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Banana stems are agricultural plant waste from one of Asia's most 
popular fruits, which is grown primarily in India, Thailand, China, 
Indonesia, and Malaysia. Since coal-derived activated carbon is 
expensive and has limited availability, agricultural waste such as 
banana stems has been seen as an affordable and abundant alternative. 
Activated carbon banana stem (ACBS) was prepared by soaking with 
phosphoric acid (H3PO4) and heating in a furnace at 400°C for 1 hour. 
Both raw banana stem (RBS) and activated carbon banana stem (ACBS) 
were characterized using proximate analysis, Scanning Electron 
Microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR) 
and Brunauer–Emmett–Teller (BET). The results showed that ACBS 
had higher ash (25.45%) and fixed carbon (36.4%) contents, and lower 
moisture (2.3%) and volatile matter (35.85%) contents than RBS. 
Analysis of the surface morphology using SEM indicated that the ACBS 
was more porous than the RBS, thereby enhancing its adsorption 
capacity. BET analysis revealed that the surface area, pore volume, and 
average pore diameter of the ACBS (475.7 m²/g, 0.4491cm3/g, and 
3.776 nm) were significantly greater than those of the RBS (1.886 m²/g, 
0.0047 cm3/g, and 9.882 nm), demonstrating effective pore 
development during activation. The results showed that ACBS was 
more effective at removing Reactive Black 5 (RB5) dye, with a removal 
efficiency of 99.11%, compared to RBS, which had only 6.4%. 
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1. Introduction 

The dye industry is especially important to the manufacturing sector because it produces colours for many 
products, including paints, textiles, and plastics. Each year, approximately 77 tons of synthetic dyes are produced 
worldwide, with over 10,000 tons employed by the textile sector [1]. Dyes are typically classified into many groups 

based on their origin, structure, and application. Approximately 15% of dye is released into the environment as 

waste after dyeing [2]. Among widely used dyes, Reactive Black 5 (RB5) is particularly prominent for its high 
stability, complex aromatic structure, and widespread use in the textile industry [3]. Reactive Black 5 dye is 
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classified as an industrial dye. The C.I. (Colour Index) number is 20505, which is classified as anionic, diazo [4]. 
This dye's negative charge not only makes it water-soluble but also enables it to interact with fibres, promoting 
bonding during dyeing. It is also very soluble in aqueous solutions and black in colour. This dye can block sunlight 
when released directly into lakes and rivers, disrupting aquatic ecosystems and endangering marine life. Before 
being safely released into the environment, wastewater contaminated with dyes is treated using a variety of 
techniques, including physical, chemical, and biological approaches, or combinations thereof [2]. Other techniques 
for dye removal from wastewater included ion exchange [5], biodegradation [6], oxidation [7], membrane process 
[8], adsorption [9], and solvent extraction [10. Among these, the adsorption process has been found to be more 
effective due to its simple design, high removal efficiency, and ease of operation [11]. This process has many uses, 
including water and air purification, gas purification, chromatography, and catalysis. 

Activated carbon is highly effective in adsorption processes due to its high carbon content, low ash content, 
and well-developed porosity [12]. It is commonly used for carbon dioxide capture due to its excellent thermal 
stability at high temperatures, high adsorption capacity at ambient pressure, low acid-base reactivity, tunable 
surface chemistry, and high stability in moist conditions [13]. The surface of the activated carbon also contains 
functional groups that influence the solution pH and, consequently, the adsorption process [12]. These properties 
make it a useful material in a variety of industrial sectors. The production of activated carbon involves carbonising 
the samples, followed by physical or chemical activation to create a porous surface for adsorption [14]. In chemical 
activation, the samples are impregnated with activating agents such as zinc chloride (ZnCl₂), phosphoric acid 
(H₃PO₄) and potassium hydroxide (KOH) [15]. This technique greatly increases the surface area of activated 
carbon while also promoting the formation of pore structure.  

Phosphoric acid is frequently preferred over other acids for activation processes because of its ability to 
precisely modify material properties while causing minimal damage. Compared to sulfuric or nitric acids, which 
can cause harmful oxidation reactions and the formation of byproducts such as sulfur oxides or nitrogen oxides, 
phosphoric acid ensures a more stable activation [16]. This stability favours the occurrence of micropores and 
mesopores, which increase surface area and porosity while retaining the material's structure. Furthermore, 
phosphoric acid leaves phosphate groups on the surface, which is useful for applications such as catalysis and 
adsorption [17]. Despite the benefits of activated carbon as an adsorbent, its high cost has recently led researchers 
to seek alternatives. To address this issue, researchers are currently focusing more on the use of agricultural waste 
as adsorbent media. Previous research indicates that adsorbents have been effectively synthesised from raw 
materials, including sawdust, rice husk, jujube seeds, maize cobs, durian peel, coconut shells, watermelon, wood, 
palm shells, tobacco stems, bean husks, hazelnut shells, mangosteen shells, banana peels, walnut shells [18] and 
citrus peel [19]. Activated carbon's effectiveness and adsorption capacity were influenced by the structure of raw 
agricultural waste, including its preparation methods. 

In Malaysia, banana stems are one of the most abundant agricultural wastes. It contains lignocellulosic [20], 
which is suitable for the production of activated carbon. Banana stems also have strong mechanical properties 
and outstanding structural integrity because they are composed of 48.0% cellulose, 21.1% hemicellulose, and 
15.7% lignin [21]. Its high porosity, moisture absorption capacity, and lightweight structure can enhance 
adsorption capacity when activated [22]. Studies have shown that activated carbon made from banana stems can 
efficiently adsorb organic dyes and heavy metals due to its advantageous surface chemistry and functional groups 
formed during activation [23]. Furthermore, the use of activated carbon derived from banana stems aligns with 
the United Nations Sustainable Development Goal (SDG) 6: Clean Water and Sanitation, which aims to improve 
water quality by reducing pollution and minimising the release of hazardous substances. This approach also 
supports SDG 12: Responsible Consumption and Production by promoting the economic use of agricultural waste, 
encouraging circular economy practices, and reducing environmental impact. This approach, which combines 
waste utilisation and water purification, helps to control pollution while also promoting sustainable resource 
management and environmental protection. 

The objective of this study was to examine the effectiveness of banana stem powder and banana stem 
activated carbon as adsorbents and to characterise their physicochemical properties in terms of surface 
morphology, surface area, and compositional differences among functional groups. These capabilities are critical 
for optimising the performance of activated carbon in industrial applications such as adsorption and wastewater 
treatment. 

2. Methodology 

2.1 Preparation of Raw and Activated Banana Stems 

The raw and activated banana stems were prepared according to Misran et al. [20], with some modifications, as 
shown in Fig. 1. The banana stems were cut into small pieces, cleaned with distilled water to remove impurities, 
and dried for 24 hours at 105˚C in an oven. To create a fine powder, the dried stems were ground and sieved to 
0.5 μm using a grinder and sieve. To prepare ACBS, 1.0 M phosphoric acid (1:3 ratio) was mixed with powdered 
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banana stems for 24 hours. Afterwards, the mixture was heated for 1 hour at 400 °C in a furnace. The resulting 
activated carbon was washed until its pH was neutral and then dried at 105 °C for 24 hours. Both activated carbon 
and raw powdered banana stem were stored in airtight bags. 
 

 

Fig. 1 Sample preparation of banana powder (raw) and activated carbon from banana stem 

2.2 Characterisation of Raw and Activated Banana Stems   

Both samples were characterized using Scanning Electron Microscopy (SEM) to examine the surface morphology 
while organic functional groups were analyzed using Fourier transform infrared spectroscopy (FTIR) and the BET 
(Brunauer-Emmett-Teller) surface area was examined using BET surface analyzer (Quantachrome Instruments) 
through the adsorption/desorption isotherms of N2 conducted at 77 K. A precise analysis was carried out to 
determine the distribution of moisture, ash, volatile matter and fixed carbon in the sample according to Fito et al. 
[24]. 

2.3 Removal of Reactive Black 5 Dye 

In a 250 mL conical flask, 100 mL of Reactive Black 5 solution with an initial concentration of 200 ppm was mixed 
with 0.6 g of raw and activated banana stems. For two hours at room temperature, the mixture was shaken at 100 
rpm. A UV–VIS spectrophotometer was then used to measure the final concentration of RB5 dye at a wavelength 
of 597 nm, as described in [25]. Each experiment is duplicated under similar conditions. The percentage of dye 
removal and adsorption capacity is calculated using Eqn. (1) and Eqn. (2). 
 

% 𝐷𝑦𝑒 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =
(𝐶0 − 𝐶𝑡)

𝐶𝑜
x 100% (1) 

 

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
(𝐶0 − 𝐶𝑡) 𝑉

𝑚
 (2) 

 

where Co is the dye solution's initial concentration (mg/L), Ct is the concentration of the dye solution at a certain 
contact time, t, V is the solution volume (L), and m is the adsorbent weight (g). 

3. Results and Discussion 

3.1 Proximate Analysis of Raw and Activated Banana Stems 

Proximate analysis presents the physicochemical properties of the samples, specifically moisture, ash, volatile 
matter, and fixed carbon. These factors are critical in determining if a material is suitable as a precursor for 
activated carbon production. Table 1 shows the proximate analyses of RBS and ACBS. The results show a 
significant change in chemical composition between RBS and ACBS due to the activation process. The moisture 
content of RBS (8.67%) is higher than that of ACBS (2.3%) because it has not undergone thermal treatment, which 
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would otherwise remove bound and free water [26], thereby improving stability and adsorption capacity. RBS 
was also higher in volatile matter content (67.11%) than ACBS (35.85%). The decrease in the result of the RBS to 
ACBS caused by the breakdown of hemicellulose, cellulose, and lignin, which improves the thermal stability and 
adsorption efficiency of the material [27]. 

ACBS has a relatively high ash content of 25.45%, whereas RBS has 18.54%, likely due to carbon enrichment 
[26]. Although the high ash content reduces the adsorption efficiency, it also enhances the structural integrity of 
activated carbon [27]. The high carbon content of ACBS (36.4%) directly contributes to porosity and adsorption 
capacity, meeting the activated carbon requirement stated in [28]. These findings suggested that the activation 
process effectively increases the carbon content, making ACBS suitable for adsorption applications, particularly 
for dye and heavy metal removal, and for use as a renewable precursor in energy-related applications. 

Table 1 Proximate analysis of RBS and ACBS 

 
Moisture Content  

(%) 

Volatile Matter Content  

(%) 

Ash Content 

(%) 

Fixed Carbon Content  

(%) 

RBS 8.67 67.11 18.54 5.68 

ACBS 2.3 35.85 25.45 36.4 

3.2 Surface Morphology of Raw and Activated Banana Stems 

The study of surface morphology using SEM is essential for understanding the adsorbent's physical structure. 
Morphological parameters such as surface roughness, pore formation, and particle dispersion are all closely 
related to the material's adsorption effectiveness. Fig. 2 shows the differences between SEM photographs of raw 
and activated banana stem carbon obtained at 1500× magnifications due to the activation process with H₃PO₄. 
For the RBS, the structure is compact and exhibits lower porosity, resulting in a low surface area and limited 
adsorption capacity. Cell walls remain dense, restricting the formation of active sites for adsorption [29]. 

However, after chemical activation, both the surface morphology and porosity have changed. It shows a rough, 
porous structure in ACBS that is significantly different from the RBS. This increase in porosity directly increases 
surface area and pore volume, which can improve efficiency in adsorption applications [29]. 

Comparable morphological alterations have been documented in activated carbons derived from banana 
stems following chemical activation [20], indicating that phosphoric acid is an effective activating agent for the 
formation of porous structures. These findings confirm that the activation process not only increases carbon 
content, as indicated by the proximate analysis in Table 1, but also significantly modifies the physical structure, 
thereby enhancing the potential of ACBS for adsorption applications such as dye and heavy metal removal. 
 

  
(a) (b) 

Fig. 2 Scanning electron micrographs of (a) RBS; (b) ACBS 

3.3 Organic Functional Groups of Raw and Activated Banana Stems 

The FTIR technique was utilised to investigate the surface functional groups of the adsorbent. These functional 
groups are essential because they influence how the adsorbent and dye molecules interact and reveal details about 
the adsorption process. Fig. 3 and Table 2 show the functional groups identified by FTIR analysis of RBS and ACBS. 
RBS displayed peaks corresponding to -OH (3413 cm⁻¹) that are present in the structure of lignin, cellulose and 
hemicellulose [26], C-H (2924 cm⁻¹), C=O (1639 cm⁻¹), and C-O (1056 cm⁻¹). 
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The activation process altered the ACBS peaks. The -OH peak (3430 cm⁻¹) decreased due to the removal of 
adsorbed water in the raw material and degradation of the initial compound [26]. The C=O peak (1625 cm⁻¹) 
became more visible as the number of oxygen- containing functional groups increased [30]. Activation increased 
the carbonisation and graphitisation of the C-O peaks (1249 cm⁻¹) and aromatic peaks (617 cm⁻¹), thereby 
improving the material's adsorption capacity [31]. The successful conversion of RBS into ACBS improves its 
adsorption properties, making it useful for water purification, gas adsorption, and energy storage [31]. 

 

 

Fig. 3 Fourier-transform infrared spectroscopy of RBS and ACBS 

Table 2 Main characteristic band of RBS and ACBS 

Wavenumber (cm-1)) RBS ACBS Vibrational Bands 

3413-3430 3413 3430 O–H stretching (hydroxyl groups) 

2924 2924 - C–H stretching (aliphatic CH₂/CH₃) 

1625-1639 1639 1625 C=O stretching (carbonyl groups) 

1249 - 1249 C-O stretching (carbohydrate/alcohols) 

616-617 616 617 
C–H out-of-plane bending (aromatic 

structures) 

3.4 Surface Area and Pore Characterisation 

The BET technique was employed to analyse the surface area and porosity characteristics of the raw and activated 
samples. Since adsorption largely depends on surface area and pore structure, this analysis provides valuable 
insight into the effectiveness of the activation process. The BET measurement results (see Table 3) show a 
significant improvement in the textural properties of ACBS compared with those of raw banana stem (RBS) 
powder. In ACBS, the specific surface area increased from 1.89 m²/g in RBS powder to 475.7 m²/g. Furthermore, 
the total pore volume increased from 0.0047 cm3/g to 0.4491 cm3/g. This remarkable improvement indicates that 
the activation and pyrolysis processes were highly effective in increasing porosity [32], as demonstrated by the 
SEM images in Fig. 2. The treatments removed ash and inorganic impurities that had previously blocked the pores 
of RBS, releasing and enlarging the accessible surface of ACBS. Pyrolysis increased pore generation by releasing 
volatile components, resulting in a well-developed porous matrix. Next, the pore diameter measures 9.882 nm for 
RBS powder and 3.776 nm for ACBS. The reduction in pore diameter corresponds with the increase in surface area 
of the ACBS after the activation and pyrolysis processes [32]. Also, the breakdown of aliphatic functional groups, 
as demonstrated by FTIR analysis in this study, contributed to the increased surface area and pore volume [33].  

Fig. 4 illustrates the N₂ adsorption–desorption isotherm of raw banana stem (RBS), which displayed 
characteristics of a Type III isotherm as per IUPAC categorisation, marked by minimal nitrogen absorption over 
the whole relative pressure range and the lack of a prominent knee at low P/P₀. This trend indicates poor 
adsorbate–adsorbent interactions and a deficiency of substantial microporosity, typical for non-activated 
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lignocellulosic biomass. The activated carbon banana stem (ACBS) displayed a Type IV isotherm with an H3 
hysteresis loop, indicating the formation of a mesoporous structure by slit-shaped pores. The surface area and 
total pore volume of ACBS were markedly superior to those of the raw material, substantiating that chemical 
activation successfully eliminated volatiles and improved porosity. Because of increased molecular diffusion and 
the availability of adsorption sites, these mesoporous structures are suitable for adsorbing dye molecules such as 
Reactive Black 5. These findings are consistent with prior investigations on banana-derived adsorbents. Activated 
banana peel carbons exhibit BET surface areas ranging from 289.86 m²/g with Type IV isotherms [30]. 

Table 3 Pore characteristics of RBS and ACBS based on BET analysis 

Material Surface Area (m2/g) Pore Volume (cm3/g) 
Pore Diameter 

(nm) 

RBS 1.886 0.0047 9.882 

ACBS 475.7 0.4491 3.776 

 

 
(a) 

 

 
(b) 

Fig. 4 Nitrogen adsorption–desorption isotherm of (a) RBS; and (b) ACBS  
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3.5 Dye Removal of Raw and Activated Banana Stems 

The effectiveness of raw and activated banana stems in adsorption can be observed from the removal of RB5 dye. 
The removal study reveals that both materials can adsorb dye molecules. However, their efficiencies vary 
significantly. Similar results have been reported for various biomass-based adsorbents, including rice husk, where 
activation significantly improved dye uptake [34]. Fig. 5 indicates that ACBS removes more dye than RBS; its 
removal efficiency is 99.11%, whereas RBS is 6.4%. Fig. 6 shows the visual comparison of RB5 dye removal using 
RBS and ACBS. This significant difference emphasises the impact of chemical activation in enhancing adsorption 
performance. The higher removal efficiency reported for ACBS implies not only increased adsorption but also 
better structural compatibility with large dye molecules such as RB5 [35]. The result is the outcome of the 
activation process, which increases the surface area, porosity, and availability of organic functional groups that 
are helpful in the adsorption of dyes [36].  

ACBS has a higher adsorption capacity (16.52 mg/g) than RBS (1.07 mg/g), suggesting that it can hold more 
dye molecules per unit mass. However, RBS exhibits a low sorption capacity and poor physical stability without 
any modification [37]. This is consistent with prior studies indicating that untreated lignocellulosic materials often 
lack adequate porosity and stability for successful dye removal due to their compact structure and limited active 
sites [38]. The adsorption efficiency of ACBS (99.11%) achieved in this study is comparable to that of other 
biomass-derived activated carbons. For example, palm shell-based activated carbon removed 96.7% of RB5 under 
identical conditions [39]. 

These findings indicate that chemical activation not only improves the material's proximate characteristics 
(higher fixed carbon, lower volatile matter) but also significantly enhances adsorption performance. In terms of 
application, ACBS may be an efficient, low-cost adsorbent for textile wastewater treatment, particularly in 
underdeveloped countries where banana production produces substantial volumes of agricultural leftovers. 

 
 

 

Fig. 5 Removal efficiency and adsorption capacity of RBS and ACBS 
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Fig. 6 Visual comparison of RB5 dye removal using RBS and ACBS 

4. Conclusion 

Raw and activated carbon impregnated with H3PO4 derived from banana stems were successfully produced. 
Proximate analysis of RBS and ACBS showed considerable changes resulting from the activation procedure, with 
ACBS having 36.4% more fixed carbon than RBS (5.68%). These findings showed that the activation process 
effectively increased carbon content and porosity, making ACBS suitable for adsorption applications. Based on 
SEM, ACBS were more porous than RBS due to chemical activation, resulting in a higher surface area and larger 
pore volume, thereby improving adsorption efficiency. FTIR also showed a difference, with more peaks in RBS 
than ACBS. BET analysis revealed the surface area, pore volume, and average pore diameter of the ACBS (475.7 
m²/g, 0.4491 cm3/g, and 3.776 nm), which were significantly greater than those of RBS (1.886 m²/g, 0.0047 
cm3/g, and 9.882 nm), demonstrating effective pore development during activation. Finally, the effectiveness of 
this adsorbent had been observed, and it could be concluded that ACBS, with a removal efficiency of 99.11%, was 
much better than RBS, with only 6.4%. 
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