
Gbangbo et al., J. Mater. Environ. Sci., 2023, 14(4), pp. 491-510 491 
 

 

 

 
J. Mater. Environ. Sci., 2023, Volume 14, Issue 04, Page 491-510 

 
http://www.jmaterenvironsci.com 

 
Journal of Materials and  
Environmental Science 
ISSN : 2028-2508 
e-ISSN : 2737-890X 
CODEN : JMESCN 
Copyright © 2023, 
University of Mohammed Premier      
Oujda Morocco 
 

 

Study of Adsorption of Hydrogen Sulfide in Biogas with Musa 
Paradisicaca Activated Carbon using Full Factorial Design 

 

, Ahissan Donatien **2, Adjoumani Rodrigue KOUAKOU1,3*Konan Remis GBANGBO
, 3Edwige GOLI LOU-Gonezie Vanessa, 1ADOUBY Kopoin , 1,4, Benjamin YAO2EHOUMAN

,3Zephirin GNABOA 
National Polytechnic Institute Felix  Laboratory of Industrial Processes and Synthesis of New Energies (LAPISEN),1 

Houphouet-Boigny (INP-HB) ; BP 1093 Yamoussoukro, Tel. (+225) 27 30 64 67 15 (Ivory Coast); 
Laboratory of Thermodynamics and Physical and Environmental Chemistry (LTPCM), UFR Applied Fundamental  2

27 20 30 42 00 (+225)Sciences, Nangui Abrogoua University, Abidjan, Ivory Coast, B.P. 801 Abidjan 02, Tel.  
; BP  HB)-Boigny (INP-Hydraulics and Water Treatment Laboratory, National Polytechnic Institute Felix Houphouet3 

1093 Yamoussoukro, Tél. (+225) 27 30 64 67 15 (Côte d’Ivoire); 
), World Bank VALOPRO-CEA(cts African Centre of Excellence for the Valorisation of Waste into High Value Produ4 

Tél. (+225) HB); BP 1093 Yamoussoukro, -Boigny (INP-National Polytechnic Institute Felix Houphouet Excellence Center,
27 30 64 67 15 (Ivory Coast) 

*Corresponding author, Email address: konanremis@gmail.com; gbangbo.konan19@inphb.ci 

**Corresponding author, Email address: adjoumanro@gmail.com; 
  

Received 16 Mar 2023, 
Revised  17  Apr 2023, 
Accepted 21 Apr 2023 

Keywords:  
ü H2S adsorption; 
ü Biogas;  
ü Activated Carbon;  
ü Musa Paradisiaca; 
ü Full factorial design 

 
Citation: Gbangbo K. R., 
Kouakou A. R., Ehouman A. D., 
Yao B., Adouby K., Goli Lou G. 
V. E., Gnaboa Z. (2023) Study of 
Adsorption of Hydrogen Sulfide 
in Biogas with Musa 
Paradisicaca Activated Carbon 
using Full Factorial Design, J. 
Mater. Environ. Sci., 14(4), 491-
510.  

Abstract: In this study, the simultaneous influence of different factors such as biogas flow 
rate, water content and iron oxide on H2S adsorption from biogas with activated carbon 
(AC) developed from Musa Paradisiaca (MP) peels was demonstrated using full factorial 
design method. AC was activated at 500°C for 3 hours after basic impregnation with 
potassium hydroxide. The values of the studied parameters ranged from 0 to 25% and 1 to 
3 L.min-1 for water content and flow rate, respectively. The AC was functionalized or not 
with iron oxide (Fe2O3). Responses studied in the adsorption tests were saturation time and 
adsorption capacity. The results showed that water content and the presence of iron (Fe) 
nanoparticles positively affect the adsorption capacity and saturation time. Furthermore, 
an increase in the flow rate decreases the adsorption capacity and the saturation time. 
Moreover, three interactions were highlighted through the study of coefficients obtained 
from the full factorial design. First, water content and increasing flow rate act 
simultaneously to decrease the adsorption capacity of AC. Secondly, water content and 
Iron impregnation simultaneously act positively on the adsorption capacity. Finally, the 
interaction between flow rate and the presence of iron oxide was found to be insignificant. 
A first-degree mathematical model was used to describe the adsorption of H2S on MP 
peels: the highest adsorption capacity of CA obtained under our experimental conditions 
is 9.86 mgH2S.g-1, with an addition of 25% water in the AC already impregnated with Fe. 
The biogas flow rate was 1 L.min-1.  The functionalized AC that gave the highest 
adsorption capacity had a micropore volume of 0.92 cm3/g-1, and a specific surface area of  
76.18 m2g-1. The average pore diameter was 0.74 nm. This indicates that it contains 
micropores. 

 

1. Introduction 
 The current global energy crisis is unprecedented. In March 2022, energy prices were more than 
four times higher than their lowest prices in April 2020 (World bank, 2022). This is the result of tensions 
in global markets that emerged in the wake of the recovery from the Covid-19 recession and were 



Gbangbo et al., J. Mater. Environ. Sci., 2023, 14(4), pp. 491-510 492 
 

amplified by the war in Ukraine beginning in early 2022 (Insee, 2022). Moreover, fossil fuels (oil, coal 
and natural gas), which represent 80% of the world's energy consumption, are at the origin of the 
worsening of our climate emergency (UNEP, 2022). Indeed, the last few months have been marked by 
record highs in climate indicators: this heralds a future of ferocious storms, floods, droughts, forest fires 
and scorching temperatures over large areas of the planet. This situation has led the Secretary General 
of the United Nations to state: "The world is burning, we need a renewable energy revolution" (Guterres, 
2022). Among these renewable energies, we find biogas. It is a non-intermittent energy with multiple 
uses (Gasquet, 2021) produced from organic waste from industries, landfills and domestic waste via 
anaerobic processes (Sethupathi et al., 2017). Thus, biogas represents both an energy and environmental 
solution in the sense that its production results from a sustainable process established for the 
simultaneous generation of renewable energy and treatment of organic waste (Nyamukamba et al., 
2022).  
Biogas is composed of methane (CH4), carbon dioxide (CO2), water (H2O), hydrogen sulfide (H2S), and 
trace elements. H2S is a highly odorous, toxic, and corrosive compound (Abdirakhimov et al., 2022). At 
concentrations between 1,000 and 2,000 ppm, H2S can cause coma and death within seconds after one 
or two inhalations (Nabais et al., 2011). At concentrations of 100 to 200 ppm, H2S can cause blurred 
vision and death after 1 to 8 hours of exposure (Nabais et al., 2011). In addition, dissolved H2S with 
concentration up to 50 ppm causes fermentation inhibition as it is toxic to bacteria in bioreactor sludge 
(Yuan et al., 2019). At the environmental level, the combustion of H2S forms sulfur dioxide (SO2), 
leading to the formation of a highly corrosive gas and is a major source of acid rain (Awe et al., 2017).  
Therefore, the removal of H2S from biogas is of critical importance, technically, environmentally and 
health-wise. For this purpose, there are several industrial methods of purification based on chemical, 
biological, or physical principles including biological desulfurization, chemical absorption, water 
scrubbing, membranes, and adsorption on adsorbent materials (Sawalha et al., 2020). Nevertheless, the 
complexity and costs associated with these treatment processes are a hindrance to their development 
(Fougerit, 2017), especially in developing countries. It is therefore essential to consider the treatment of 
H2S from biogas with local, available and cheap materials. In this sense, several works have focused on 
the use of carbon as an adsorbent material for H2S adsorption (Abdirakhimov et al., 2022, Choudhury 
and Lansing, 2021, Sawalha et al., 2020, Shang et al., 2016) 
Several parameters influence the adsorption of H2S from biogas onto activated carbon. Thus, the 
mechanisms of H2S adsorption are a combination of different factors. Guofeng Shang (2016) showed 
that increasing the biochar production temperature (in the range of 100-500°C increases the adsorption 
capacity of H2S. This finding was made on 3 different biochars from agricultural/forestry waste produced 
by pyrolysis. Furthermore, by impregnating the char with iron chloride, Choudhury and Lansing (2021) 
increased the adsorption capacity of maple wood biochar by a factor of 3.5. Additionally, Chemisorption 
with H2S is strongly promoted by KOH impregnation and the presence of water also affects adsorption 
capacity of H2S (Sitthikhankaew et al., 2014). Each of these different works focused on evaluating the 
effect of one factor on the mechanism of H2S adsorption from biogas: studying the influence of 
parameters taken one by one on H2S adsorption by activated carbon. This method consists in fixing a 
certain number of parameters and to make vary one of them and to note its influence on the adsorption. 
This approach does not make it possible to highlight the interactions between the different variables 
which act on the adsorption mechanism. This deficit has led researchers to contradict each other. For 
example, Choudhury and Lansing (2021) disputed the results of Shang et al., (2016) work that low pH 
and sulfuric acid formation on the surface of Activated Carbon would be the main reasons for its low 



Gbangbo et al., J. Mater. Environ. Sci., 2023, 14(4), pp. 491-510 493 
 

adsorption capacity. What would happen if the factors influencing the adsorption capacity of H2S on 
activated carbon were varied simultaneously? Statistical tools are available to answer this question, 
including experimental designs, especially full factorial design. Recently, the adsorption capacity of 
banana peel biochar (BPB) and banana empty fruit bunch biochar (BEFBB) wastes for removing H2S 
from biogas was investigated (Juntarachat and Onthong, 2022) but to the best of our knowledge, no 
study has investigated the use of experimental designs by simultaneously varying the parameters of flow 
rate, water content and Iron (Fe) nanoparticles impregnation to understand their simultaneous influence 
on H2S adsorption from biogas. In addition, no study to our knowledge has investigated the use of Musa 
Paradisiaca (MP) peels as activated carbon for H2S removal from biogas. This study focuses on the use 
of the design of experiments method, particularly full factorial designs to evaluate the interactions 
between water content, gas flow rate and impregnation of MP activated carbon with iron nanoparticles. 
This will allow the modelling of H2S adsorption as a function of these three (03) factors. Finally, it will 
be established the optimal conditions to obtain the greatest capacity of H2S adsorption by activated 
carbon of MP in our experimental conditions. 
 

2. Materials and methods 
2.1.Preparation of activated carbon 

2.1.1. Choice of raw material 

Musa Paradisiaca (plantain) plays an important role in the economy of rural areas in Ivory Coast. Its 
production, estimated at 1.5 million tons per year, makes Côte d'Ivoire the 8th largest producer in the 
world (Coffi et al., 2021). Plantain accounts for 20% of food production, occupying 3rd place behind 
yam and cassava, and 25% of all starchy foods consumed in Côte d'Ivoire (Coffi et al., 2021). The 
development of urban centers has led to an explosion in demand for plantain. It is thus a high value-
added crop in the major cities. As the fleshy peel represents 30 to 40% of the weight of the fruit, it would 
be a shame not to recycle this organic material. In addition, it contains 20 to 30% fiber (cellulose, 
hemicellulose and lignin): it is therefore a suitable material for the production of activated carbon (Koné 
et al., 2021; Ngakou, 2019).   

 

2.1.2. Synthesis of activated carbon 

Musa Paradisiaca (MP) peels were collected from households and restaurants in Djahakro, a village not 
far from INP-HB (Institut National Polytechnique Félix Houphouët-Boigny of Yamoussoukro, Côte 
d'Ivoire). The peelings were then dried in the sun (Figure 1) for several days until they were sufficiently 
dry, and then ground to a diameter of between 800 µm and 3 mm. A 500 ppm potassium hydroxide 
(KOH) solution was prepared with distilled water as an activating agent. The shredded material was 
impregnated with the potassium hydroxide (KOH) solution at an impregnation ratio of 0.3 g.mL-1. The 
impregnation, which lasted 12 hours, was carried out at room temperature in hermetically sealed jars 
and shaken for good homogenisation. After the 12 hours of impregnation, the material was filtered, then 
dried under study at 105°C for 24 hours in order to eliminate the interstitial and pellicular water content. 
Once dried, the material was carbonised for 3 hours at a temperature of 500°C in a SNOL oven in an 
oxygen-limited atmosphere. This phase creates pores in the material. The carbon was then characterised 
in order to highlight its physical and chemical properties. The activated carbon obtained is called BAN-
K (Banana peel activated carbon with potassium hydroxide KOH). 
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Figure 1: Photography of banana peels during the drying period 

2.1.3. Functionalization of activated carbon from MP 

This phase consisted of attaching Iron nanoparticles to the activated carbon using Iron oxide (Fe2O3) 
powder. The iron oxide powder was purchased from Inoxia Ltd, (United Kingdom, 45 Dunsfold Park 
Cranleigh GU6 8TB). The preparation was done following an adaptation of the method used by 
Choudhury and Lansing (2021). To do this, a 5000-ppm iron oxide solution was prepared with distilled 
water. Then, the MP activated carbon was impregnated with the Fe2O3 solution at an impregnation ratio 
of 0.05 g.mL-1 for 2.5 hours with stirring. The impregnated activated carbon was then filtered and dried 
in an oven for 12 hours at 110°C. The heterogeneous compound was placed in crucibles in oven at 
300°C for 50 minutes under an inert atmosphere. This pyrolysis operation removes the bound water 
and attaches Fe2+ ions to the oxygen atoms belonging to the carbonyl or hydroxyl groups found on the 
surface of the activated carbon: this leads to the formation of the iron nanoparticles (Briton Bi, 2019). 
After this phase, the functionalized activated carbon was weighed before being ground to have a 
diameter distribution between 315 µm and 2 mm. This functionalized activated carbon was named 
BANK-Fe (Banana peel carbon activated with potassium hydroxide and functionalized with iron 
nanoparticles). 
 

2.2.Characterization of activated carbon and functionalized activated carbon 
2.2.1. Carbonization yield 

The yield reflects the mass loss of the biomass during carbonisation. The mass (in grams) of the chars 
obtained was determined and the efficiency of the preparation was determined according to Eqn. 1 
(Kouadio et al., 2019): 

 Eqn.1                                                                                                                             

Rc = carbonization yield (%), mc: mass of coal (g), mb: masse de biomass (g) 
 

2.2.2. Ash content 
The ash content gives an indication of the inorganic, unusable part present in the coal. It is calculated 
using Eqn. 2 (Koné et al., 2021): 

                                                                                                                 Eqn. 2 

Tc : Ash content (%), m1 : the mass of coal used (0.5 g), m2 : the mass of the empty crucible before 
carbonization (g), m3 : the mass of the filled crucible after carbonization (g) 
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2.2.3. pH of the activated carbon 

To determine the pH of the different activated carbons (AC) BANK and BANK-Fe, a sample of 1.0 g of 
dry AC was added to 50 ml of demineralised water. The suspension was then stirred to equilibrium using 
a magnetic stirrer for 30 min and filtered. Finally, the pH of the solution was measured. 
 

2.2.4. Scanning electron microscope analysis (SEM) 

Scanning electron microscopy analysis was carried out using the HIROX SH-4000M. In order to have a 
good image resolution, the charcoal was metallized. In fact, a few grams of coal were introduced into 
the apparatus and the reading was done automatically.  
 

2.2.5. Texture 

The determination of the texture of the carbons was done by the adsorption of nitrogen at a temperature 
of 77 K. The specific surface was calculated using equation 44 of the Brunauer, Emmett and Teller (BET) 
theory (Brunauer et al., 1938) (Eqn. 3). For this purpose, a V-Sorb 2800 tool was used. 
 

3 Eqn.                                                                                                                        

SBET: Specific surface area (m2/g), ƝA: Avogadro number, am indicates the surface area occupied by 
the N2 molecule (0.1627 nm2 /molecule of nitrogen) m: mass of the sample (g) and VM: molar volume 
of N2 at TPN (22414cm3/mol). 

The total pore volume and pore distribution were determined by applying the Density Functional Theory 
(DFT) method. 
 

2.2.6. Setting up an experimental design: full factorial design 

The major interest of experimental designs lies in the fact that they make it possible to optimise the 
number of experiments to be carried out during the test phase, by determining the real factors or 
combinations of factors influencing the response of the system to be studied (Triboulet, 2008). 
 

2.2.7. Selection of factors and responses for the full factorial design 

The 3 factors (Xi) selected for the full factorial design study are 1-the moisture content in the AC, 2-
biogas flow rate through the filter column, 3-the functionalization of AC (with or no without Fe2O3). 
Furthermore, the responses to be studied are the absorption capacity and the breakthrough time. They 
are noted Yi.  
 

2.2.8. Experimental domain 

The experimental domain was constructed following the selected factors. It represents the space in which 
the factors can vary. The information drawn from the experimental results will only be valid within this 
domain. It is represented in Table 1. 
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Table 1: Experimental domain 

Factors                             Unit Low level 
(-1) 

High level 
(+1) 

)               1ontent in AC (XWater c  %w/w 0 25 

)2(X Biogas flow rate 1-L.min 1 3 

               )3X( 3O2Impregnation with  Fe - Yes No 
 

2.2.9. Experimentation table 

The translation of the experimental matrix into a directly usable matrix determining the different trials 
to be performed in the laboratory was carried out using the NEMRODW software. Table 2 shows the 
different tests performed on experimental site. 
 

Table 2: Experimental tests table 

Tests X1 X2 X3 Y 

Test 1 0 1 No Y1 

Test 2 25 1 No Y2 

Test 3 0 3 No Y3 

Test  4 25 3 No Y4 

Test  5 0 1 Yes Y5 

Test  6 25 1 Yes Y6 

Test  7 0 3 Yes Y7 

Test  8 25 3 Yes Y8 
 

2.2.10. Performing the adsorption tests 

The different tests were carried out according to the previously established experimental design. The 
tests were carried out at the site of the Brin Foundation (an organisation owning poultry farms), in the 
sub-prefecture of Tabagne, in the north-east of Côte d'Ivoire where a 10 m3 biodigester has been 
producing biogas continuously for several months. For the tests, two PVC filters of 10 cm height and 
1.6 cm diameter, equipped with valves were designed. Fine pore fabrics were used on the filter to 
prevent the carbon from being entrained by the gas flow. These fabrics were also used as diffusers to 
allow a homogeneous distribution of the gas flow in the filter media. ACRYLIC flow meters of ±4% 
accuracy were used to regulate the gas flow at the filter inlet, to account for the values given in the 
experimental matrix. For each test, 5 g of carbon was used. 1.25 g of water (25% by mass) was weighed 
and added to the activated carbon or functionalized activated carbon for those tests where the X2 
variable was 25. The carbon and water were weighed in situ on a CONSTANT-14192-640C digital 
balance with an accuracy of ± 0.01 g. A series of measurements allowed us to fix the average H2S 
content of the biogas at the filter inlet at 80 ppm : this value therefore represents the initial H2S content 
(C0) of the biogas. The C0 value and the H2S concentration at the filter outlet were measured as a 
function of time using a BOSEAN biogas analyser. All tests were performed at room temperature. 
Figure 2 shows a sketch of the experimental protocole. 
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Figure 2: Sketch of the Experimental Pilot 

The concentrations measured at the filter outlet as a function of time at each trial allowed the adsorption 
capacity qm (mgH2S/g material) to be calculated using Eqn.4 (Choudhury and Lansing, 2021) and cited 
by Gbangbo et al. (2023): 

                                                                                             Eqn. 4  

Where Ci is the concentration of H2S at the filter outlet at time ti 

 

2.2.11. Expression of the mathematical model of the adsorption capacity 

The mathematical expression is the mathematical model of a full factorial design for three factors (Eqn. 
5):  

                     Eqn. 5 
Where b0 is the constant term in the regression equation; bi is the coefficient associated with the factor 
Xi and bij is the coefficient associated with the interaction factor XiXj which reflects the interaction 
effect [26]. In the previous model, a coefficient is significant if its absolute value is greater than or 
equal to 2σe . Where σe is the experimental error. 
 

2.2.12. Main effects  

The main effect of a factor reflects the action of that factor on the response when considered 
individually Eqn. 6. 

                                                                                                            Eqn. 6 
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2.2.13. Effects of the 2nd order interactions 

The second-order effects reflect the interactions between the factors in pairs (Eqn. 7): 
 

                                                                                                     Eqn. 7 
 

2.2.14. Effects of the 3rd order interactions 

Third order effects reflect interactions between three factors taken together (Eqn. 8): 

                                                                                              Eqn. 8 

In equations 6 to 8, N is the number of experiments (Yahiaoui, 2015) 
 

2.2.15. Average of the responses 

By definition, the arithmetic mean of a set of values is the sum of all values divided by the number of 
values (Eqn. 9): 

         𝑌" = !
"
∑ 𝑌#"
#$!                                                                                                                   Eqn. 9 

Where N is the number of experiments (Yahiaoui, 2015). 
 

2.2.16. Standard deviation 

The definition of standard deviation is somewhat less straight forward than that of the mean. The 
standard deviation is defined as (Yahiaoui, 2015) (Eqn. 10) : 

        𝜌% = !
"&!

∑ (𝑌# − 𝑌")%"
#$!                                                                                                 Eqn. 10 

 
2.2.17. Coefficient of determination (𝑹𝟐) 

The analysis of variance consists of looking for sources of variation in responses, assuming that the 
responses were calculated with the postulated model. The analysis of variance allows us to calculate a 
very useful statistic: the R2 or R-squared (Eqn. 11). It allows us to know whether the model explains 
all of its results well by plotting the regression curve between the calculated responses and the 
experimental responses. This statistic is the ratio of the sum of the squares of the calculated (mean-
corrected) responses to the sum of the measured (mean-corrected) responses (Yahiaoui, 2015): 

𝑅% = ∑ (*+,-!&*.)"#
!$%

∑ (*012!&*.)"#
!$%

                                                                                                             Eqn. 11 
 

The larger the R2 and the closer it is to 1, the better the model (the calculated responses are strongly 
correlated with the experimental responses). However, if the number of experiments is equal to the 
number of unknowns in the system, the coefficient of determination is always equal to 1. To avoid this, 
the adjusted correlation coefficient has been introduced. It is given by Eqn. 12: 

𝑅,% =
"&!
"&3

(1 − 𝑅%)                                                                                                    Eqn. 12 

Where  : number of trials, et 𝑃 : number of independent coefficients (Yahiaoui, 2015). 
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2.2.18. Determination of the relative contribution of the factors 

The relative contribution of the factors on the different responses can be calculated using Eqn. 13 
(Yahiaoui, 2015): 

𝑃# = - 4!"

∑4!
". × 100	, (𝑖 ≠ 0)                                                                                      Eqn.13 

Where  𝑃# : relative contribution of factors and interaction of factors  
𝑏# : statistical coefficient of the different factors           
 

2.2.19. Validation of the mathematical model 

Validation consisted of assessing the fit of the theoretical yiels to the experimental adsorption capacity 
by the means of the coefficients of determination R2 and R2 ajusted.  

3. Results and discussion 
3.1.Characteristics of the adsorbents 

Table 3 presents the physical and chemical characteristics of BAN-K and BANK-Fe ACs that were 
evaluated. The BAN-K and BANK-Fe activated carbons have iodine indices of 1408.59 mg.g-1 and 
1065.96 mg.g-1 respectively. These high iodine index values show that these two carbons are probalbly 
microporous. Indeed, several authors have shown that the iodine index is an indicator of microporosity 
(Koné et al., 2021, Siragi et al., 2017), Moreover, these values are higher than the index values found in 
recent works: by producing activated carbon from plantain stem, by chemical activation, Briton (2019) 
obtained an iodine index value of 927 mg.g-1. Moreover, these values are much higher than the iodine 
indices of certain commercial activated carbons found on the market. For example, activated carbons 
F100, F200 and F300 marketed by the company CHEMVIRON CHARBON in Belgium have respective 
iodine indices of 838±13, 863±13 and 876±13 mg.g-1 (Nko’o et al., 2016). However, this hypothesis 
must be confirmed by N2 adsorption isotherms at 77 K and the Density Functional Theory (DFT) method. 
Finally, we notice the decrease of the iodine index by 24.32% after Fe2O3 impregnation. This can be 
explained by the occupation of part of the micropores by the Fe particles. Indeed, the Fe2+ cation of 
radius 0.076 nm (König, 2005). According to the IUPAC (International Union of Pure and Applied 
Chemistry) classification, micropores have a diameter of less than 2 nm (White et al., 2009). This would 
therefore facilitate the occupation of certain micropores by iron nanoparticles; hence the decrease in the 
iodine index from 24.32% after impregnation with Fe2O3. Both ACs show a morphology where pores of 
different aspects can be distinguished (Figure 3). Compared to BAN-K, the BANK-Fe AC shows 
apparently partially occupied pores. This can be explained by a partial occupation of the pores by the Fe 
particles contained in the Fe2O3. The ash and moisture content of BAN-K activated carbon are low: 12% 
and 14% respectively. These values give it the characteristic of a good activated carbon. Indeed, an 
excessively high ash content (> 20%) reduces the activity of the carbon, its reactivation potential and 
can generate impurity leakage (mineral salts). On the other hand, a low ash content (≤ 20%) indicates 
that the biomass consists mainly of organic matter (Siragi et al., 2017). The spectrum and chemical 
element mapping of the BANK are shown in Figure 4 and Figure 5 respectively. On the other hand, the 
high oxygen content (45.39%) is a major asset for the fixation of Iron atoms contained in Fe2O3 which 
was used to functionalise BAN-K coal to obtain metal oxides. This justifies the reduction of the oxygen 
content in BANK-Fe AC (18.31%) (Table 3).  
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Figure 3. Morphology of charcoal seen by scanning electron microscope (SEM) :  BAN-K (top); right) BANK-Fe (down) 

                      Table 3. Physical and Chemical characteristics of  BAN-K and BANK-Fe ACs 

Parameters Activated carbons 
BAN-K BANK-Fe 

Carbonization efficiency (%) 34 27.83 
Ash content (%) 12 12 
Humidity (%) 14 14 

)1-Iodine value (mg.g 1408.59 1065.96 
C (%) 57.01 62.25 
O (%) 45.39 18.31 
K (%) 0.21 10.86 
Fe (%) 0.58 13.03 
S (%) 0 0 
Al (%) 0.68 15.75 
Si (%) 0.68 1.05 
Cu (%) - 1.37 
Ca (%) 0.27 - 
Ph 9.981 9.672 
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The fixation of Fe atoms was effective: 13.03 % Fe was found on the BANK-Fe CA Fe and highlighted 
by the peak in Figure 6, against 0.58 % on the BAN-K CA, in other words, there is 22 times more Fe in 
the BANK-Fe than in the BAN-K. 

 
Figure 4. Spectrum of BAN-K using the BRUCKER EDS (Energy Dispersive X-Ray System) 

 
Figure 5. Spectrum and mapping of BAN-K at 20 µm  

Figure 6 highlights the Fe peak found in the CA BANK-Fe. The hypothesis put forward in the previous 
paragraphs is therefore verified: the 24.32% reduction in microporosity and the change in the 
appearance of the surface morphology are due to the presence of Fe (Figure 7) after impregnation with 
Fe2O3. Furthermore, the potassium (K) elements probably come from the potassium hydroxide (KOH) 
that was used to carry out the chemical impregnation of the CA precursor. This type of observation has 
been made recently by certain authors: (Amadou and al., 2022) found phosphorus (P) elements in the 
matrix of chemical elements contained in the activated carbon that they produced by chemical 
activation with orthophosphoric acid (H3PO4). 
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Figure 6. Spectrum of BANK-Fe using the BRUCKER EDS (Energy Dispersive X-Ray System) 
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Figure 7. Chemical element mapping of BANK-Fe 

3.2. Experimental adsorption capacities 
The breakthrough curves of the H2S adsorption tests on activated carbon under the different test 
conditions are shown graphically in Figure 8. The shortest and longest saturation times observed are 
respectively 17.6 minutes (test 3) and 615 minutes (test 6).  

 

 
Figure 8. Adsorption curves of the different tests of the experimental matrix 

The tests with a high biogas flow (3000 mL/min), without addition of water in the filter media, show 
shorter saturation times.  Those with a low biogas flow (1 L/min) with a water content of 25% in the 
sorbent have relatively longer breakthrough times (Interval value).  This is because at high flow rates, 
a large volume of biogas passes through the filter column in a relatively short time, so the amount of 
H2S is proportionally high: this leads to rapid saturation of the activated carbon, as the contact time is 
low and does not favour the fixation of sulphur on the activated carbon. The opposite effect occurs at 
low flow rates. Furthermore, several studies have shown the positive influence of the presence of water 
on the surface of the activated carbon on the hydrogen sulphide adsorption mechanism. Indeed, when 
the materials used for H2S adsorption contain water in their porosity, this favours the formation of an 
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aqueous film on the surface of the adsorbent. In the aqueous film, the H2S molecules attached to the 
surface of the adsorbent can dissolve into their HS- ionic form (Gasquet, 2021). This reaction saves the 
pore activity of the carbon and thus increases the saturation time.  Furthermore, an exceptionally long 
saturation time is observed in test 6 where the biogas is passed at low flow rate over the activated 
carbon containing water is functionalised with contained iron nanoparticles. To better appreciate the 
efficiency of the activated carbon on H2S adsorption under the different experimental conditions, the 
adsorption capacity at the different tests should be analysed. This parameter allows a better appreciation 
of the quantity of pollutants that can be retained by a unit mass of AC. The results of the adsorption 
tests are shown on Figure 8. The experimental response is the adsorption capacity of each of the eight 
(8) adsorption tests (table 4).  

 

Table 4. Experimental adsorption capacities 

Test 1 2 3 4 5 6 7 8 Standard deviation 

qt (mgH2S.g-1) 0.67 2.49 0.4 1.04 1.08 9.86 1.03 7.83 0.1347 

 

The adsorption capacities are strongly dependent on the experimental conditions which are, in this case, 
the previously defined factors: water content, Fe impregnation and flow rate. The main effects and 
interactions of these factors are described by the coefficients (Table 5) and the interaction diagram 
(Figure 9).  

 

Figure 9. Diagram of interactions 

3.3. Estimates and statistics of coefficients 
The value of the experimental error obtained is σe= 0.1347. This value was used to determine which 
coefficients are significant and which are not. A coefficient is significant if its absolute value is greater 
than or equal to twice the experimental error 2σe=0.2694. The different coefficients of the mathematical 
expression and their significance is shown in Table 5. 

3.4. Expression of mathematical model 
Taking into account only the significant coefficients, the model equation for the optimisation of 
hydrogen sulphide adsorption under the experimental conditions becomes (Eqn. 14) : 
Yth= 3.050 + 2.255X1-0,475X2 + 1.900X3-0.395X1X2 + 1.640X1X3       Eqn. 14 
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Table 5. Signification of coefficients 

Name Coefficient Significance 

b0 3.050 Significant 

b1 2.255 Significant 

b2 -0.475 Significant 

b3 1.900 Significant 

b12 -0.395 Significant 

b13 1.640 Significant 

b23 -0.045 Non Significant 

b123 -0.10 Non Significant 

 

The analysis of the coefficients through Table 7 allows us to understand the main effects and the effect 
of the interactions of the factors on the response. The coefficients b1 and b3 are positive: this means that 
in our experimental conditions, increasing the water content (X1) and Fe impregnation (X3) increases 
the adsorption capacity of the AC. The coefficient b2 is negative: this means that when the flow rate is 
increased, the adsorption capacity decreases. Furthermore, there is an interaction between the 3 factors 
taken 2 by 2 because the coefficients b12, b13, b23 and b123 are non-zero. The negative sign of the 
coefficient b12 indicates that the water content and the increase in flow rate act simultaneously to reduce 
the adsorption capacity of the AC. In other words, if the water content in the AC filter medium is 
increased at the same time as the biogas flow rate through the filter is increased, the adsorption capacity 
of the AC is eventually reduced. This situation is shown in Figure 10. The positive sign of the coefficient 
b13 indicates that the water content and the iron impregnation act simultaneously in a positive way on 
the adsorption capacity: increasing the water content and at the same time impregnating the AC with 
Fe leads to a higher adsorption capacity of the AC, as shown in Figure 10 and Figure 11. 
The highest adsorption capacity of CA obtained under the experimental conditions is 9.86 mgH2S.g-1. 
It is obtained in test 6 with an addition of 25% water in the AC already impregnated with Fe. The biogas 
flow rate was 1 L.min-1. The presence of water favours H2S chemisorption through the formation of an 
aqueous film (Shang et al., 2016) and the Fe present in the solid allows to catalyse the H2S dissociation 
and oxidation reactions through the following process (Gasquet, 2021): In a first step, metal sulphides 
(ferric sulphide taken here as an example) are formed. They are then oxidised by the oxygen present to 
form elemental sulphur and regenerate the metal oxides. The metal sulphides can also be further 
oxidised with organic or inorganic oxygen species, resulting in the formation of metal sulphates. The 
porosity of the best adsorbent (BANK-Fe) was evaluated. The determination of the pore volume volume 
and pore volume distribution of the AC is an important parameter to identify the type of pores on the 
surface (Figure 12). The micropore volume of AC BANK-Fe is 0.92 cm3.g-1. This value is ten times 
higher than 0.095 found by Choudhury and Lansing (2021). Previous work using activated carbons has 
shown that a high micropore volume, not necessarily a high surface area, results in a higher H2S 
oxidation rate. This leads to a higher H2S adsorption capacity (Choudhury and Lansing, 2021, Wallace 
et al., 2017).  
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Figure 10. Combined effect of both water content and gas flow on adsorption capacity 

 
Figure 11. Combined effect of both water content and Fe-impregnation on adsorption capacity 

 
Figure 12. Pore distribution by DFT method 
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In addition to the pore volume, the 1.49 nm (Table 6) diameter obtained with the DFT method reflects 
the nanoporosity. Indeed, according to the IUPAC classification used by (Gueye, 2009) and (Melouki, 
2022), pores smaller than 2 nm in diameter are called micropores; so the AC BANK-Fe contains 
micropores. Therefore, agreeing with (Alves et al., 2019) who reported that microporosity promote the 
movement of the adsorbate within the adsorbent resulting in better adsorption, it can be stated that 
BANK-Fe seems to be a better adsorbent compared to BAN-K. In addition, observation of the N2 
adsorption/desorption isotherm curve at 77 K (Figure 13) indicates a type IV isotherm. In accordance 
with the IUPAC classification, CA-BA contains micropores but remains more mesoporous. The 
prepared BANK-Fe gave a specific surface area of 76.18 m2/g (Table 6). This relatively low specific 
surface area is comparable to that found by Choudhury and Lansing (2021). They obtained a specific 
surface area of 59.8 m2/g after impregnating an AC with an iron chloride solution. 

 

Table 6. Morphological characteristics of CA BANK-Fe 

)    1-g2Surface Area (m )  1-.g3Total pore volume (cm Average pore width (nm) 

76.18 0.92 1.49 

 

 

Figure 13. N2 adsorption/desorption isotherm at 77 K (Red part: adsorption; green part: desorption) 

Figure 14 shows a visual representation of the variation of the response as a function of the 2 
parameters with the greatest impact on H2S adsorption. The iso-response curves (Figure 14) allow a 
better appreciation of the evolution of the adsorption capacity of activated carbon as a function of water 
content and Fe nanoparticles. Moreover, the variance function (Figure 15) shows values between 0 and 
0.05. This small value of the variance shows the relative constancy of the variation of the adsorption 
capacity as a function of the water content and the Fe content. 
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Figure 14. 2D and 3D isoresponses curves describing the variation of the response as a function of the factors 
X1 and X3 

 

 

3.5. Validation of the linear model of H2S adsorption from biogas 

The quality of the model is assessed through the coefficients of determination and the adjusted 

coefficient of determination (Table 7). 

Table 7. Statistical Coeffiscients 

Standard deviation of response 0.134 

2R 0.999 

)a 2Radjusted (2 R 0.994 
 

Figure 15. Variation of the variance function  (Water content, Iron content) 
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The R2 value (0.999) allows us to conclude that the postulated model explains 99.99% of the studied 
phenomenon, while the remaining 0.01% is due to residuals.  The R2a value is 0.994, a value very close 
to unity, shows that the mathematical model is of good quality (Yahiaoui, 2015). In other words, the 
postulated mathematical model translates well the adsorption mechanism involved: the experimental 
response predicted by the model is close to the experimental values except for the residuals. These 
residuals represent the part of the response that is not explained by the highlighted effects (Yahiaoui, 
2015). For each trial, the corresponding residual is calculated by establishing the difference between 
the measured response and the theoretical response. These residuals have an average value of 3.93%. 
This can be considered negligible: the experimental values are well predicted by the model to within 
5%. 

Conclusion 

 The aim of this study was to show the evolution of the adsorption capacity of PM-based activated 
carbon as a function of different factors considered simultaneously. From the experimental matrix, we 
were able to show that there are indeed interaction effects between the biogas flow rate, the water 
content and the fixation of Iron nanoparticles on the AC. Under the experimental conditions 
implemented, the most important interaction is that between water content and the fixation of Iron 
nanoparticles: they act simultaneously in order to increase the adsorption capacity of the PM activated 
carbon. The mathematical model describing the variation of the adsorption capacity as a function of the 
predefined factors is a first-degree linear model. The highest adsorption capacity (9.81 mgH2S.mg-1) 
is obtained by adding 25% water to the Fe nanoparticle functionalized MP AC when the biogas flow 
rate through the filter media is 1 L.min-1. 

The use of biogas in biomethane installations is based on a certain required flow rate. This flow rate 
depends on the demand. Once this flow rate is known, stakeholders can improve the H2S adsorption 
process of the biogas by adding water to activated carbon and functionalized with iron nanoparticles. 
Both of these factors promote the adsorption of H2S from biogas. However, the results of this study 
depend on the experimental range chosen for each factor: further studies can be carried out by extending 
the experimental range (range of values of each parameter) and see the possible evolution of H2S 
adsorption from biogas. 
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