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Abstract: This present work focused on evaluating the effect of impregnation and 

activation on the morphological and textural properties of ACs from the trunk of Balanites 

aegyptiaca (TBA). The morphology of the raw BA biomass (BA1) and the AC-BA-20%-

450°C was visualized by SEM. The carbon contents evaluated by EDS are 71.89% and 

91.28% for the raw BA and AC-BA-20%-450°C, respectively. The activated carbon that 

developed the best BET specific surface area (393.6 m²/g) is AC-BA-25%-450°C-16h. 

The prepared activated carbons (ACs) are more thermally stable than the biomass used 

according to TGA/DSC analyses. Fourier Transform Infrared Spectroscopy (FTIR) 

reveals that when moving from the biomass to the AC, there is a decomposition of several 

surface chemical function.  

Keywords: Activated carbon; Balanites aegyptiaca; Specific surface area                                              
 

1. Introduction 

Activated carbons are carbonaceous materials used in various fields due to their high specific surface 

area and well-developed porosity. In recent years, the production of activated carbons has shifted from 

coal to biomass as raw materials because of its availability, low cost, and sustainability (Tung 

WoeyChew et al., 2023; Haoufazane et al., 2025). Two main methods are used to produce activated 

carbon from biomass: chemical and physical activation. Physical activation involves thermally 

decomposing the precursor in the absence of an oxidizing agent, then carbonizing the resulting residue 

with a gas such as carbon dioxide or moisture to activate it and obtain an extensive surface area and 

established porous structure. This procedure is normally carried out under controlled conditions at 

temperatures ranging from 600 to 1000 °C (Bansal et al., 2005). Chemical activation, on the other 

hand, involves impregnating the biomass precursor with a chemical agent, usually a basic or acidic 

substance, followed by thermal decomposition of the precursor under strictly controlled conditions. A 
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structure with an enormous surface area and a clearly established pore diameter variation is created as 

a result of this procedure (Marsh & Reinoso, 2006). Our work aims to evaluate the effect of the 

activating agent on the specific surface area, porosity, morphology, and surface chemical functions of 

activated carbons produced from the trunk of Balanites aegyptiaca. Balanites aegyptiaca (BA), the 

desert date palm or date palm, is a tree belonging to the Balanitaceae family. The tree can reach a height 

of 10 meters, is highly branched, and thorny (with thorns up to 7 cm long). Its bark is striated, and its 

leaves are alternate, bifoliate, and approximately 5 cm long and 4 cm wide. Its flowers are greenish, 

and its fruits are ovoid drupes, 3 to 4 cm long, very angular, greenish during ripening, and light yellow 

when mature (Rongead, 2014). Furthermore, the physicochemical properties of activated carbons give 

them a very wide range of applications in diverse fields such as metallurgy, energy, the environment, 

etc. (Nuñez-Vargas et al., 2026) material characterization techniques have been developed over the 

decades. These techniques can provide valuable information, and their selection depends on the nature 

of the material, the available analytical equipment, and the specific properties to be (El Meziani et al., 

2025).  

2 Materials and methods  

2.1 ATG/ATD Analysis  

The thermochemical characteristics of Balanites aegyptiaca trunk (TBA) and of the prepared activated 

carbons (CAEs) were determined by thermogravimetry (PerkinElmer type, TGA 4000, Netherlands) 

carried out between 30 and 950 °C under a nitrogen (N2) atmosphere with a heating rate of 10 °C/min.  

2.2 Surface chemical functions  

The method adopted for determining these functional groups is that of Boehm (1966). Basic groups are 

titrated as a whole, while acidic groups are titrated separately. The protocol is derived from the work 

of Omer (Nuñez-Vargas et al., 2026). A mass of 0.2 g of CA was mixed with 20 of NaOH, Na₂CO₃, 

NaHCO₃, C₂H₅ONa, and (0.10 M) HCl in a series of 100 mL beakers. The beakers were sealed and 

shaken for 24 hours. After filtering the mixtures, 10 mL of each filtrate was pipetted, and the excess 

base or acid was titrated with a 0.10 M HCl or NaOH solution, using three drops of bromothymol blue 

(BBT), phenolphthalein, methyl red, methyl orange, and BBT, respectively. 

2.3 FT-IR Spectroscopy 

The surface chemical functions of the processed activated carbons and biomass (TBA) were quantified 

by Fourier Transform Infrared (FTIR) spectroscopy. The instrument used was an Agilent Technology 

Cary 630 FTIR. The spectrum was obtained over the frequency range from 650 to 4000 cm⁻¹. 

2.4 Scanning electron microscopy coupled with energy-dispersive spectroscopy (SEM/EDS)  

SEM coupled with EDS was used to study the surface morphology of the precursor and activated 

carbon, as well as the chemical composition of the elements. The instrument used was a ZEISS Gemini 

SEM. 1. Observations were carried out at different resolutions, including 10, 40 and 200 µm. 

3 2.5 Textural analysis  

The adsorption-desorption of (N₂) was used to determine the specific surface area, pore volume, and 

pore size distribution of the prepared samples (raw biomass, impregnated non pyrolyzed biomass, 

pyrolyzed raw biomass, and CAE-BA-25%-450°C). The experiments were performed at 77 K using 
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Quantachrome. NovaWin 4000e. The specific surface area was calculated using the Brunauer, Emmett 

, and Teller (BET) (Brunauer et al., 1938), Langmuir, BJH, DH, t-plot, DR, and DFT methods. The 

total pore volume (Vtot) was determined by considering the amount of N2 adsorbed at relative pressure 

(P/P°). The mesoporous volume was the difference between the total volume and the micropore 

volume. The mean pore diameter (dp) was obtained using the equation (Eqn.1): 

Eqn.  1.  𝑑𝑝 =
4𝑉𝑡𝑜𝑡

𝑆𝐵𝐸𝑇
  

 3 Results and discussion  

3.1 TGA/DSC Analysis 

The thermochemical behavior of the biomass used and the activated carbon was studied by TGA/DSC 

analysis. Figure 1a-b, presents the results of the thermal analysis of raw activated carbon (BA1) and 

activated carbon-25% at 450°C (BA5), respectively. The analysis of the TGA and DSC curves of raw 

activated carbon reveals three stages of degradation, characteristic of lignocellulosic biomass. These 

are: a first mass loss of 2.92% between 30 and 150°C, corresponding to the dehydration of the biomass; 

a second loss of 84.16% between 200 and 450°C, attributable to the removal of volatile matter and tar 

(hemicellulose and cellulose) (SANDA MAMANE Ousmaila, 2019) and a third loss of 3.95% above 

450°C, corresponding to the slow degradation of lignin. Analysis of the CAE-BA-25%-450°C 

thermogram reveals greater thermal stability than raw BA.  
 

 
 

 

A mass loss of 2.73% is observed between 30 and 100°C, corresponding to the elimination of 

physisorbed water. The primary decomposition, resulting in mass losses of 73.49%, begins at 350°C 

and reaches its maximum rate at 550°C. Comparison of the thermograms shows that raw BA is less 

thermally stable and rich in volatile matter, while CAE-BA-25%-450°C exhibits a more stable carbon 

structure than raw BA, with a single decomposition process. These observations confirm the successful 

activation and carbonization of the biomass. These results are consistent with the literature on CAs 

derived from plant biomass, as seen in the work of SANDA (2019), BEHLOUL (2023), and Elie (2023) 

(Elie   SOGBOCHI, 2023; Mr. BEHLOUL Hamza, 2023; SANDA MAMANE Ousmaila, 2019).  

Figure 1a. Results of the thermal analysis of raw activated carbon (BA1)  

 

Eqn.1 
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3.2 Surface chemical functions  

Chemical activation always generates chemical functionalities on the surface of activated carbon. 

Table 1, shows the results obtained for the surface functionalities in mEq/g of four prepared activated 

carbons.  

 
 

These results show that the prepared activated carbons contain more acidic than basic functional 

groups. According to (Muhammad Hadzirun Muhamad Zubir & Muhammad Abbas Ahmad Zaini, 

2020), the presence of basic functional groups in activated carbons chemically activated with 

orthophosphoric acid could originate from anionic phosphate mineral compounds present on the 

surface, if no chemical gasification agent is added during pyrolysis.  

3.3 Fourier transform infrared (FT-IR) spectroscopy  

The FT-IR spectra of raw BA (BA 1) and CAE-BA-25%-400°C are shown in Figure 2a-b, 

respectively. Figures 4 and 5 show characteristic bands of the chemical functional groups of raw BA 

and CAE-BA-25%-400°C (BA 13). Figure 2a-b, show that the wavenumbers generally decrease from 

raw BA to CAE-BA-25%-400°C, for example, from 3332 to 3278-2987 cm⁻¹ for OH/NH. New bands 

Activated carbon Carboxylic Lactone Phenol Carbonyl 
Total 

acid 

Total 

basic 

CAE-BA-20%-450°C 0.84 0.37 0.115 1.2 2.525 0.52 

CAE-BA-25%-450°C 0.92 0.2 0.21 1.42 2.75 0.35 

CAE-BA-30%-450°C 1.32 0.52 0.57 1.32 3.73 1.01 

CAE-BA-25%-450°C-8h 1.01 0.13 0.24 1.45 2.83 0.96 

Figure 1b. Results of the thermal analysis of activated carbon-25% at 450°C (BA5)  

 

Table 1. surface functionalities in mEq/g of four prepared activated carbons 
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and peaks also appear on the CAE-BA-25% 400°C spectrum at 2655 cm⁻¹ (P-OH) and 1276-1099 cm⁻¹ 

(P-O or P-O-C), respectively. Some bands disappear when switching from biomass to CAE. 

Furthermore, transmittance values drop sharply after treatment of raw BA for all peaks and bands. This 

could be explained by the fact that the transfer of raw BA to activated carbon decomposes certain 

functional groups (Adam & Al-Shammari, 2023; Guessoum Kaouthar, 2020; Maâzou Siragi D. B. et 

al., 2025).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

3.4 Scanning electron microscopy coupled with energy-dispersive spectroscopy (SEM/EDS)  

SEM was performed on raw BA and CAE-BA-20%-450°C to observe the activation effect. Figures 3 

and 4, show the images and EDS diagrams of raw BA and CAE-BA-20% 450°C, respectively. SEM 

Figure 2a. Infrared Spectrum of Raw BA (BA1) 

 

Figure 2b. Infrared Spectrum of CAE-BA-25%-400°C (BA13) 
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observations of raw BA and CAE-BA-20%-450°C at different resolutions show that raw BA (Figure 

3) is in fibrous form and its external surface is less rough. In contrast, mixed porosity is observed across 

the entire surface of the activated carbon (Figure 4). This explains why orthophosphoric acid activation 

created pores within the biomass. This is confirmed by the literature (Mahamane Nassirou A. K., et al., 

2022; Mr. BEHLOUL Hamza, 2023; SANDA MAMANE Ousmaila, 2019).  
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Figure 3. Scanning electron microscopy coupled with energy-dispersive spectroscopy of BA-

brute (BA1) 
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The results of the EDS analysis of raw BA and CAE-BA-20%-450°C are illustrated in Table 2. EDS 

analyses show an increase in carbon content from 71.89% to 91.28%, while the oxygen content 

decreases from 27.56% to 7.89% when transferring from biomass to activated carbon. This variation 

may be due to the carbonization process, which induces decarboxylation and dehydration of the 

biomass, thus promoting the high carbon content. The phosphorus detected by EDS originates from 

the residual activator (H₃PO₄ after washing the activated carbon (Sivaranjanee et al., 2024). The carbon 

content of the prepared activated carbon is higher than that found by Kiari et al., on HT - based 

activated carbon. who found a value of 71.90% (Mahamane Nassirou A. K., et al., 2022). 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5 Textural analysis  

3.5.1 Specific surface areas determined by different methods  

Table 3, shows the specific surface areas obtained by different methods. The results presented in Table 

3, show that the different methods used to determine the specific surfaces of our samples are 

complementary and describe: the total accessible surface (BET, Langmuir), the micro/mesoporous 

Elements 
Mass percentage (%) Atomic percentage (%) 

BA-Brute CAE-BA-20%-450°C BA-Brute CAE-BA-20%-450°C 

CK 65.32 87.86 71.89 91.28 

OK 33.36 10.12 27.56 7.89 

Al K 0.44 0.31 0.22 0.14 

If K 0.47 - 0.22 - 

K K 0.08 - 0.03 - 

Ca K 0.1 - 0.03 - 

Fe K 0.22 - 0.05 - 

PK - 1.72 - 0.69 

Figure 4. Scanning electron microscopy coupled with energy-dispersive spectroscopy of CAE-

BA-20%-450°C  

 

Table 2. Results of the EDS analysis of raw BA and CAE-BA-20%-450°C 
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distribution (BJH, DH, t-plot and DR), and the effective surface at the nanometric scale (DFT). Thus, 

raw BA exhibits a specific surface area (BET) of 173.1 m²/g, which explains its dense structure and 

limited N₂ accessibility Indeed, impregnation slightly increases the BET surface area (196.6 m²/g), but 

pyrolysis of raw BA significantly increases both the BET surface area (218.2 m²/g) and the 

microporous surface area determined by the Dubinin Radushkevich method (243.8 m²/ g). This change 

could be attributed to the removal of volatile matter following thermal decomposition. These results 

are similar to those found by Lua and Yang, who reported a similar increase in specific surface area 

after carbonization of plant biomass (Lua & Yang, 2004). 

 

  

 

Chemical activation at 25% followed by pyrolysis at 450°C significantly improved all specific surface 

areas. The BJH surface area increased from 229.4 m²/g for raw BA to 509.5 m²/g for CAE-BA-25%-

450°C-16h. The Langmuir surface areas of all samples were high, ranging from 404 to 1406 m²/g, 

exceeding those of BET. CAE-BA-25%-450°C-16h exhibits the highest values for all characterization 

methods, with a multipoint BET area of 393.6 m²/g, a DR microporous area of 500.7 m²/g and a BJH 

area of 509.5 m²/g.  

3.5.2 Pore volumes of samples determined by different methods  

Table 4, shows the pore volumes of the samples obtained by different methods.  

 

 

Pore volume (cc/g) BA-brute 
Non-pyrolyzed 

impregnated BA 

BA-brute 

pyrolyzed 

CAE-BA-

25%-450°C 

CAE-BA-25%-

450°C-16h 

BJH 0.1104 0.1074 0.1265 0.171 0.2459 

DH 0.1133 0.1099 0.13 - 0.2519 

DR 0.07657 0.07386 0.08664 0.115 0.1779 

HK 0.03916 0.03037 0.03919 - 0.09275 

SF 0.01341 0.005934 0.009685 - 0.03479 

DFT 0.06333 0.05558 0.06834 0.091 0.1473 
 

The cumulative pore volumes obtained by the BJH and DH methods increased from (0.1104; 0.1133 

cm³/g) to (≈ 0.25 cm³/g) from BA-Brute to CAE-BA-25%-450°C-16h. This trend was confirmed by 

the DFT method, with a total pore volume reaching 0.1473 cm³/g for the most activated sample 

(Rouquerol et al., 2013a). Thus, the development of microporosity is estimated by the methods (DR, 

Specific surface 

g)/ area (m²  
BA-brute 

Non-pyrolyzed 

impregnated BA 

BA-brute 

pyrolyzed 

CAE-BA-

25%-450°C 

CAE-BA-

25%-450°C-

16h 

BET at a single 

point 
133.8 117.3 143.2 - 310.3 

BET multipoint 173.1 196.6 218.2 282,614 393.6 

Langmuir 404 1406 776.8 986,585 880.2 

BJH 229.4 218 263.1 349,978 509.5 

DH 245.3 232 281.7 - 543.4 

t -plot 173.1 196.6 218.2 282,614 393.6 

DR 215.5 207.8 243.8 323,782 500.7 

DFT 55.14 45.88 57.46 76,208 133.2 

Table 3. Specific surface areas (m2/g) of the samples 

 

Table 4. Pore volume (cm3/g) of the samples 
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HK and SF) which show an increase in microporous volumes from 0.005934 to 0.1779 cm3/g. 

According to Dubinin, this type of microporosity is directly correlated with a high capacity for 

adsorption of gases and small dissolved pollutants (E. M. Dubinin, & L. Radushkevich, 1947).  

 

3.5.3 Pore diameters of samples determined by different methods  

Table 5, shows the diameters of the samples obtained by different methods.  

 

 

Pore diameter 

(nm) 
BA-brute 

Non-pyrolyzed 

impregnated BA 

BA-brute 

pyrolyzed 

CAE-BA-

25%-450°C 

CAE-BA-25%-

450°C-16h 

BJH 2,433 2.102 2.103 2,129 2,423 

DH 2,433 2.102 2.103 2,129 2,423 

DR 5,349 6,315 5,901 5,903 5,283 

DA 2.68 2.96 2.86 2.86 2.64 

HK 3.675 1,847 1,847 - 3.675 

SF 4,523 3,414 4,523 - 4,523 

DFT 2,647 2,647 2,647 2,647 2,647 

 

In general, pore diameters obtained by different methods range from 1.847 to 6.315 nm. Thus, the 

values obtained with BJH and DH are the same for each sample. Furthermore, the cumulative pore 

diameters obtained by the DFT method are identical (2.647) for all samples. This confirms the 

reliability of this method for CA, as it covers the entire micro-mesoporous scale well. The highest pore 

diameter values (> 5 nm) are obtained by the Dubinin method. Radushkevich. However, the diameters 

obtained with CAE-BA-25% 450°C-16h are almost identical to those of BA-Brute.  

3.5.4 Correlation coefficients and constants for different techniques  

Table 6, shows the correlation coefficients (R²) and constants (C) obtained for the BET, Langmuir and 

DR methods.  

 

 

Method of analysis 

 

BET 

 Langmuir DR method 

Samples C 2R  2R  

BA-brute 7,183 0.991789 0.939 0.9819 

Non-pyrolyzed impregnated BA 3,287 0.998331 0.861 0.9891 

BA-brute pyrolyzed 4,378 0.992111 0.898 0.9865 

CAE-BA-25%-450°C 4.54 0.994476 0.914 0.9872 

CAE-BA-25%-450°C-16h 7,898 0.992589 0.946 0.9811 
 

The very good fits of the BET and Dubinin – Radushkevich models (R² > 0.98) indicate that adsorption 

is dominated by multilayer adsorption and micropore filling, consistent with the high BET and DR 

Table 5. Pore diameters (nm) of the samples 

 

Table 6. Correlation coefficients and constants for different techniques 
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areas obtained after pyrolysis and activation. The increase in the (7.898) BET constant, which is 

maximal for the CAE-BA-25%-450°C-16h sample, reflects a strengthening of adsorbate–adsorbent 

interactions. Conversely, the poor fit of the Langmuir model confirms that adsorption is not limited to 

a monolayer on a homogeneous surface, which is consistent with the pore heterogeneity revealed by 

BJH analysis (Rouquerol et al., 2013b).  

Conclusion  

TGA/DTA analysis reveals that biomass exhibits lower thermal stable than the prepared activated 

carbons. Impregnation slightly alters the structure and morphology of the biomass. Impregnation 

followed by pyrolysis significantly increases the specific surface area of the prepared activated carbons 

for all methods used. Pyrolysis alone significantly increases the specific surface area of both 

unimpregnated and orthophosphoric acid-impregnated biomass. Pyrolysis increases specific surface 

area more effectively than impregnation alone. The activated carbon that developed the highest specific 

surface area (393.6 m²/g) was CAE-BA-25%-450°C-16h. 
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