02) (+1.02)* (+0.23) (x0.02) (+0.05) (%0.15) (x0.11)
ctl 74.08 58.61 112.10 70.23 92.82 133.22 104.87 143.09 82.55 176.93
(£1.92)  (£2.16) (%3.01) (+0.68) (+4.33) (+2.03) (£1.11)  (£3.44) (+2.63) (+1.06)
Pb <180 SC 56.34 24.73 59.35 34.62 74.18 69.24 84.08 98.91 62.24 194.3
mg/kg (£1.02) (+0.24) (+£1.19) (£0.07) (+0.11) (£1.06) (+2.00) (+1.04) (+0.33) (+2.09)*
AN 34.78 32.87 89.15 55.12 67.23 72.47 89.55 112.67 46.60 170.7
(£1.12) (£1.52) (¢1.19) (x0.91) (%3.02) (x2.21) (£3.10) (+1.62) (+0.14) (£3.22)
ctl 0.23 1.34 0.56 1.12 1.55 0.72 0.65 0.44 0.13 0.26
(£0.00 (+0.00) (+0.00) (+0.00) (+0.00) (+0.00) (+0.00) (+0.00) (+0.00) (+0.00)
Cd <3 sc 0.04 0.21 0.09 0.30 0.16 0.25 0.26 0.06 0.16 0.03
mg/kg (£0.00) (+0.00) (+0.00) (+0.00) (+0.00) (+0.01) (+0.01) (+0.00) (+0.00) (+0.00)
AN 0.03 0.55 0.07 0.78 0.89 0.33 0.04 0.05 0.22 0.15
(£0.00) (+0.00) (+0.00) (+0.00) (+0.00) (+0.00) (+0.00) (+0.00) (+0.00) (+0.00)

C: Control; SC: Saccharomyces cerevisiae; AN: Aspergillus niger; nd : not detected; d : detected; *non-compliant.

3.5. Test of germination

The germination tests show that the M7AN has no
inhibiting effect on germination and that about
80% of the seeds germinated in 168 h; similarly,
M7 SC has no inhibiting effect on germination

either, since 70% of the seeds germinated in 192 h.
Table 6 shows the characterization of the
fertilizers and fertilization test. According to the
results of the fertilization tests, M7 AN and M7 SC
seem to be the most suitable for bell pepper
cultivation. Also, M7 AN has a better performance
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in vegetative growth due to the high content of
potassium, resulting in a more robust plant that is
more adaptable to nutritional and environmental
changes [39]. The liquid fraction seems to be more

effective as a biofertilizer than the solid fraction,
probably due to the high presence of bioassimilable
nutrients in this part of the product.

Table 6. Characterization of the fertilizers.

Biofertilizer from Soil only Solid fraction Liquid fraction Commercial
Characterization of the fertilizers
M7 Ctl 6.12 (£0.01) 7.44 (+0.01)
pH M7 SC 6.42 (+0.01) 6.33 (£ 0.02) 8.23 (+ 0.02) 6.78 (+0.01)
M7 AN 7.23 (+ 0.00) 8.03 (+ 0.00)
M7 Ctl 0.10 (+ 0.01) 1.15 (+ 0.01)
N (%) M7 SC 0.72 (= 0.00) 0.12 ( 0.04) 1.03 ( 0.01) 12.35 (+ 0.01)
M7 AN 0.21 (+ 0.02) 1.43 (+ 0.00)
M7 Ctl 0.30 (+ 0.02) 0.06 (+ 0.04)
(;o) M7 SC 0.30 (= 0.03) 0.35 (+ 0.01) 0.08 (+ 0.03) 6.65 (0.03)
M7 AN 0.28 (+ 0.00) 0.05 (+ 0.01)
M7 Ctl 0.18 (0.00) 0.06 (+ 0.02)
K (%) M7 SC 0.91 (£ 0.01) 0.20 ( 0.02) 0.08 (+ 0.05) 8.46 (+0.00)
M7 AN 1.41 (+ 0.00) 0.32 (+ 0.01)
Fertilization test on the bell pepper crop
Root M7 Ctl 5.0 (£ 0.01) 10.2 (+ 0.02) 11.0 (= 0.02) 7.4 (x 0.00)
(cm) M7 SC 6.1 (x0.01) 12.1 (x 0.01) 12.8 (+ 0.01) 9.3 (£ 0.01)
M7 AN 5.4 (£ 0.05) 15.6 (+ 0.01) 14.3 (+ 0.03) 10.2 (+ 0.02)
Stem M7 Ctl 2.9 (£ 0.01) 10.1 (= 0.00) 9.8 (+ 0.01) 4.8 (+0.01)
(cm) M7 SC 4.5 (£ 0.02) 10.4 (+ 0.00) 11.4 (£ 0.03) 7.7 (£ 0.02)
M7 AN 4.8 (+0.04) 12.3 (+0.00) 13.8 (+ 0.01) 6.5 (£ 0.01)
Leaf M7 Ctl 2.6 (£ 0.03) 3.8 (£ 0.01) 4.5 (£ 0.01) 2.2 (£ 0.02)
(cm) M7 SC 2.9 (£ 0.04) 4.3 (+ 0.03) 4.1 (£ 0.04) 3.8 (£ 0.03)
M7 AN 3.1 (£ 0.06) 4.0 (£ 0.01) 4.6 (+0.01) 3.3 (+ 0.00)

M7 SC: M7 with Saccharomyces cerevisiae; M7 AN: M7 with Aspergillus niger; M7 Ctl : M7 (control).

4. Conclusions

The simultaneous use of three types of agro-
industrial waste allowed us to produce an
important quantity of biogas. The potential of
biogas production was increased by the use of the
two fungal strains, Aspergillus niger and
Saccharomyces cerevisiaze. But the digestate
produced in the use case of Aspergillus niger
presented better doubly recovery of the studied
organic wastes. The resulting digestion residues
demonstrated an optimal performance in
vegetative growth. It meets the chemical and
microbiological harmlessness criteria of the
international standards NF U 44-051.
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