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Abstract

The world’s growing demand for energy and our concern to preserve the environment
have prompted research into alternative sources of energy. Renewable energy from
biomass is one such opportunity. The aim of this study is to model the production of
biogas from the anaerobic digestion of plantain and yam peelings and cattle dung. A
characterisation of these residues showed their good suitability for methanisation with
good moisture contents (>70%), high volatile solids contents (>75%) and C/N ratios of
between 20 and 30. In addition, methanisation trials under mesophilic conditions
following a mixing plan generated quantities of biogas ranging from 128 to 565 mL with
CH, contents of between 54.03 and 72.98%. The digester made up of 1/6 plantain peels +
2/3 yam peels + 1/6 cattle dung gave the best biogas yield with 565 mL for 67.52% CH,.
The model established from these results is highly significant with an F value (1268.01)
having a probability significantly lower than 0.05. In addition to the coefficients R>
(0.9994) and R? (0.9986) which adjust are very close to unity, there is a good correlation
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between the experimental results and those predicted. This prediction model is therefore
reliable for explaining biogas production. However, further study of the kinetics of
anaerobic digestion and biogas treatment remains important.

Introduction

Energy is an essential component of economic and social development (Deshaies and
Kouadio [11]). It contributes to the permanent satisfaction of a number of needs such as
food, education, housing, health, transport, etc. As part of this development trend, global
demand for energy is increasing at a worrying rate (Kwietniewska and Tys [20]). Indeed,
projections have shown that this need for energy over the course of this century has
increased by a factor of 2 to 3 (Weiland [31]). However, fossil fuels are largely
responsible for long-term environmental risks through greenhouse gas emissions (Boissin
[6]). Faced with this situation, it is imperative to resort to other sources of energy that
replace fossil fuels and protect the environment (Mckendry [24]). One of the solutions to
this concern is anaerobic digestion. It appears to be a process that offers the possibility of
combining waste treatment with the production of renewable biogas energy (Laskri et al.
[22]). Plantain and yam are still the main source of food for many people in the West
African subregion, particularly in Cote d’Ivoire (Bomisso et al [7]) (Ettien and
Tschannen [13]). Despite all the benefits that these foods provide, they generate a
considerable amount of waste, including peelings, which are unsuitable for our
environment. If left untreated, this waste becomes a potential source of disease (Priiss-
Ustiin and Corvalan [26]). In developing countries, their elimination poses a challenge to
governments because of the weakness of their waste management systems (Mangoumbou
et al. [23]). The aim of this study is to recover energy from plantain and yam peelings in
order to contribute to new energy sources. Specifically, the aim is to develop a model that
predicts the biogas yield from the anaerobic digestion of plantain and yam peelings and
cattle dung using response surface methodology. To achieve our objective, we first
carried out a physicochemical characterisation of plantain and yam peelings and cattle
dung collected in the town of Yamoussoukro with a view to understanding the feasibility
conditions for their methanisation. Anaerobic digestion tests were then carried out under
mesophilic conditions using a conventional mixing plan. Finally, the experimental results

were used to develop a model for predicting biogas yield.
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Material and Methods

Substrates: The study material consisted of three samples: plantain peels, yam peels
and cattle dung. The plantain and yam peels came from restaurants in the city of
Yamoussoukro. The cattle dung comes from the farm of the Institut National
Polytechnique-Houphouet Boigny (INP-HB) in Yamoussoukro. The plantain and yam
residues were crushed in a blender for easy access to the micro-organisms. The dung was
not pre-treated. Figure 1 shows the images of the samples. The samples were stored in a
refrigerator at -4°C (Sajeena Beevi et al. [27]) until testing took place after exposure to
room temperature.

Figure 1. Plantain peels (A); Yam peels (B); Cattle dung (C).

Moisture content (H): For the evaluation of the moisture content, a mass (mg) of
sample was oven dried at 105°C for 24 hours (Kra et al. [19]). The moisture loss (H) was
evaluated between the mass mg, and that obtained after drying m; according to the
following relationship (1):

mo—my

H(%) = * 100 (1)

mo
H: moisture content;
my: initial mass of the sample before drying;

m,: mass of the sample after drying for 24 hours at 105°C in the oven.

Total Solids (TS): The determination of the total solids content is a function of the
moisture content.

ST(%) =100—H 2)
ST: total solids content;

H: moisture content.
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Volatile solids content (VS): The volatile solids content of a sample is assessed after
measuring its water content. The dried sample (m;) was placed in a muffle furnace at 550
°C for 6 hours giving a mass m,. Subsequently, this content was measured as the
percentage weight loss of the dried sample (M’Sadak and M’Barek [25]) according to
equation (3):

my—m;

VS(%) =

100 (3)

1

VS: volatile solids content;
m,: mass of sample after oven drying for 24 hours at 105°C;
my: mass of sample calcined at 550°C for 5 hours after drying.

Determination of pH: The hydrogen potential (pH) of each waste (substrate) was
determined by dissolving the waste in a waste/distilled water ratio of 1:10 (Traore et al.
[29]). Thus, 5 g of waste was suspended with 50 mL of distilled water in a 250 mL
beaker under constant stirring for 5 min using a magnetic stirrer. The suspension was left
to stand for 30 min for pH measurements using a HANNA HI 8424 pH meter.

Carbon and nitrogen content of substrates: The determination of carbon (C) was
carried out by the Walkley and Black method (Walkley and Black [30]) which consists of
an oxidation of the organic matter by an excess amount of potassium dichromate
(K2Cr,07) in a cold sulphuric medium, in the presence of a coloured indicator
(diphenylamine). The carbon concentrations are given as a percentage according to the
following equation (4):

0,897
M

C(%) = (1 = V) * “)

Vi: volume of iron sulphate used to titrate the blank;
V,: volume of iron sulphate used to titrate the sample;
M: mass of the sample in grams;

0.897: dilution correction factor.

The determination of the nitrogen content was done by hot (300°C) and acidic
mineralization of the organic matter according to the Kjeldhal method (Bremner [8]).
This is a three-step assay: mineralization of the organic nitrogen into ammoniacal
nitrogen, distillation and titration of the mineralisate. The nitrogen content is given by the
relation (5):
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0,14x1000XCX(Ve—Vy)

N(%) = X 10 (5)

m: test sample mass in grams;

V.: volume of soda added for the sample determination;

Vy: volume of soda added for the blank determination;

C: concentration of the soda solution used.

The organic carbon was divided by the total nitrogen to obtain the C/N ratio.

Experimentation matrix: The experimentation matrix is given in Table 1.

Table 1. Experimentation matrix.

Order of tests Factor 1 Factor 2 Factor 3
Standard X1: Plantain X2: Yam X3: Cattle dung

2 0 1 0

9 0.167 0.667 0.167

10 0.167 0.167 0.667

6 0 0.5 0.5

5 0.5 0 0.5

13 0 0 1

3 0 0 1
0.667 0.167 0.167

15 0.5 0 0.5

14 0.5 0.5 0

4 0.5 0.5 0

7 0.333 0.333 0.333

12 0 1 0

11 1 0 0

1 1 0 0

The mixtures for the anaerobic digestion trials were based on the volatile matter
contained in plantain peels, yam peels and cattle dung. The mass of volatile solids in the
substrates was therefore the factor used in the mixtures. We set a total mass of 16gVS per
trial. Henry Scheffé’s Simplex-centroid design was adopted. For the three substrates, this
design requires ten trials with different proportions of substrates determined by the
Design Expert software 11. However, the first five trials were repeated.
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Anaerobic digestion tests according to the mixing plan: All trials were conducted in
batch type digesters for 40 days. The experimental digester is a 1200 mL vessel with a
usable volume of 1000 mL and a headspace of 200 mL. It has two ports, one for syringe
sampling of liquids and one for collecting and measuring the volume of biogas produced.
Once the waste is in the digester, the final volume is adjusted with distilled water. The
digester is then sealed with a screw cap and placed in a thermostat at 37 + 1°C. Each
digester is manually stirred twice a day for two minutes to homogenise the anaerobic
medium. The biogas is collected in graduated tubes (gasometers) inverted by the water
displacement method (Kouakou et al. [17]) to determine the volume collected.

Gas sampling

gas space

Organic matter

Water

Batch reactor (1200 mL) G“t:ﬁl‘i‘"&.ﬁmm‘fm

Figure 2. Anaerobic digestion test setup.
Results and Discussion

Physical and chemical parameters: The results of the analysis of the physico-
chemical parameters of the waste before the tests are presented in Table 2.

Table 2. Physico-chemical characteristics of substrates.

Substrates pH H (%) TS (%) VS (%) C (%) N (%) C/Nratio

Plantain peelings 5,27 87,01 12,98 86,07 38,72 1,36 28,47
Yam peelings 5,78 74,34 25,65 94,57 30,19 1,23 24,54
Cattle dung 8,14 86,90 13,09 76,97 4283 1,66 25,80

The pH values obtained according to Table 2 are 5.27, 5.78 and 8.14 for plantain
peelings, yam peelings and cattle dung in that order. It should be noted that only dung has
a pH within the range recommended for good anaerobic digestion, i.e. between 6.5 and
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8.5 (Kouadio [16]). Such a pH is favourable to the growth of methanogenic bacteria
(Kalloum et al. [15]) and can raise the pH of the anaerobic environment in the context of
co-digestion with acidic substrates (Kpata [18]). The moisture contents (H) of the
different substrates are 87.01, 74.34 and 86.90% for plantain peelings, yam peelings and
cattle dung, respectively. This high moisture content indicates that the residues are highly
fermentable and therefore suitable for anaerobic fermentation (Afilal et al. [2]). As
volatile solids (VS), the proportions obtained are 86.07%, 94.57% and 76.97% for
plantain peelings, yam peelings and cattle dung respectively. It can be seen that these
contents are high. For plantain and yam peelings, they are almost identical to those
obtained by Thomsen et al. [28] as part of their work on biofuel production from West
African agricultural residues. They determined 85.20% and 94.80% as organic matter
contents for plantain and yam peelings. Compared with the work of Lacour [21], where
the volatile solid content of the dung was 55%, our dung is the richest in organic matter.
This high organic load is favourable to methanisation technology. The C/N ratios were
28.47, 24.54 and 25.80 for plantain and yam peels and cattle dung. These values suggest
that the biological conversion processes are stable, as they fall within the range
recommended by Gunaseelan [14], i.e. between 20 and 30. This stability would be
enhanced by the use of cattle dung, whose C/N ratio is close to the optimum value of 25.
Analysis of these physico-chemical parameters highlights certain properties specific to
the substrates that could favour the possibility of co-digestion between them.

Results of the anaerobic digestion tests: The results of the anaerobic digestion tests
are shown in Table 3. They show that the biogas yield ranged from 128 to 565 mL. Trial
9 (1/6 banana; 2/3 yam; 1/6 dung) recorded the highest amount of biogas with 565 mL. In
contrast, trial 11 (Plantain) provided the least amount with 128 mL. These data were used
to establish the biogas yield prediction model.

Table 3. Quantities of biogas from the different tests.

Order of tests Experimental results
Standard Biogas (mL)
2 373
9 565
10 502
6 556
5 241

Earthline J. Chem. Sci. Vol. 11 No. 1 (2024), 105-119
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13 407
3 410
8 370,5
15 249
14 491,4
4 485
7 555,6
12 368.,2
11 128
1 133

Biogas quality: The composition of the biogas was determined by a portable biogas
analyser of the BOSEAN type. The values provided by this device are shown in Table 4.

Table 4. Composition of biogas by digester.

Digesters CO; (%) CH4 (%) H,S (ppm) CO (ppm)
1 33,17 54,03 >5 37
2 35,97 56,83 >5 34
3 16,02 72,98 0,02 7
4 30,72 59,51 >10 45
5 30,49 57,51 2 27
6 32,67 62,33 1,8 24
7 22,06 65,94 2,2 19
8 30,49 63,28 >5 23
9 21,48 67,52 1,5 17
10 27,51 69,49 0,08 10
11 32,59 55,17 >5 35
12 35,27 54,94 >5 35
13 17,12 72,85 0,04 6
14 29,83 56,61 >10 43
15 28,26 59,24 2,14 27
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This table shows that the biogas from the various digesters consists of carbon dioxide
(CO,), methane (CH,), hydrogen sulphide (H,S) and carbon monoxide (CO). The CH,
and CO, contents of these biogases are in line with the general composition of biogas (50
to 75% CH,4 and 25 to 50% CO,) (Adjiri et al. [1]). As regards the most important gas
sought in biogas (CH,4), the highest content comes from the digester containing only
cattle dung (72.98%). Apart from this digester, the CH, proportions are also good in the
codigestion digesters containing cattle dung (between 57.51 and 69.49%). However, the
digesters without dung showed the lowest CH, contents (between 54.03 and 59.51%). We
can say that cattle dung improved the CH, quality of the biogas in the codigestion
digesters. It is therefore an important co-substrate for the anaerobic digestion of plantain
and yam peels. In addition, CO,, H,S and CO are impurities found in these biogases. If
this biogas is to be used, it will need to be purified.

Biogas production modelling: Using the response surface methodology, we were able
to build a predictive model of biogas quantity from the test results (Table 3). The model
that could explain the relationship between substrates and biogas quantity is of the special
quartic form. After fitting, its equation is given by the relationship (6). The coefficients of
the model and their significances were evaluated by Design Expert 11 software.

Y = + 130.84X1 + 370.94X2 + 408.84X3 + 951.98X1X2 — 96.62X1X3 +
669.93X2X3 + 1440.20X1%2X + 2581.83X1X2%2X3 + 3168.63X1X2X3%2 (6)

In this equation, X1, X2 and X3 are the coded values of the proportions of plantain
peels, yams and cattle dung, respectively, with Y being the amount of biogas. The
positive sign in face of a term indicates a synergistic effect on the other hand, any
negative sign indicates an antagonistic effect on the response (Alahiane et al. [3]). Thus,
with the exception of the interaction term X1X3 showing an antagonistic effect, the other
terms have synergistic effects on biogas production. As a result, the effects of the
independent variables X1, X2 and X3 as well as those of the terms X1X2, X2X3,
X1°X2X3, X1X2°X3 and X1X2X3” increase biogas yield while a strong X1X3
interaction decreases this yield.

This regression model can be materialised by a response surface (Aydram et al. [5]).
Figure 3 is an illustration of the special quartic model developed in this study. In this
figure, the vertices of the triangle indicate the maximum proportions of the different
factors. As one moves to the side, this percentage decreases. Also, the colouring of the
triangle reflects the different values taken by the response. The responses are given from

Earthline J. Chem. Sci. Vol. 11 No. 1 (2024), 105-119
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the lowest to the highest, from blue to red. The area where the red colour is more
pronounced implies a high biogas yield due to the good digestibility of the organic
matter. On the 2D graph, there are also lines called contour lines. Each curve shows the
same response for all the mixing points on it. However, this model was subjected to an
analysis of variance (ANOVA) to judge its quality.

Design-Expert® Software A: Plantain
1

Component Coding: Actual

Biogas (mL)
@ Design Points

128 [ s65

X1 = A: Plantain
X2 = B: Yam
X3 = C: Cattle dung

1 0 1
B: Yam C: Cattle dung

Biogas (mL)

Figure 3. 2D representations of the response surface.

Statistical analysis: In order to determine the significance of the special quartic
model, an analysis of variance (ANOVA) of the model was performed as shown in
Table 5.

Table 5. ANOVA results of the special quartic model.

Source Sum of df Mean F-value  p-value
Squares Square
Model 295900 8 36984,15  1268,01 < 0.0001 significant
Residual 175,00 6 29,17
Lack of Fit 94,00 1 94,00 5,80 0,0609 not significant
Pure Error 81,00 5 16,20

Cor Total 296000 14
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Std. Dev 5,40 R’ 0,9994

Mean 388,98 adjusted R? 0,9986

C.V(%) 1,39 predicted R* 0,9771
Adeq Pecision 103,0158

The ANOVA was performed with the Design Expert 11 software to determine the
relevance and significance of the model. The model and the model terms are considered
significant when their probability values (p-value) are less than 0.0500 (Briton et al. [9]).
This table reveals that our model is highly significant due to an F-value of 1268.01
having a probability significantly less than 0.0001. Besides that, the predicted R* of
0.9771 is in reasonable agreement with the adjusted R* of 0.9986, i.e. the difference is
less than 0.2 (Deepanraj et al. [10]). Also, the coefficient of variation (C.V) has a low
value (1.39). This value gives the model a high degree of accuracy and good reliability
(Sajeena Beevi et al. [27]). The adequate accuracy (Adeq Precision) of the model is very
high (103.0158) and shows an adequate signal to noise ratio. It therefore implies that the
model can be used to navigate the design space.

Experimental values compared with predicted values: In addition to the statistical
analysis, the predictive ability of the regression model was assessed by plotting the
prediction against the experiment. This plot was obtained using the graphical interface of
the Design Expert 11 software. Analysis of this graph is used to estimate the predictive
quality of the model and its relevance for validation (Armah et al. [4]). In Figure 4 we
observe a strong correlation between the theoretical and experimental results as all points
tend to be close to the regression line. This fact reflects the agreement between the theory
used and the mixing design used to develop our model (Diarrassouba et al. [12]). This
confirms that the model is robust and therefore very effective for predicting biogas yield.
We can therefore use it to determine the amount of biogas at any point in the study area.

Earthline J. Chem. Sci. Vol. 11 No. 1 (2024), 105-119
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Design-Expert® Software Predicted vs. Actual

Biogas

Color points by value of
Biogas:

128 565

400

Predicted

200

100

Actual
Figure 4. Prediction versus experience.

Conclusion: This study showed that biogas production from the anaerobic digestion
of plantain and yam peels and cattle dung can be explained by a model. To do this, a
physico-chemical characterisation of the substrates was carried out. This revealed that
they are suitable for the anaerobic digestion process, given their high water and volatile
matter content and good C/N ratios. With anaerobic digestion tests under mesophilic
conditions and in batch mode, the quantities of biogas collected ranged from 128 to 565
mL. Analysis of the different quantities of biogas revealed CH, contents ranging from
54.03 to 72.98%. Based on the experimental results, a biogas quantity prediction model
was established. An analysis of variance showed that the model is highly significant. In
addition, the plot of the prediction against the experiment shows a strong correlation
between the theoretical and experimental results. The model is therefore robust in
explaining the biogas yield from anaerobic digestion of banana peels, yams and cattle
dung under mesophilic conditions. However, a study of the kinetics of anaerobic
digestion and a biogas purification process to complement this model would be required
as part of a project.
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