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1. Introduction

The sharp increase in the world’s population associated with high agricultural production
generate large quantities of agricultural waste, the recovery of which is at the center of global policies
(Basta et al., 2011). Thus, agricultural waste has been recovered in several areas such as energy,
biofertilizers, animal feed as well as water depollution (Ouattara et al., 2021). Among the many ways
of recovering agricultural waste, the development of activated carbons has aroused great interest
because their preparation is economically interesting and their applications in depollution of water
contaminated by mining and textile industries, has given good results (Muhammad et al., 2022; Gouré
Bi et al., 2021a; Benallou Benzekri et al., 2018; Jodeh et al., 2014).

Activated carbons can be obtained by physical or chemical activation of precursors containing a
high carbon content and a low percentage of inorganic matter (Basta et al., 2011). Thus, various
activated carbons have been obtained from agricultural waste such as cherry kernel (Jaramillo et al.,
2009), olive (Benallou Benzekri et al., 2018), rice husk (Sahu et al., 2009), bean husk (Cabal et al.,
2009), rice straw (Basta et al., 2011; Fierro et al., 2010), coconut husk (Atheba et al., 2014), coffee
shells (Kokora et al., 2018), peanut shells and cocoa pods (Kouadio et al., 2019), plantain spikes
(Briton et al., 2020) as well as mango kernel shells (Gouré Bi et al., 2021b). The effectiveness of an
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activated carbon is closely linked to its specific surface, which is correlated to the iodine index
(Mohammad et al., 2007; Afrane and Achaw, 2008, Nko'o Abuiboto et al., 2016) and optimization of
its production process has been reported in literature (Tchakala et al., 2012).

Continuing the recovery of agricultural waste, we focused on the production of activated carbon
from shells of Blighia sapida (Sapindaceae), known as fisanier. Indeed, this plant is widespread in
West African countries and its aril is widely consumed due to its richness in lipids, proteins, vitamins
C and mineral elements (Outtara et al., 2011). Its importance comes also from its nutritional,
ethnobotanical and cultural potentialities as well as its medicinal and aesthetic values (Ndiaye et al.,
2023). Thus, many Blighia sapida shells wastes, which represent approximately 63.56 % of the weight
of the fruit, are produced each year without appropriate recovery, which leads to environmental
pollution.

The present study aims to valorize Blighia sapida shells into activated carbons and to model the
process of their preparation by acting on the impregnation and carbonization parameters and by
following the evolution of iodine index.

2. Materials and methods

2.1. plant material

The fruits of Blighia sapida (Figure 1a) were collected in December 2022 at the beginning of
the dry season in Yamoussoukro (6047'18.762” N and 5015'25.9992” W) in the center of Cote d'Ivoire
and identified by Mr. Antoine Amani N'GUESSAN, botanist at the Institut National Polytechnique
Félix HOUPHOUET-BOIGNY (INP-HB) in Yamoussoukro. The fruits were washed, and the shells
were isolated then dried at room temperature (25+3°C) for one week and then in an oven at 60°C for 1
hour. The dry shells (Figure 1b) were kept in the laboratory until their use to prepare activated carbons
(ACs).

Figure 1. Blighia sapida fruits (a) and dry shells (b)

2.2. Methods
2.2.1. Preparation of activated carbons

Crushed plant material was sieved to give ground materials of size 100 um and 400 pm, then
activated carbons were prepared according to the method used by Gouré Bi et al. (Gouré Bi et al.,
2021b) with a slight change in oven temperature (400 °C) and carbonization time (1 hour).
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2.2.2. Characterization of activated carbons obtained
2.2.2.1. Determination of iodine value

lodine value was determined according to the method described by Maazou et al. (Maazou et al.,
2018). To 0.05 g of activated carbon in a 100 mL beaker were added 20 mL of a 0.1 N iodine solution.
The resulting mixture was stirred for 5 min then filtered. A volume of 10 mL of filtrate was withdrawn
from an Erlenmeyer flask and then titrated with 0.1 N sodium thiosulfate solution until the solution is
completely discolored. Starch paste was used as a color indicator. The iodine value (mg/g) was
determined from Eqgn. 1.
lodine Value (mg/g) = “ledine (M) \Y Egn. 1

2 m

Where Ni and Ne were initial normality of iodine solution and normality of iodine solution after
filtration, m (g), V (mL) and Miodine represented mass of activated carbon, volume of iodine solution at
0.2 N and molar mass of iodine, respectively.

2.2.2.2. Determination of dry matter, moisture and ash contents
Dry matter, moisture and ash contents were determined according to the method described by
Kokora et al. (Kokora et al., 2018).

2.2.2.3. Determination of methylene blue index
Methylene blue index was determined according to the method described by Briton et al. (Briton
et al., 2020).

2.2.2.4. Determination of hydrogen potential at the point of zero charge
The method described by Crini (Crini, 2006) was used for determination of hydrogen potential
at zero charge point (pHpzc).

2.2.2.5. Determination of surface functional groups

The surface functional groups (acids and bases) of activated carbon were determined according
to the method described by Boehm (Seung Kim and Rae Park, 2016). The functional groups on the
surface of the AC were identified using Fourier Transform Infrared Spectrometry (FTIR). Thus, carbon
powder pellets were produced by mixing 100 mg of KBr and 1 mg of finely ground activated carbon
serving as a reference in a range of wave numbers between 4 000 and 650 cm™ with a resolution of 1
cm* using an ALPHA BRUCKER type spectrometer. Then, the electric field induced by the incident
electromagnetic wave may interfere with the dipole moment of molecules present in the sample to be
analyzed. Finally, responses obtained were collected in the form of IR spectra with characteristic bands
of functional groups present on the surface of AC.

2.2.2.6. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was undertaken to determine the morphological
characteristics of ACs. The analysis was performed on a Hirox SH 4000 M model device combined
with energy dispersive X-rays.

2.2.2.7. Elemental composition
Energy Dispersion Spectrometry (EDS) was used to determine the elemental composition of
activated carbon. The test was carried out with 100 mg of adsorbent.
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2.2.2.8. X-ray Diffraction

X-Ray Diffraction (XRD) was used to know the structure of activated carbon. The XRD
apparatus used in this study is the diffractometer Rigaku Ultima IV. During analyses, monochromatic
copper radiation Ko (A = 1.5406 A, 40 kV, 40 mA) was used and applied at a scanning rate of 0.01°
min! and an angle 26 between 0 and 70.

2. 2.2.9. Determination of specific surface and porosity

The nitrogen (N2) adsorption-desorption method was used to determine the specific surface and
pore volume. The specific surface of activated carbon was calculated by the Brunauer, Emmett and
Teller (BET) method (Gouré Bi et al., 2021b).

2.2.3. Experimental plan for preparation of activated carbon of Blighia sapida shells

2.2.3.1. Choice of factors

Particle size (X1), activating agent (X2), impregnation ratio (Xs3) and activating agent
concentration (X4) were considered as impregnation input factors and iodine value (Y) was considered
as response. The choice of these factors was justified by the importance of their influence on the
adsorbent power during preparation of an activated carbon (Gueye et al., 2014). The range of values
of the selected factors, according to the complete factorial plan, is presented in Table 1.

Table 1. Values of selected factors

Coding Factors Value (-1) Value (+1)
X1 Particle size (um) 100 400

X2 Activating agent NaOH H3POg4

X3 Impregnation ratio (m/m) 1/1 1/3

Xa Activating agent concentration (%) 10 30

A mass (m) of ground Blighia sapida shells of sizes of 100 um or 400 um and a volume (v) of
orthophosphoric or sodium hydroxide solution (at 10 % or 30 %) in ratios (m/m) 1/1 or 1/3 were
introduced into a 250 mL beaker. The mixtures were stirred for 24 h on a magnetic stirrer at room
temperature. After impregnation, the samples were removed and then dried in an oven for 24 hours at
105°C so that all the solvent (water) evaporated before carbonization.

2.2.3.2. Modeling

The complete two-level factorial plan with k factors was used to reduce the number of
experiments to be performed without compromising the quality of desired results, to understand the
influence of each factor and the interactions between them, and finally to model the conditions of the
process (Adjoumani et al., 2019; Eddebbagh et al., 2016; Brasil et al., 2005).

The iodine index was chosen as a response to evaluate the development of microporosity through
the iodine adsorption capacity of activated carbons prepared during the tests. It is a good indicator for
evaluating the quality of prepared activated carbons. For this purpose, the postulated mathematical
model linking response to different factors is a first order equation (Eqn. 2).

Y = Do+ b1X1+ b2Xo + baXs + baXa + b12X1 X2 + b13X1 X3 + b1aX1Xa + b23X2X3 +024X2Xa+034
X3X4 Egn. 2

where Y is the response (iodine value). X1, Xz, X3 and X4 are the coded variables for particle
size, activating agent, impregnation ratio and activating agent concentration, respectively. bo is a
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constant, by, b2, bz and b4 represent the weight of particle size, activating agent, impregnation ratio and
activating agent concentration, respectively. b1z, bi3, bis, b2s, b2s and bas represent the effects of
interaction between particle size and activating agent, between particle size and impregnation ratio,
between particle size and activating agent concentration, between activating agent and impregnation
ratio, between activating agent and its concentration and between impregnation ratio and activating
agent concentration, respectively.

The statistical analysis of the experimental results was carried out with the Nemrodw software
(New efficient methodology for research using optimal design, LPRAI - Marseille, France) version
2000. The coefficients and their significance were determined by statistical analysis, considering that
a coefficient is statistically significant if its absolute value is greater than twice the standard deviation
(20) (Assidjo et al., 2005). All tests were carried out in triplicate and the results are generally expressed
as: value * standard deviation.

3. Results and discussion
3.1. Modeling of the conditions for preparing activated carbon
3.1.1. Statistical analysis and model equation

Tables 2 show the results of the experimental plan.

Table 2. Results of the experimental plan

Tests Particle Size  Activation Impregnation Activating agent lodine index
(um) (X1) agent (X2)  ratio (g/g) (X3)  concentration (%) (X4) (mg/g) (Y)
1 100 NaOH 1/1 10 438.79+0.36
2 400 NaOH 1/1 10 414.90+0.23
3 100 H3PO4 1/1 10 421.99+0.05
4 400 H3PO4 1/1 10 410.29+0.03
5 100 NaOH 1/3 10 489.28+0.04
6 400 NaOH 1/3 10 439.36+0.07
7 100 H3PO4 1/3 10 443.12+0.01
8 400 H3PO4 1/3 10 432.55+0.02
9 100 NaOH 1/1 30 444.64+0.15
10 400 NaOH 1/1 30 424.43+0.09
11 100 H3PO4 1/1 30 647,40+0.37
12 400 H3PO4 1/1 30 493.74+0.27
13 100 NaOH 1/3 30 524.68+0.09
14 400 NaOH 1/3 30 449.48+0.66
15 100 H3sPO4 1/3 30 685.35+0.02
16 400 H3PO4 1/3 30 665.55+0.08

Table 2 shows that the iodine index of prepared activated carbons, closely linked to their
adsorption capacities, vary according to their preparation conditions. The highest values of
685.35+£0.02; 665.55+0.08 and 647.40+0.37 mg/g were obtained for experiments 15, 16 and 11,
respectively and the lowest values of 410.29+0.03; 414.90+0.23 and 421.99+0.05 mg/g were obtained
for experiments 4, 2 and 3, respectively. These results show the influence of selected factors on AC
preparation process as reported in literature (Gueye et al., 2014). The significance test for each
coefficient of the model (Table 3) was performed considering that a coefficient is statistically
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significant if its absolute value is greater than twice the standard deviation (26 = 19,28) (Assidjo et al.,
2005).
Table 3. Model coefficient values

Coefficients  Coefficient values  Absolute value of coefficients  Significant

bo 489.10 489.10 Yes
b1 -22.81 22.81 Yes
b2 35.90 35.90 Yes
b3 27.07 27.07 Yes
D4 52.81 52.81 Yes
D12 -1.66 1.66 No
D13 3.37 3.37 No
D14 -10.80 10.80 No
b23 4.57 4.57 No
D24 45.20 45.20 Yes
D34 12.28 12.28 No
Standard deviation (c) = 19,28 Double standard deviation (2c) = 19,28

The analysis of Table 3 shows that the main coefficients (bo, b1, b2, bs and ba) are all greater than
twice the experimental standard deviation value (2 ¢ =19.28), which means that all four factors Xz, Xz,
Xz and X4 have a significant influence on the adsorption capacity of prepared activated carbons. In
addition, the coefficient of interaction effect between the activating agent and the concentration (b4 =
45.20) is also significant on adsorption.

The activating agent can be considered as a very important parameter in production of activated
carbons. Indeed, activating agent and its ratio play an important role in the mechanisms of pore creation
and their development (Vargas et al., 2012; Telegang Chekem, 2017). In this study, the best activating
agent is orthophosphoric acid in a 1/3 impregnation ratio. In addition, increasing its concentration from
10 to 30 % promotes an increase in the iodine index as previously reported in literature for jatropha
and peanut shells (Gueye et al., 2014). Thus, equation of response to different factors of the
experimental plan is given by the mathematical model (Eqn. 3).

Y =489.10 — 22.81 X1+ 35.90Xz + 27.07X3 + 52.81X4 + 45.20X2X4 Egn. 3

The optimal experimental conditions for chemical activation of Blighia sapida shells to obtain
activated carbon with the best possible adsorption capacity, determined from the iodine index, are those
of tests 15. The theoretical optimum obtained with the model (Yca = 672.89 mg/g) is close to the
experimental optimum (Yexp = 685.35 mg/g) with a margin of error of 0.0185 (1.85%).

3.2. Characteristics of activated carbon from Blighia sapida shells
3.2.1. Determination of dry matter, humidity and ash contents
Dry matter, moisture and ash contents are recorded in Table 4.

Table 4. Dry matter, moisture and ash contents

Dry matter content (%)  Moisture content (%) Ash content (%)
98.387 +0.003 1.613 £0.003 6.56 £0.06
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The results of the analysis show that prepared activated carbon has a high dry matter percentage
(98.387 £0.003 %) as well as low moisture (1.613 +0.003 %) and ash (6.56 +0.06 %) contents (Table
4). The high dry matter content reflects a high degree of graphitization, a high Superior Calorific Power
(SCP) and a high quantity of functional groups (Mamane et al., 2016). A low moisture content indicates
a high SCP and the low ash content implies that the biomass is essentially made up of organic matter,
and therefore of carbon element (Zhang et al., 2015). So Blighia sapida shells could be a good
precursor to produce activated carbon.

3.2.2. Elemental composition of activated carbon
The EDS analysis of the AC yielded the results recorded in Table 5.
Table 5. Elemental composition of prepared activated carbon
C O Na Al Fe Ca K H P
7835 2032 0.15 0.00 0.10 0.00 0.00 0.00 1.07

The analysis of Table 5 reveals that AC obtained has a good carbon content (78.35%) which
shows that Blighia sapida shells are rich in lignite and indicates good carbonization of the biomass
favourable to the production of AC (Danish and Ahmad, 2018). The high relative oxygen content could
suggest a strong presence of oxygenated functional groups on the surface of AC.

3.2.3. Chemical characteristic and surface functional groups

Table 6 presents the chemical characteristics and surface functional groups of prepared activated
carbon using Boehm method.

Table 6. Chemical characteristics and surface functional groups of prepared activated carbon

lodine index  Methylene blue Total acidity  Total basicity
pHpzc

. Character
(mg/g) index (mg/g) (meg/g) (meg/g)

685.35+0.02 98.7+0,1 4.5+0.2 4,43+0,07 2,68+0,04 Acid

The value of iodine index (685.35+0.02 mg/g) and that of methylene blue index (98.7+£0.1 mg/g)
could indicate a carbon structure with a microporous tendency (Petrov et al., 2008). However, value of
methylene blue index obtained in this study is lower than that of activated carbons from Plantain Spike
(Briton et al., 2020), Hyphaene thebaica shell and Tieghmelia seed (Kiari et al., 2022). This difference
could be linked to the concentration of orthophosphoric acid. The pHpzc value of 4.5+0.2, determined
from Figure 2, shows that prepared activated carbon is acidic. The results of surface functional groups
assay showed a total acidity and basicity of 4.43+0.07 meq/g and 2.68+0.04 meq/g, respectively. This
indicates that the surface of AC is predominantly acidic, thus reflecting the existence of more
oxygenated groups (carboxylic, lactones and phenols) which are very favourable to adsorption (Atheba
et al., 2014). The acidic character is also attributed to the nature of chemical impregnation agent
(H3POs) as reported in literature (Tchakala et al., 2012). These results agree with pH value at zero
charge point (pHpzc = 4.5). However, this AC possesses significant contents of basic functions which
would be attributed to the presence of pyrone groups and to ash content (Atheba et al., 2014). The
presence of acid and basic sites on the activated carbon suggests that AC prepared could adsorb both
anionic and cationic adsorbates (Atheba et al., 2014; Bamba et al., 2009).
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Figure 2. Determination of zero charge pH of activated carbon

3.2.4. Surface morphology, specific surface and porosity

The adsorption-desorption isotherms of nitrogen at 77 K on activated carbon from Blighia sapida
shells are presented in Figure 3.
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Figure 3. Nitrogen adsorption/desorption isotherm at 77K of activated carbon

The nitrogen adsorption/desorption curve at 77 K indicates a type IV isotherm with a type Hs
hysteresis loop according to the IUPAC classification. This type of isotherm characterizes the
simultaneous presence of micropores and mesopores, which suggests that AC prepared is both
microporous and mesoporous (Wagn et al., 2020). The porous properties of prepared activated carbon
are given in Table 7.

Table 7. Porous properties of prepared activated carbon

Total pore volume (cm?3/g) Mean pore diameter (nm)  Specific surface (m?/g)
0.905 5.3 681.12

The mean pore diameter obtained by the BJH (Barrett-Joynze-Halenda) method is 5.3 nm,
confirming the strong presence of mesopores. The high values of total pore volume (0.905 cm®/g) and
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specific surface (681.12 m?/g) may explain the presence of mesopores on the walls of prepared
activated carbon (Wagn et al., 2020). The external morphology of the activated carbon was visualized
by scanning electron microscopy (SEM) and presented in Figure 4.

(b)

Figure 4. Morphology of the activated carbon as screen by scanning electron microscope (SEM).
Magnification:100 um (a) and 50 um (b)

It appears that AC has a rough surface and has many small pores. Similar results were obtained
on activated carbons from other agricultural waste (Hamissou et al., 2023; Gouré Bi et al., 2021b;
Osobamiro et al., 2020; Kokora et al., 2018).

3.2.5. Surface structure and chemical properties XRD AND IR

The X-ray diffraction (XRD) pattern of activated carbon (Figure 5) consists of a very broad line
which reflects the absence of structural unity and indicates an amorphous structure and low
crystallinity. These results could be due to rapid cooling of the activated carbon at the exit from oven.
Furthermore, the peak present at 20 = 17.38° is characteristic of the allotropic forms of amorphous
carbon and graphite (Kan et al., 2017). The Fourier Transform Infra-Red (FTIR) spectrum of the AC

is presented in Figure 6.
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Figure 5. X-ray diffraction diagram of activated carbon
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Figure 6. Infrared spectrum of activated carbon

The IR spectrum of AC presents a broad band around 3000 cm™ which could be attributed to the
O-H elongation of phenol groups. The broad band, moderately strong at 1600 cm, corresponds to the
elongation of the C=C bond of benzene groups. The broad band observed between 1800 and 2200 cm-
1 could correspond to the carbon-oxygen double bonds (C=0) of carboxylic acid or lactone groups.
The broad band between 800 and 1000 cm™ could be attributed to the C-O bonds of carboxylic acids
(Mastalerz and Bustin, 1996).

Conclusion

An activated carbon was prepared from Blighia sapida shells. Modeling of the impregnation and
carbonization parameters via a complete factorial plan revealed that particle size, activating agent,
impregnation ratio and activating agent concentration influence the adsorption capacity of prepared
activated carbon. The physical and chemical characterization of prepared carbon shows that the
biomass used can produce efficient and good quality activated carbon which could be used for removal
of certain pollutants and dye depollution tests are ongoing.
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