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Abstract !
Faced with the need for an alternative energy source following the extreme
pressure exerted on woody resources accompanied by the increase of aquatic
pests which invade water resources, the construction of mini reactors producing Article History
clean energy, biogas based on these invasive plants becomes a challenge. Received: 04 June 2024
This investigation aims to assess the methane production potential of water | /Accepted: 16 August 2024
hyacinth and Azolla in co-digestion and the fertilizing quality of the digestates

. . L . e . Keywords
obtained. A bio methanization test based on various combinations of organic Azolla:
substrates composed of water hyacinth and Azolla alone or in co-digestion Digestate;
under laboratory conditions at mesophilic temperature and neutral pH after 27 Methanization;
days was carried out. The source of enrichment in anaerobic microorganisms \(l)vgzrr"ﬁ)zlg:tt;ates
for fermentation processes in micro bioreactors consists of fresh pig manure. ’
It appears that the combination of organic substrates including 75% of water
hyacinth generated the maximum quantity of methane which is 1234 liters for
one ton of organic substrates. This methane production is 1.93 times greater
than that of the bioreactor containing water hyacinth alone, 1.90 times that
containing azolla, 1.5 times that containing 25% water hyacinth +75% azolla
then 3.04 times that containing the bioreactor composed of a high proportion
of crushed Azolla filiculoides. The digestates are rich in N, P, K, Ca and Mg
and had an amending power according to the NFU 44051 standard. For the
construction of bioreactors with aquatic pests for the benefit of communities,
co-digestion with a combination of substrates with a high proportion of water

hyacinth is suggested.
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Introduction

In recent years, the world has experienced an
increase in energy costs which is at the origin of
a collective awareness of the need for greater
autonomy of societies and the use of alternative
sources." In addition, the burning of fossil fuels
contributes to increase greenhouse gas (GHG)
emissions and exacerbates the air pollution and
the global warming.? Since then, several climate
summits have given impetus to the use of renewable
and clean energies; this is the case of the "COPs
of solutions" held in New York in 2014, in Paris in
2015 (COP 21), in Marrakech (Morocco) in 2016
(COP 22), and the "COPs of Africa" held in Berlin
in 2017 (COP 23) and in Poland in 2018 (COP 24).
In Europe, the ever-increasing dependence of the
continent's countries on the use of energy in general
and fossil fuels in particular is becoming more and
more worrying and raises the same concerns about
the sustainability of these resources around the
world. This is why, in 2008, the European Union
has established the Energy-Climate Prosecutor's
Office, which has set binding objectives in terms of
energy consumption and GHG emissions by 2020.
According to the OCDE, energy demand at the
global level in 2100 will be two to five times greater
thanin 1990, and net carbon emissions could triple.?
The situation in Africa seems even more worrying
since alongside the continent's energy challenge,
in which more than half of African countries have
always had an electrification rate of less than 20%,
there are other challenges, including agriculture and
sanitation. The restructuring of the energy policy
framework thus advocates access to energy for
100% of the population by 2030 and an increase
in the share of renewable energies to 10% in the
energy mix.* Several renewable energy sources
exist in Africa, but plant biomass occupies a very
important share of household consumption 5. This
plant biomass also has a great diversity of origin,
but that from wood resources is more important and
has a spatial coverage that is clearly decreasing
from year to year.

In this context, methanization is one of the solutions
to ensure energy autonomy and reduce the
use of biomass from wood resources. The use
of organic waste, such as animal manure, is a
clear advantage for the production of biogas, a
renewable energy source. This is a promising
solution for waste management strategies for health
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and environmental protection.® Methanization is
an anaerobic decomposition of organic macro-
molecules by microorganisms, resulting in the
production of biogas, whose high-energy compound
is methane.” This biogas is mainly composed of
methane and carbon dioxide.® It represents a source
of clean, renewable energy and an alternative
to conventional energy sources including fossil
fuels, which have harmful implications on the
environmental balance and whose reserves are
decreasing at an accelerated rate.® At the end of the
digestion, a residual organic matrix called digestate
is obtained. The production of biogas, and more
precisely biomethane, will enable the sustainable
development of rural areas and landlocked regions,
consequently a diversification of energy resources,®
and the preservation of the environment.®"

Faced with this promising technology, the Beninese
context which is characterized by excessive pressure
on woody resources is an opportunity for the
implementation of anaerobic digestion technologies
producing clean energy in the face of the alarming
increase in waste in the living environment. In fact,
the growing production of organic waste in the face of
a sharply rising population is a global challenge that
calls for efficient responses.’>'* In addition to this,
African water bodies in general and those of Benin
in particular are invaded by invasive aquatic plants
with their negative impacts on the reproduction and
mobility of aquatic species causing anoxia and the
drastic decline in the productivity of Beninese water
bodies, including the S6 River, and also on the
free movement of people.'® Among these invasive
plants, Eichhornia crassipes and Azolla sp. are the
most common and theirs impacts can be mitigated
by valorizing their biomass in biogas production.
Nowadays, mini bioreactors can supply methane to
individual consumers and small businesses.'1817
Thus for communities bordering the bodies of water
such as those of the Soé river in Benin, where water
hyacinth and azolla create ecological and socio-
economic problems, the control of the methane
production potential, the conditions optimizing
production yield, the number of days of fermentation
and the fertilizing quality of digestates becomes
an important research challenge. In fact, Mini-
bioreactors can successfully transform solid organic
waste directly at the point of storage.' Thus, the
present scientific investigation aimed to (i) determine
in co-digestion the methane production potential
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of water hyacinth and azolla and (ii) evaluate the
fertilizing quality of the digestates obtained.

Materials and Methods

Study Framework

Located in the south of Benin, the commune of S6-
Ava is home to the Sb river and is between 6°24'
and 6°38' North latitude and between 2°27' and 2°30'
East longitude. (figure 1). In this part of Benin, the
long rainy season lasts from march to july and the
short rainy season from september to november.
The annual average rainfall is 1200 mm. The
temperatures vary between a minimum of 22°C and
amaximum of 35°C. The relative humidity is 69 % in
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the dry season (november to march) and 90% in the
wet season. Conducive to the exploitation of fishing
resources, the S river is today faced with pollution
problems. In addition, the species of exposed lands
and raised banks are, among others, Eichhornia
crassipes, Azolla africana, Paspalum distichum
(grass), Paspalum vaginatum, Cyperus papyrus
and Typha australis. Among the invasive aquatic
species found there, we can cite: Pistia stratiotes,
Ceratophyllum dermersum and Nymphaea lotus.
Species such as Ipomoea aquatica, Echinochloa
pyramidalis and Alchornea cordifolia are among
the semi-aquatic species encountered of the
municipality.

-

2”18"0"5 2”24"0"E 2‘30"0”5
o i ' ’ A
o Armiaue LEGENDS
) N
(&) sample point Kinto Dokpakpa
z | |===roads 2
o | Locality Zoungomey] 18
L8] | ¢ Homets g
2o & Neighborhood L s =
Zounkpod
» Bourgade Ahomey-Luka unkpode
Béssétonou,
@ Town
~——— Hydrographic Network Assédokpa’
[0 Water Area
1738 Town S6-Ava Ahomey-Fonsa
City of Dangbo
Ahomey-Gblon;
= » Sakomey |
45 City of Abomey Calavi v X
o4 -~ Dogodofl 56 AvA pekanmey 19
3 2% & :
o -~ Sindomey Vekky; > Hougdo Gbadji City of Aguégué =
-
-~
3 - DEKANMEY

Urce : Topographic Background, IGN 2018
alised by: BOKOSSA@2023

g
{7/ Gy vekky Dano f’
Gbamey-Tchéwa, //
Tohofomey == Lokpodi [4]
s YGANVIEZ \
)

VEKKY/

Scale
o 25 5km
City of Cotonou o —]

E T e 2°18°0"E

2°24'0"E

Fig.1: Location of the

2: Azolla s

Fig.

Collection and Preparation of Organic Substrates
The biomass collection of the two invasive species
has been carried out in June 2023 because

plant pest collection sit

this period usually sees the decrease in salinity
allows for an increased development of the cover
of the two invasive aquatic plants of the river
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(Figures 2 and 3). Fresh organs of the two collected
species were ground into fine particles of the order of
pm. In addition, 5 volumes of water for one volume of
substrates were added for the hydrolysis of organic
macromolecules in order to accelerate the activity of
microorganisms. The choice of organic substrates is
justified by their availability on the So river and the
need to effectively fight against the proliferation of
these aquatic pests.

Activation of Fermentation Processes

From a preliminary test perspective, fresh pig
excrements as substrates deriving from anaerobic
decomposition processes in the digestive tract
of pigs, have been identified as a source of
microorganisms to accelerate the fermentative
activity of the substrates similar to fresh ashes
experimented by.% To this end, for each experimental
unit, a fresh quantity of 20 g of pig excrement
(figure 4) has been added to the content of each
biodigester as a microbial source, easy to access
but necessary for the decomposition activity of
organic substrates tested. These pig manure have
been mixed with each plant material alone or in co-
digestion depending on the treatment.

Operating Conditions

This is the biomethanization test or BMP in
laboratory conditions for the production of biogas.
The fermenters or bioreactors are jars (figure 5)
loaded with substrates (plant pest + pig dejection
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+ water) and connected to a graduated jar and
subjected to a fermentation incubation time of 27
days. In fact, the substrates tested, apart from their
biodegradability, included the addition of pig manure
which, once in the pigs' digestive tract, are rapidly
degradable by microorganisms. In view of this, a
relatively shortincubation time is required, given the
enrichment of the bioreactors, hence the 27 days
incubation period. Leak tests have been carried out
to avoid air ingress which would disrupt biochemical
metabolism. Monitoring of the anaerobic digestion
process has been also carried out: the temperature
has been set at 38°C10 and the pH has been
measured at the start and end of the experiment in
order to reduce any risk of disruption of the process
linked to air entering the environment.

Fig. 4: Fresh pig manure

Fig. 5: Operating conditions and experimental setup

Experimental Apparatus

Six combinations of substrates have been constituted
taking into account a single contribution of water
hyacinth, a single contribution of Azolla, an equitable

contribution of the two organic substrates. Each type
of combination has been made in three repetitions
(Table 1). In order to determine the substrate
combination that produces the most biogas and
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methane, six combinations of substrates (WHPM:
100% of water hyacinth; AZPM: 100% of azolla;
AZWHPM1: 75% of water hyacinth +25 % of azolla;
AZWHPM2: 25% of water hyacinth +75% of azolla;
AZWHPMS3: 50% of water hyacinth +50% of azolla
and AZWHPM4: 66.25% of water hyacinth +33.75%
of azolla) have been tested. At each interval of two
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days, the descent of water has been measured in
the graduated jar equivalent to the volume of biogas
produced. Biogas production has been monitored
after 27 days. The gas analyzer has made it
possible to determine the qualitative and quantitative
composition of the biogas produced after 27 days.

Table 1: Proportion in (g) of mixed substrates

Biodigester/ Treatment repetitions = Water hyacinth Azolla Pig manure
WHPM 3 80 0 20
AZPM 3 0 80 20
AZWHPMA1 3 60 20 20
AZWHPM2 3 20 60 20
AZWHPM3 3 40 40 20
AZWHPM4 3 53 27 20

Note : WHPM : 100% of water hyacinth ; AZPM : 100% of azolla ; AZWHPM1: 75% of
water hyacinth +25% of azolla ; AZWHPM2: 25 % of water hyacinth +75 % of azolla ;
AZWHPM3: 50% of water hyacinth +50% of azolla and AZWHPM4 : 66,25% of water

hyacinth +33,75 % of azolla.

Collection, Drying and Analysis of the
Composition of Digestates

At the end of the 27 days of production monitoring,
collection followed by dehydration then drying in an
oven at 60°C has been carried out on the digestates
which were transported to the laboratory for analysis
of their mineral content. The contents of P, K, Ca,
Mg and Zn were determined by atomic absorption
spectrophotometry at various wavelengths, the
operating principle of which is as follows: At a specific
wavelength, a portion of the light energy emitted by
the hollow cathode lamp (lamp emitting light also
specific to the element) has been absorbed by the
sample solution. This quantity of energy has been
used by the element to move from its “fundamental”
state to a “metastable excited” state: this was the
excitation energy. It was proportional to the element
concentration in the solution. N has been determined
by the KIELDAHL method from the micro-distillation
of the mineralized sample digested with sulfuric
acid in the presence of a selenium-based catalyst."®
Regarding organic carbon, its content (% Corg)
has been deduced from the equation relating to the
Tunisian Standard relating to the determination of
organic matter given below:

Corg (%) = (MO-1,5)/(1,4)

MO: Organic Matter

Statistical Analysis of Data

For the comparability of the different biogas
production results according to each digester on the
one hand and those of the mineral element content
of each type of digestate from the biodigesters, mean
values and standard deviations have been calculated
using an analysis of variance two-factor.?’ In addition,
the cumulative production of biogas according to
each type of biodigester has been translated and
trend curves for this production were described along
with equations and coefficients of determination (R?).
This made it possible to test the predictability of the
model in the case of continuous full scale biogas
generation for populations. In addition, the mineral
salt contents have been compared to various types
of organic farm and conventional fertilizers. Finally,
the amending power of the digestates has been
evaluated by the NFU 44051 standard according
to which:

if the NPK Content > 7% the product has been
considered as a fertilizer;

if the NPK content <7% the product has been
considered as an amending agent.
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Results and Discussion

Biogas Content Produced by the various Organic
Substrates Tested

After a period of 27 days of fermentation at a
temperature of 38°C (figure 6) the mixtures
composed of (40% water hyacinth, 40% azolla
and 20% pig excrement) and (53% water hyacinth,
27% azolla and 20% pig excrement) has produced
a maximum quantity of biogas oscillating around
1000mL per 100g of substrate mixture. On the other
hand, the mixtures composed of 80% azolla and
20% pig manure and those of 80% water hyacinth
and 20% pig manure have revealed the lowest
production of around 800mL of biogas. Thus the
microorganisms in pig manure have acted on both
the labile fraction of water hyacinth and azolla, hence
the high production of biogas. Thus?' had obtained
similar results but the differences revealed were
linked to the optimal number of days of incubation
which could oscillate around 50 days while for this
study did not exceed 27 days.?? had revealed that
experimental conditions, inoculum and substrate
composition are not always standardized. Indeed the
inoculum, the pig manure chosen in this research
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were not subject to an evaluation of the microbial
biomass but in the context of technologies to be
transferred to farmers, the manure have the merit
of coming from the digestive tract therefore rich
in microorganisms. The cumulative production
after 27 days have revealed for 100 g of mixture
of substrates, the maximum quantity of biogas
produced did not exceed 1000mL. In addition, the
cumulative production trend curves have indicated
a linear function with an ax+b type equation and
a coefficient of determination oscillating around
98%. The different combinations of substrates
could therefore induce continuous production of
biogas after 27 days. So for one ton of mixture of
substrates composed of water hyacinth and azolla
with a microbial source, a production of 10.000 liters
of biogas can be obtained. The remaining concerns
was the composition of the biogas obtained.?® had
obtained 400 and 406 liters of biogas per kg of
volatile solid after 30 and 50 days respectively from
a combination of rice straw, water hyacinth and
human excrement in semi-continuous digesters.
But with water hyacinth as the only substrate, 58%
of the biogas has been methane.?

AZWHPM2 AZWHPM3 AZWHPM4

reactors

Fig. 6: Biogas content produced by the various organic substrates tested

Note: WHPM : 100% of water hyacinth ; AZPM : 100% of azolla ; AZWHPM1: 75% of water hyacinth +25%
of azolla ; AZWHPM2: 25 % of water hyacinth +75 % of azolla ; AZWHPM3: 50% of water hyacinth +50%
of azolla and AZWHPM4 : 66,25% of water hyacinth +33,75 % of azolla
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WHPM

AZWHPM4
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Fig. 7: Cumulative biogas production during the experimental period

Note: WHPM : 100% of water hyacinth ; AZPM : 100% of azolla ; AZWHPM1: 75% of water hyacinth +25%
of azolla ; AZWHPM2: 25 % of water hyacinth +75 % of azolla ; AZWHPM3: 50% of water hyacinth +50%
of azolla and AZWHPM4 : 66,25% of water hyacinth +33,75 % of azolla

Table 2: Quantitative and qualitative composition of biogas (L) for 100g
of substrates and content for 1ton of substrate

Composition of biogas CH, Cco, H,S

100g 1t 100g 1t 100g 1t
WHPM 0,06394 6394 0,27179 27179 0,5964 5964
AZ PM 0,06471 647,71 0.28077  2807,7 0,11816 1181,6
AZWHPM1 0,12346  1234,6 0,32501  3250,1 0,07178  717,8
AZWHPM2 0,08186  818,6 0,31600 3160 0,06808  680,8
AZWHPM3 0,04050 405,50 0,33263 3326,3  0,09671  967,1

Note: WHPM : 100% of water hyacinth ; AZPM : 100% of azolla ; AZWHPM1: 75% of water
hyacinth +25% of azolla ; AZWHPM2: 25 % of water hyacinth +75 % of azolla ; AZWHPM3:
50% of water hyacinth +50% of azolla and AZWHPM4 : 66,25% of water hyacinth +33,75 % of

azolla.

Quantity of Methane Produced after 27 Days for
1 Ton of Substrate

The qualitative composition (Table 2) of the biogas
produced from the two substrates in co-digestion after
27 days has revealed that the biogas produced was
composed of H,S, CO, and CH, in short proportion.
24 had similar results regarding the composition

of biogas which showed continuous production of
methane, carbon dioxide and hydrogen sulfide. The
wide range of biogas composition revealed by our
work highlights the need for prior purification before
use.? Likewise on solid substrates including food
waste, % and 2’ mentioned a similar composition of
biogas but it is the relative mole fractions of the gases
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that vary. The combination of organic substrates
including 75% of water hyacinth has generated the
maximum quantity of methane which were 1234
liters for one ton of organic substrates. This methane
production has been 1.93 times greater than that
of the bioreactor containing water hyacinth alone,
1.90 times that containing azolla, 1.5 times that
containing 25% of water hyacinth +75% of azolla
then 3.04 times that containing the bioreactor
composed of a high proportion of crushed Azolla
sp. The optimal condition for methane production
has been therefore a co-digestion device for the
two substrates with a proportion of water hyacinth 3
times higher than that of Azolla. It therefore appears
that for the establishment of mini bioreactor for
the benefit of rural populations, the preferential
substrate is water hyacinth. 26 and 2* demonstrated
the methanogenic capacity of water hyacinth but our
results, had revealed that the fermentable action
observed with water hyacinth could be boosted by
the addition of plant debris represented here by
azolla residues in a small proportion.® then specifies
that the production of methane had required
mesophilic temperature conditions as confirmed by
our results with the difference that these authors
had investigated on substrates different from ours.,?
after investigating domestic waste, had noticed a
remarkable production of methane. In total, this
preliminary evaluation of the co-digestion of two plant
pests had showed a higher production of methane
in reactors with a high rate of water hyacinth but
remained limited with regard to the real influence of
microbial biomass and the addition of other sources
of environmental waste.

Fertilizing Value of Digestates

The analysis of variance carried out on the different
digestates obtained from fermentation in the
different bioreactors has indicated that there were
a significant difference at the 5% threshold between
the values of the mineral elements contained in these
different bioreactors (table 3). The digestates from
the different combinations of water hyacinth and
Azolla were rich in C, N, P, K, Ca, Mg and Zn like
many farm fertilizers including poultry droppings, pig
droppings, crop residues and other digestate groups
including Grass Silage, Corn Silage, Dairy Waste,
Stomach Contents, Blood and Food Scraps.*® Our
results also has confirmed those of 3" and those of,*?
who had showed that soils amended with organic
fertilizer based on sheep droppings significantly
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had improved the agronomic parameters of the
soils.?® Generating biogas in Indonesia has become
relevant, as digestate is often used as organic
fertilizer for crops.3*%" In addition, from our work,
the digestates containing equal proportions of
water hyacinth and Azolla were rich in nitrogen
(24.03 + 0.60 g/kg) against the increase in the
Azolla content in the bioreactors have increased
the phosphorus content (48.35 + 2.57g/kg) of the
digestates. The increased incorporation of water
hyacinth in the composition of the substrates rather
favors digestates rich in calcium (7.63 = 0.14 g/
kg) and magnesium (16.58 + 3.92 g/kg). Zinc
(144.89 + 2.96 mg/kg) were highly concentrated in
bioreactors enriched with Azolla. This has proved
that to obtain digestates with high nutrient contents,
composite substrates consisting of water hyacinth
and azolla are required.®® had obtained nutrient
contents similar to ours with digestates from water
hyacinth only. The Nitrogen-Phosphorus-Potassium
(NPK) content of the different digestates according
to the French standard NFU 44 051 has indicated
that the digestates resulting from the mixture of
80% water hyacinth, and 20% pig excrement
(NPK=6, 37%), mixture of 60% water hyacinth,
20% azolla and 20% pig excrement (NPK=6.61%),
mixture of 20% water hyacinth, 60% azolla and 20%
pig manure (NPK=6.45%) and a mixture of 53%
water hyacinth, 27% azolla and 20% pig manure
(NPK= 5.81%) have had average NPK contents
lower than that of the French standard which were
7%, they have been therefore amenders whereas,
the digestates of the mixture of 80% azolla and
20% pig excrement (NPK=7.67%) and the mixture
of 40% water hyacinth, 40% azolla and 20% pig
excrement (NPK=7.39%) have had an NPK content
greater than 7 % these digestates are fertilizers.®®
had showed that plants treated with composts
have better growth in height and a better yield in
fruit mass compared to those treated with mineral
fertilizers and those without additions. Also, the
richness of these composts in organic matter has
improved the structure of the soil, thus ensuring
better dissolution and assimilation of nutrients for
good plant growth.3*4° Organic matter had retained
nutrients on the surface while mineral fertilizer
alone was accelerated their vertical migration.*!
Organic matter had been, therefore, the best
basic fertilizer.#24® The digestates obtained have
been therefore valuable fertilizers for agricultural
production.



Table 3: Content of the different digestates in mineral elements

Zn (mg.kg™)

Mg

Ca

N (en g.kg™)

48.35+2.572 5.92+0.36c 8.64+0.13¢ 7.93+0.27° 144.38+1.392
16.58+3.92 @

289.41 +6.64
308.72 +30.37 @

2243 +0.60°

23.87+2.77°

AZPM
WHPM

112.64+2.60 °

7.63+0.14 2 14.22+0.32 *

32.2743.06 °
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118.01+2.28 ©
144.89+2.96 @

15.47+0.392 13.35+0.61°
11.55+ 0.28 © 10.98+0.36 *°

6.69+0.21°

38.56 + 2.27%

20.8+ 0.12@ 338.54 £14.84

AZWHPM1

5.87+0.20 °

37.65+0.53 ¥

275.31+7.35°
312.15 +£16.11 %

21.03 £ 096 @
2403 £1.44 2

AZWHPM2
AZWHPM3
AZWHPM4

Ccv

13.43+20.56 > 11.9+0.43 % 139.87+16.83
9.01+1.40 *©

6.67+0.14°

43.21+ 5.08

118.58+7.38°

5.43+0.27 ¢ 10.44+0.76 °

329.94 +32.03*  31.06+2.20 °

21.66 £0.79 @

13,24 6,32 6,41 18,08 10,34

10,82

11,5

Note: WHPM: 100% of water hyacinth ; AZPM : 100% of azolla ; AZWHPM1: 75% of water hyacinth +25% of azolla ; AZWHPM2:
25 % of water hyacinth +75 % of azolla ; AZWHPM3: 50% of water hyacinth +50% of azolla and AZWHPM4 : 66,25% of water

hyacinth +33,75 % of azolla.

Conclusion

The methanization and co-digestion test of water
hyacinth and Azolla has revealed a high methane
production of 1234.6 liters of methane per 1000kg
of substrates in the bioreactor containing 75% water
hyacinth and 25% of Azolla with an addition of
sources of anaerobic microorganisms consisting of
fresh pig excrement, an initial mesophilic temperature
of 38°C after 27 days of experimentation. These
data obtained are still preliminary since the
microbial kinetics, pH and temperature throughout
the experiment were not followed in this research
given the device adopted but have had the merit of
revealing the fruitful possibilities for valorizing plant
pests for energy purposes for small communities
bordering water bodies. In addition, the chemical
composition of the substrates tested, in particular
hemicellulose, cellulose and lignin, substances
resistant to the activity of microorganisms, must
be determined to better identify the organic debris
to complement the two plant pests identified in the
study area.
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