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Optimization of activated carbon production from coffee husks using a Box-Behnken design
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ABSTRACT 

	The constraints of ecological transition require the development of environmentally friendly technologies for industrial wastewater treatment. In this context, this study focuses on the production of activated carbon from coffee husks, an abundant local agricultural waste. The objective is to reduce both environmental impact and production costs while ensuring high adsorption performance for pollution control. The process was optimized using a four-factor Box–Behnken experimental design implemented with Design-Expert software (version 13.0.5.0). The investigated variables included the concentration of the activating agent (orthophosphoric acid), impregnation time, calcination temperature, and calcination time. The iodine number was selected as the response variable. Based on 27 experimental runs, optimal conditions were identified at 15% activating agent, 10 hours of impregnation, and calcination at 400 °C for 120 minutes, yielding an iodine number of 346.367 mg.g⁻¹. The predicted values were in good agreement with the experimental results. Statistical analysis confirmed the adequacy and reliability of the model (R² = 0.9778, predicted R² = 0.8719, Adequacy = 22.96), indicating a strong predictive capability. SEM–EDS analysis and methylene blue adsorption measurements revealed a high mesoporous surface area of 762.74 m².g⁻¹. These findings demonstrate the feasibility of producing eco-efficient activated carbon from coffee husks.
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1. INTRODUCTION 
[footnoteRef:1] [1: ] 

Activated carbon (AC) is a highly porous carbonaceous material with a large specific surface area, giving it a high capacity to adsorb molecules present in liquid and gaseous phases (Abuiboto et al., 2016). Activated carbon is used in many sectors because of its versatility and effectiveness in trapping contaminants (Mohammad, 2023). Thanks to its porous structure, AC retains many organic and inorganic substances such as dyes (Aboua et al., 2018), pesticides and heavy metals (Légbré et al., 2023) present in domestic and industrial wastewater through surface adsorption. It is also used to purify air and gases (Nwabanne et al., 2012). This adsorbent is used in other applications. These include the removal of unwanted colours, tastes and odours, or the purification of water (Boughaita et al., 2018), and the purification of various food, chemical and pharmaceutical products (Nasly et al., 2016; Mohammad, 2023).
Activated carbon is obtained from organic substances or natural raw materials rich in carbon, which undergo a carbonisation process followed by activation (physical or chemical) designed to develop a complex network containing micropores, mesopores and macropores (Bologoun et al., 2015; Manoiloval & Ruskova, 2019). These materials are of plant, mineral or animal origin. Various plant-based raw materials are therefore being studied. These include: bark, sawdust and wood residues, coconut shells, coffee shells, cocoa shells, banana skins (kokora et al., 2020), olive pits, palm nut shells (Konan et al., 2021), nem bark (Ouedraogo et al., 2021), and mineral raw materials (lignite, coal, etc.). The choice of these raw materials influences the porous structure and specific surface area, and therefore the adsorption efficiency of the charcoal obtained (Malini et al., 2023). 
Several factors explain the extensive use of these raw materials in the production of ca, including the reduction in production costs due to their high availability (Bernard and Jimoh, 2013) and the quality of the resulting activated carbon.In addition, their environmental benefits are generating increasing interest within the scientific community.
For this work, coffee husks, a material that is widely available, accessible and inexpensive in Côte d'Ivoire (Ivory Coast), were used to produce AC. However, this waste is far from being ordinary waste; it has many valuable uses depending on the context. It can be used as an energy source (biofuel) thanks to its high carbon content and interesting calorific value (approximately 18–20 mj.kg-1) (Lubwama & Yiga, 2017), as a soil improver and organic compost due to its high organic matter, potassium, nitrogen and phosphorus content (Natalani et al., 2020).
The chemical method was chosen for this study. Commonly used activating agents such as ZnCl₂, KOH, NaOH, K₂CO₃, KCl, and H₃PO₄ were selected for their significant contribution to the development of mesopores (Balogoun et al., 2015) for future adsorption studies. Travis et al. (2013) demonstrated that activating coffee grounds with KOH produces highly microporous carbons capable of adsorbing significant quantities of CO₂. Similarly, Lebgre et al. (2023) and Campbell et al. (2024) used KOH to transform coffee grounds into an effective porous adsorbent for cadmium and hexavalent chromium, respectively. Furthermore, Ilmawati et al. (2025) highlight that pretreatment with ZnCl₂ catalyses the thermal degradation of cellulose and lignin, thereby promoting the formation of mesopores and micropores in coffee grounds. Furthermore, Ilmawati et al. (2025) note that NaOH is among the conventional bases used in the production of activated carbons.The main objective of this work is to use coffee husks to prepare high-quality, viable activated carbon using H3PO4 as an activator.
[bookmark: _Toc204638817]2. MATERIALS AND METHODS
2.1. Methodology for producing activated carbons
Thus, activated carbon was prepared using a Box-Behnken experimental design in order to optimise the preparation conditions. This design made it possible to study four factors comprising 27 trials, to which three centre points were added. The associated statistical tests made it possible to evaluate the quality of the model (descriptive and predictive), its validation (analysis of variance) and the significance of the coefficients (student's t-test) (Yirdawa et al., 2023; Laisné et al., 2024). In addition, the reduced number of experimental trials required to evaluate several parameters and their interactions is a major advantage of the method.

[bookmark: _Toc204638823]2.1.1. Pre-treatment of coffee husks
[bookmark: _Toc204638822]The coffee husks were thoroughly washed with distilled water to remove impurities, then dried at 110°C for 24 hours in an oven. This drying process is necessary to remove not only free water, but also a large proportion of the water adsorbed within the lignocellulosic matrix. They were then ground and sieved to obtain the particle size suitable for the study (1 mm˂Ø˂2 mm).

2.1.2. Preparation of activated carbon
[bookmark: _Toc200615906][bookmark: _Toc200636334]The activated carbon from coffee husks was prepared using chemical activation with orthophosphoric acid. The pre-treated coffee husks were impregnated in a solution of orthophosphoric acid (1 N) for 10 hours, then dried at 110 °C for 24 hours. Table 1 shows the characteristics of the Box Behnken design applied during the preparation of the activated carbon.




Table 1.	Characteristics of the problem
	Coded factor
	Factor
	Unit
	Center point
	Step change

	A
	Activating agent
	%
	10.0000
	5.0000

	B
	Impregnation time
	Hour
	10.0000
	4.0000

	C
	Calcination temperature
	°C
	400.0000
	50.0000

	D
	Carbonisation time
	min
	90.0000
	30.0000



[bookmark: _Hlk218694836][bookmark: _Toc200615907][bookmark: _Toc200636335]2.1.2.1 Construction of the experience matrix and the experimentation matrix
The Box-Behnken design consists of all combinations in which two factors are modified by their high and low levels while the other two are kept at the central point. Thus, the formula for calculating the number of experiments (N) in this type of design is: N=2k(k−1) +C0, where “k” represents the number of factors and C0 the number of central points (Esther et al., 2019). In the present study, 27 trials were conducted with 4 operational factors and the addition of 3 central points. The table presents the experimental matrix for this study (Table 2).
Table 2.	Experiment matrix
	N°Exp
	A
	B
	C
	D

	1
	-1.0000
	-1.0000
	0.0000
	0.0000

	2
	1.0000
	-1.0000
	0.0000
	0.0000

	3
	-1.0000
	1.0000
	0.0000
	0.0000

	4
	1.0000
	1.0000
	0.0000
	0.0000

	5
	-1.0000
	0.0000
	-1.0000
	0.0000

	6
	1.0000
	0.0000
	-1.0000
	0.0000

	7
	-1.0000
	0.0000
	1.0000
	0.0000

	8
	1.0000
	0.0000
	1.0000
	0.0000

	9
	-1.0000
	0.0000
	0.0000
	-1.0000

	10
	1.0000
	0.0000
	0.0000
	-1.0000

	11
	-1.0000
	0.0000
	0.0000
	1.0000

	12
	1.0000
	0.0000
	0.0000
	1.0000

	13
	0.0000
	-1.0000
	-1.0000
	0.0000

	14
	0.0000
	1.0000
	-1.0000
	0.0000

	15
	0.0000
	-1.0000
	1.0000
	0.0000

	16
	0.0000
	1.0000
	1.0000
	0.0000

	17
	0.0000
	-1.0000
	0.0000
	-1.0000

	18
	0.0000
	1.0000
	0.0000
	-1.0000

	19
	0.0000
	-1.0000
	0.0000
	1.0000

	20
	0.0000
	1.0000
	0.0000
	1.0000

	21
	0.0000
	0.0000
	-1.0000
	-1.0000

	22
	0.0000
	0.0000
	1.0000
	-1.0000

	23
	0.0000
	0.0000
	-1.0000
	1.0000

	24
	0.0000
	0.0000
	1.0000
	1.0000

	25
	0.0000
	0.0000
	0.0000
	0.0000

	26
	0.0000
	0.0000
	0.0000
	0.0000

	27
	0.0000
	0.0000
	0.0000
	0.0000



Furthermore, the experimental matrix is obtained by replacing the coded factors with their actual values (Table 3).
[bookmark: _Toc200615908][bookmark: _Toc200636336]Table 3.	Experimental design
	N°Exp
	[Activating agent]
	Impregnation time
	Calcination temperature
	Carbonisation time

	
	%
	Heure
	°C
	min

	1
	5.0000
	6.0000
	400.0000
	90.0000

	2
	15.0000
	6.0000
	400.0000
	90.0000

	3
	5.0000
	14.0000
	400.0000
	90.0000

	4
	15.0000
	14.0000
	400.0000
	90.0000

	5
	5.0000
	10.0000
	350.0000
	90.0000

	6
	15.0000
	10.0000
	350.0000
	90.0000

	7
	5.0000
	10.0000
	450.0000
	90.0000

	8
	15.0000
	10.0000
	450.0000
	90.0000

	9
	5.0000
	10.0000
	400.0000
	60.0000

	10
	15.0000
	10.0000
	400.0000
	60.0000

	11
	5.0000
	10.0000
	400.0000
	120.0000

	12
	15.0000
	10.0000
	400.0000
	120.0000

	13
	10.0000
	6.0000
	350.0000
	90.0000

	14
	10.0000
	14.0000
	350.0000
	90.0000

	15
	10.0000
	6.0000
	450.0000
	90.0000

	16
	10.0000
	14.0000
	450.0000
	90.0000

	17
	10.0000
	6.0000
	400.0000
	60.0000

	18
	10.0000
	14.0000
	400.0000
	60.0000

	19
	10.0000
	6.0000
	400.0000
	120.0000

	20
	10.0000
	14.0000
	400.0000
	120.0000

	21
	10.0000
	10.0000
	350.0000
	60.0000

	22
	10.0000
	10.0000
	450.0000
	60.0000

	23
	10.0000
	10.0000
	350.0000
	120.0000

	24
	10.0000
	10.0000
	450.0000
	120.0000

	25
	10.0000
	10.0000
	400.0000
	90.0000

	26
	10.0000
	10.0000
	400.0000
	90.0000

	27
	10.0000
	10.0000
	400.0000
	90.0000



[bookmark: _Toc204638821]2.1.2.1 Development of the mathematical model
The response designated by Y was linked to factors coded A to D via a mathematical model (1).

							(1)
Where Y is the response (iodine number). A, B, C and D are coded factors related to acid concentration, impregnation time, carbonisation temperature and carbonisation time, respectively. b0 is a constant, b1 represents the weight of the acid concentration, b2 represents the weight of the impregnation time, b3 represents the weight of the carbonisation time and b4 represents the weight of the carbonisation temperature. b12 is the interaction effect between acid concentration and impregnation time, b13 is the interaction effect between acid concentration and carbonisation time, and b14 is the interaction effect between acid concentration and carbonisation temperature. b23 is the interaction effect between impregnation duration and carbonisation time, b24 is the interaction effect between impregnation duration and carbonisation temperature, and b34 is the interaction effect between carbonisation time and carbonisation temperature. The coefficients of the quadratic terms that reflect the non-linear effects of the factors (squared variables) on the iodine index are b11 for the square of the acid concentration, b22 for the square of the impregnation time, b33 for the square of the carbonisation temperature, and b44 for the square of the carbonisation time. 
Design Expert software version 13.0.5.0 was used to generate the experimental design, estimate the coefficients, and analyse the results.

[bookmark: _Toc204638825]2.2. Characterisation of the selected activated carbon
[bookmark: _Toc204638826]2.2.1. Surface morphology and elemental composition
[bookmark: _Toc74597440][bookmark: _Toc204638827]The surface morphology of the AC was characterised using a scanning electron microscope (SEM). Prior to analysis, the coal sample was prepared. It was carefully spread on the pad of a carousel sample holder, then metallised by depositing a thin layer of gold. This step is essential to improve the conductivity of the sample and ensure optimal observation with the SEM. After metallisation, the sample was placed in the microscope's analysis chamber for observation.
In addition, the elemental analysis of the AC was carried out using the method described above. When examining the surface morphology, the interaction of the electron beam with the coal sample causes the emission of characteristic secondary X-rays, allowing the identification of the chemical elements present on the surface of the sample.
2.2.2. Specific surface area by the methylene blue method
The mesoporous surface area of activated carbon (AC) was determined by methylene blue (MB) adsorption. To do this, 0.8 g of AC was placed in contact with 100 mL of a 2 mg.L⁻¹ MB solution in a 250 mL erlenmeyer flask under agitation. Periodic samples were centrifuged and then analysed using a UV-visible spectrophotometer to determine the equilibrium time and concentration (Cr) of the residual solution (Balogoun et al., 2015). The maximum adsorption capacity (Qm) was then calculated using the following equation 2:

  										(2)
With :	
Qm, maximum adsorption capacity of charcoal for MB (mg.g-1) ; Ce, the initial concentration of the MB solution (mg.L-1) ; Cr, the equilibrium concentration of the MB solution (mg.L-1); m, the mass of carbon (g); V, the volume of the MB solution (mL).
In addition, the Langmuir specific surface area SMB (determined using MB) is calculated using equation 3 : 

 									(3)
With :
SMB, specific surface area determined using MB as adsorbate (m².g-1); S, area occupied by a MB molecule (175 Å2); NA, Avogadro's number.



[bookmark: _Toc204638828]2.2.4. Iodine number
The microporosity of activated carbons was evaluated using the iodine number method according to (Abuiboto et al., 2016). Thus, 0.2 g of activated carbon was placed in contact with 20 mL of an iodine solution (0.02 mol.L-1) under agitation for 10 minutes. After filtration, 10 mL of the filtrate was titrated with sodium thiosulphate (0.1 mol.L-1) using starch as an indicator. The iodine index was then calculated using an appropriate formula (equation 4).

 								(4) 
With
Co: Initial concentration of iodine solution (mol.L-1), Cthio: Concentration of sodium thiosulphate solution (mol.L-1), Vthio: Volume of thiosulphate added at equivalence (ml), VI2: Volume of iodine titrated (ml), MI2: Molar mass of iodine (g.mol-1), Vads: Adsorption volume (ml), mAC: Mass of activated carbon (g).
3. RESULTS AND DISCUSSION
[bookmark: _Hlk215502653][bookmark: _Toc204638833][bookmark: _Hlk218695689]3.1. Optimisation of activated carbon synthesis
Table 4 below presents the complete matrix of the experimental design, including the actual levels of the factors for each trial, as well as the corresponding iodine index value obtained.
Table 4 shows that the iodine index varies significantly depending on the preparation conditions, with values ranging from 228.367 to 346.367 mg.g⁻¹. Optimal performance is achieved with an activating agent concentration of 15%, an impregnation time of 10 hours, a moderate calcination temperature (400 °C) and a prolonged calcination time (120 minutes), with a value of 346.367 mg.g⁻¹. These results confirm the value of the experimental design in determining the optimal conditions for preparing activated carbon.
In comparison, the work of (Kokora et al. 2020) on coffee husks reported an iodine index of 506.73 mg.g⁻¹ at 450 °C for 1 hour with 60% orthophosphoric acid using the conventional method. Optimisation using the Box–Behnken Design (BBD) thus shows a reduction of approximately 75% in the amount of H₃PO₄ used, confirming its economic and ecological potential. Similarly, Kra et al. (2015) obtained a microporosity of 243 mg.g⁻¹ at 60% H₃PO₄, corroborating the value of these statistical methods for producing high-quality activated carbon while limiting the use of chemicals that cause environmental pollution.
In other words, multi-parameter optimisation using design of experiments simultaneously reduces reagent consumption, improves microporosity and reduces the environmental impact of processes. More recently, Buenaño et al. (2024) demonstrated that statistical optimisation can increase adsorption efficiency while minimising emissions and chemical waste. Thus, the use of BBD appears to be a reliable strategy for improving the quality of activated carbon, reducing operational costs and limiting pollution linked to chemical activation agents.
[bookmark: _Toc200615909][bookmark: _Toc200636337]Table 4.	Experimental design matrix and actual response
	
	Factor 1
	Factor 2
	Factor 3
	Factor 4
	Iodine number

	N°
	[Activating agent]
	Impregnation time
	Calcination temperature
	Carbonisation time
	Real values

	
	%
	h
	°C
	min
	mg.g-1

	1
	10
	6
	400
	60
	311.033

	2
	10
	6
	350
	90
	287.55

	3
	5
	10
	400
	120
	259.05

	4
	15
	14
	400
	90
	316.947

	5
	10
	10
	400
	90
	292.1

	6
	5
	14
	400
	90
	228.367

	7
	10
	10
	450
	60
	330.033

	8
	10
	10
	400
	90
	292.1

	9
	10
	6
	450
	90
	278.5

	10
	15
	10
	350
	90
	295.6

	11
	10
	10
	350
	60
	315.04

	12
	10
	10
	450
	120
	328.333

	13
	15
	10
	400
	60
	300.2

	14
	10
	10
	350
	120
	322.5

	15
	5
	10
	350
	90
	248.667

	16
	15
	10
	400
	120
	346.367

	17
	10
	14
	400
	120
	340.033

	18
	10
	14
	350
	90
	289.917

	19
	10
	14
	400
	60
	283.65

	20
	15
	10
	450
	90
	296.817

	21
	5
	10
	450
	90
	263.883

	22
	15
	6
	400
	90
	233.083

	23
	5
	6
	400
	90
	247.333

	24
	10
	14
	450
	90
	328.85

	25
	5
	10
	400
	60
	298.117

	26
	10
	10
	400
	90
	293.1

	27
	10
	6
	400
	120
	267.9


[bookmark: _Toc204638834]3.1.1. Determination of significant factors
The estimates and statistics for the various coefficients are presented in Table 5. 
The significance of the various coefficients in the model was assessed by comparing the different p-values, bearing in mind that a coefficient is considered significant if its p-value is less than 0.05. Consequently, it appears that the significant factors are: A, B, C, AB, AD, BC, BD, A², B², C² and D² are significant terms. Thus, the equation 5 established is as follows: 

									(5)

[bookmark: _Toc200615910][bookmark: _Toc200636338]Table 5.	Coefficients based on coded factors
	Factor
	Coefficient estimate
	Standard error
	P-value

	Intercept
	292.43
	4.02
	< 0.0001

	A-Activator Agent
	20.30
	2.01
	< 0.0001

	B-Impregnation time
	13.53
	2.01
	< 0.0001

	C-Calcination temperature
	5.60
	2.01
	0.0165

	D-Calcination time
	2.18
	2.01
	0.2999

	AB
	25.71
	3.48
	< 0.0001

	CA
	-3.50
	3.48
	0.3342

	AD
	21.31
	3.48
	< 0.0001

	CB
	12.00
	3.48
	0.0048

	BD
	24.88
	3.48
	< 0.0001

	CD
	-2.29
	3.48
	0.5227

	A²
	-21.82
	3.01
	< 0.0001

	B²
	-11.98
	3.01
	0.0018

	C²
	9.59
	3.01
	0.0079

	D²
	24.16
	3.01
	< 0.0001


[bookmark: _Toc204638836]3.1.2. Overall performance and reliability of model predictions
In order to assess the statistical relevance of our optimisation model and the quality of the fit to the experimental data, a statistical analysis was conducted. Table 6 presents the key values from this study, providing an overview of the model's performance.
[bookmark: _Toc200615911][bookmark: _Toc200636339]The predicted R² of 0.8719 reasonably corresponds to the adjusted R² of 0.9518; that is, the difference is less than 0.2. Adequacy accuracy measures the signal-to-noise ratio. A ratio greater than 4 is desirable. Your ratio of 22.959 indicates an adequate signal. This model can be used to navigate the design space. The same observations were made by Emeji and Patel (2024) using the Box-Behnken design in their study on biodiesel production.

Table 6.	Statistical study values
	Standard deviation
	6,96
	R²
	0.9778

	Average experimental response
	292,41
	Adjusted R²
	0.9518

	CV %
	2,38
	Predicted R²
	0.8719

	
	
	Adequacy Accuracy
	22.9595


3.1.3. The conformity between measured results and model predictions
Figure 1 presents a comparative study of the actual response measured during the experiments and the response predicted by our model, thus providing a visualisation of the model's fit to the data.
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Figure 1. Comparative study of actual response and predicted response

As shown in Figure 1, the experimental and predicted values align closely along the correlation line, indicating a very good agreement between the observed data and those estimated by the model.
3.1.4. Impact of interaction between factors on response
-Figure 2a) shows that the iodine number varies according to the concentration of H₃PO₄ and the duration of impregnation. It decreases when the activating agent remains low (5%) while the impregnation time increases, whereas an increase in the activating agent with a short impregnation time (6 hours) leads to a slight increase before falling below 12.44%. On the other hand, the simultaneous increase in both factors leads to a more marked increase in the iodine number, with a maximum value of 316.947 mg.g⁻¹ obtained at 15% activating agent and 14 hours of impregnation. This optimal zone reflects better interaction between the phosphoric acid and the carbonaceous substrate, promoting pore opening, in line with the observations of Mamane et al. (2016). Conversely, low iodine number values are attributed to concentrations of activating agent or impregnation times that are too low to effectively develop porosity, a result also reported by Tchakala et al. (2012) and Lékéné et al. (2018).
-Figure 2b) shows that the iodine value increases when one of the factors (H₃PO₄ concentration or temperature) is kept at a low level while the other increases. Thus, for 5% to 15% activating agent at 350 °C, the iodine number increases from 248.667 to 295.6 mg.g⁻¹. When the concentration remains at 5% and the temperature varies from 350 to 400 °C, the increase is smaller (248.667 to 263.667 mg.g⁻¹). However, the simultaneous increase in both factors produces the most pronounced effect, with values ranging from 248.667 to 302.823 mg.g⁻¹. A maximum response of 308.568 mg.g⁻¹ is obtained at 11.653% activating agent and 445.112 °C, before overactivation causes a decrease, in agreement with Gratuito et al. (2008). Overall, these results show that adequate levels of H₃PO₄ concentration and temperature promote the development of micropores, as reported by Gratuito et al. (2008) and Balogoun et al. (2015).
According to Figure 2c), the effect of the activating agent on the iodine number is modulated by the calcination time, and vice versa. It can be observed that at a low concentration of activating agent (5%), the iodine number tends to decrease with increasing calcination time, falling from a value greater than 280 mg.g-1 to approximately 259.05 mg.g-1 at 120 minutes. Conversely, at 60 minutes of calcination, the iodine number increases from more than 280 mg.g- 1 (at 5% activating agent) to approximately 300 mg.g-1 for a concentration of 14% activating agent. When both factors (activating agent concentration and calcination time) increase simultaneously, an increase in the iodine number ranging from 300 mg.g-1 to a maximum of approximately 340.033 mg.g-1 is observed. The areas of strong response can be explained by the fact that the combined increase in the concentration of the activating agent and the calcination time promotes the creation of micropores (Ngueabouo et al., 2022). These results are consistent with those of Balogoun et al. (2015), who observed an increase in the iodine number when the H₃PO₄ ratio was below a certain limit, before reaching a plateau. Areas of low response suggest that the concentrations of activating agent and calcination times are insufficient and therefore limit the development of the specific surface area (Lékéné et al. 2018).
-Figure 2e) shows that the iodine number varies greatly depending on the duration of impregnation and calcination. After 6 hours of impregnation and 60 minutes of calcination, it reaches 311.033 mg.g⁻¹, then drops to 267.9 mg.g⁻¹ when calcination is increased to 120 minutes, probably due to partial destruction of the micropores (Gratuito et al. 2008). By keeping calcination low and increasing impregnation to 9.94 hours, the iodine number rises to 314.449 mg.g⁻¹ before falling back to 283.65 mg.g⁻¹ at 14 h, confirming that beyond a certain threshold, increasing the time reduces porosity (Tchakala et al., 2012). The combination of high levels (14 hours; 120 minutes) gives the maximum value, 346.367 mg.g⁻¹, reflecting optimal development of microporosity, in agreement with the observations of Reffas et al. (2010).
-Figure 2f) shows that the iodine number increases overall with temperature and calcination time, rising from approximately 292 to 330 mg.g⁻¹, with maximum values at the highest levels of these parameters. The best values are recorded at the highest levels of temperature and calcination time. This increase in the iodine number can greatly improve the adsorption capacity of activated carbon in aqueous media, as confirmed by Kouahou et al. (2023), who observed a similar improvement by increasing these parameters on coconut shell-derived carbons. This trend can be explained by the improved structure of the micropores, which are essential for adsorption, optimised by prolonged calcination at moderate temperatures. However, excessive temperatures can partially destroy them (Kouadio et al., 2019). It should also be noted that at low temperatures or short durations, the iodine number remains high, which represents an energy advantage.





a)
b)
c)
d)
e)
f)
Iodine number (mg.g-1)
B : Impregnation time (h)
A : Activating agent (%)
Iodine number (mg.g-1)
C : Calcination temperature (°C)
A : Activating agent (%)
Iodine number (mg.g-1)
Iodine number (mg.g-1)
D : Calcination time (min)
C : Calcination temperature (°C)
B : Impregnation time (h)
Iodine number (mg.g-1)
Iodine number (mg.g-1)
D : Calcination time (min)
D : Calcination time (min)
C : Calcination temperature (°C)
B : Impregnation time (h)
A : Activating agent (%)


























[bookmark: _Toc204638845]
Figure 2. Study of pairwise factor interactions while holding the others constant.

3.2. Characteristics of activated carbon
[bookmark: _Hlk215503606]3.2.1. Morphology of activated carbon
The morphology of activated carbon was studied using an SEM/EDS system. Figure 3 shows the images obtained using a HIROX SH 4000 M device and a Bruker EDS system with an XFlash 6/30 detector. This figure shows a regular surface of activated carbon regardless of scale. In other words, a homogeneous distribution of particles of varying sizes is observed, interspersed with cavities that are more or less pronounced depending on the scale.
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Figure 3. Surface morphology of activated carbon using SEM
[bookmark: _Toc204638846]3.2.2. Specific surface area by the methylene blue method
[bookmark: _Toc204638847]The specific surface area of activated carbon, estimated at 762.74 m².g⁻¹ using the methylene blue method, demonstrates a high adsorption capacity for large organic compounds, in line with the observations of Kifuani et al. (2012). This high mesoporousness results from activation with orthophosphoric acid (H₃PO₄), an effect already demonstrated by other authors, including Arami-Niya et al. (2010) and Reffas et al. (2010). This value exceeds that obtained by Vandeponseele (2016) on coffee husk charcoal prepared using the traditional method, with a specific surface area of 705 m².g⁻¹ at 60% H₃PO₄. Although both approaches allow for significant development of mesoporousness, the application of a design of experiments proves to be more effective and better suited to a sustainable development approach.

3.2.3. Basic composition 
Figure 4 and Table 7 show the basic components of activated carbon. The spectra reveal the heterogeneous distribution of chemical elements on the surface of the AC, with a clear predominance of carbon, followed at some distance by oxygen and other compounds of varying significance. Table 4 summarises the content as 71.79% carbon and 21.74% oxygen, which is characteristic of activated carbon. Smaller quantities of aluminium (Al), phosphorus (P) and iron (Fe) were also identified, potentially resulting from impurities or contamination during the process, with phosphorus probably linked to the use of H₃PO₄ (García et al., 2023).
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Figure 4. EDS spectrum of activated carbon

[bookmark: _Toc200615912][bookmark: _Toc200636340]Table 7.	Chemical element content of the activated carbon
Element
C
O
Al
P
Fe
Ni
Content (%)
71.79
21.74
3.19
2.45
0.82
0.00

















Furthermore, although the study provides promising results, several limitations should be acknowledged. The adsorption performance of the activated carbon was evaluated solely using the iodine number and methylene blue index, which primarily reflect micro- and mesoporosity. While these indicators provide valuable insight into the pore structure, they do not fully represent adsorption behaviour under real wastewater conditions. In addition, no experiments were conducted using actual industrial wastewater, which typically contains complex matrices with competing ions and organic compounds that may significantly influence adsorption efficiency.
Future work should therefore include the evaluation of adsorption performance using real wastewater, as well as a detailed investigation of adsorption kinetics and isotherm models. Furthermore, the regeneration and reusability of the activated carbon should be assessed to determine its long-term applicability and economic viability.

4. Conclusion
[bookmark: _Hlk218699978]The percussors used in this study are coffee husks for the preparation of activated carbon with H3PO4. The optimisation of parameters (concentration of the activating agent, impregnation time, temperature and calcination time) was conducted according to a Box-Behnken design, with the iodine number as the response. This optimisation made it possible to achieve, under optimal conditions, i.e. 15% activating agent, 10 hours of impregnation, 400°C calcination temperature for 2 hours, an iodine number of 346.367 mg.g⁻¹. The measured iodine values align remarkably well with the values estimated by the model. This research has demonstrated the potential of coffee husks as a precursor for the production of activated carbon and the relevance of using the design of experiments to improve production conditions in line with sustainable development.
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