
  

                             Applied Science and Engineering Progress, Vol. 19, No. 4, 2026, 8065 

    

 

 

Lelifajri et al., “NaOH-Activated Carbon from Gnetum gnemon L. Shell Waste for Methylene Blue Adsorption from Aqueous Solutions.” 

  
1 

 

 

 

NaOH-Activated Carbon from Gnetum gnemon L. Shell Waste for Methylene Blue 

Adsorption from Aqueous Solutions 

 

 

Lelifajri*, Amiera Hafizhah and Khairi 

Department of Chemistry, Faculty of Mathematics and Natural Sciences, Universitas Syiah Kuala, Banda Aceh, 

Indonesia 

 

Andriy Anta Kacaribu 

Doctoral Program of Agricultural Science, Postgraduate School, Universitas Syiah Kuala, Banda Aceh, 

Indonesia 
 

* Corresponding author. E-mail: lelifajri@usk.ac.id   DOI: 10.14416/j.asep.2026.02.010 

Received: 2 October 2025; Revised: 24 November 2025; Accepted: 23 December 2025; Published online: 24 Febuary 2026 

© 2026 King Mongkut’s University of Technology North Bangkok. All Rights Reserved.        

 

 

Abstract 

Synthetic dyes, such as methylene blue (MB), are widely used in textile and related industries, and their 

discharge into aquatic environments poses severe environmental and health risks due to their toxicity, 

persistence, and poor biodegradability. This study reports the preparation of activated carbon derived from 

melinjo (Gnetum gnemon L.) shell waste (MSAC) through carbonization at 300 °C for 1 h, followed by chemical 

activation using NaOH solutions (1–4 M) for 24 h. NaOH activation of G. gnemon shell carbon is introduced 

for the first time to enhance its surface characteristics and adsorption performance. Structural and surface 

modifications before and after activation were characterized by FTIR and SEM-EDX analyses. Batch adsorption 

experiments were performed to evaluate the effects of contact time, initial pH of MB, and dye concentration on 

MB removal. NaOH activation significantly improved the surface functionality and porosity of MSAC, resulting 

in a maximum adsorption capacity (𝑄𝑚𝑎𝑥) of 148.214 mg/g at pH 7.0 and an initial concentration of 200 ppm 

within 35 min. The adsorption process followed the Langmuir isotherm (R2 = 0.963) and pseudo-second-order 

kinetics, indicating monolayer chemisorption on a homogeneous surface. These findings demonstrate that NaOH 

activation effectively enhances the adsorption performance of G. gnemon shell waste–based carbon, making it 

a low-cost, sustainable adsorbent for the treatment of dye-laden wastewater. 

 

Keywords: Adsorption, Melinjo shell waste activated carbon (MSAC), Methylene blue, NaOH activation, 

Wastewater treatment  

 

1 Introduction 

 

The rapid advancement of technology and industrial 

growth has led to an increasing problem of wastewater 

generation [1]. Among various industrial effluents, 

textile wastewater is one of the most problematic 

because of its high content of synthetic dyes used 

during dyeing processes [2]. The textile sector 

significantly contributes to the national economy as a 

source of foreign exchange; however, it also creates 

severe environmental challenges due to the discharge 

of dye–containing wastewater [3]. Textile dyes are 

generally classified into anionic, cationic, and non–

ionic types, with methylene blue (MB) being one of 

the most widely used cationic dyes [4], [5]. MB is 

toxic, non–biodegradable, and water–soluble, making 

it a persistent pollutant that endangers aquatic 

ecosystems and human health [4], [6]. Recent studies 

reaffirm that MB–containing effluents are among the 

most difficult to manage due to their chemical stability 

and environmental persistence [7], [8]. 

To address dye contamination, various treatment 

methods have been developed, including 

coagulation/flocculation [9], advanced oxidation, 

membrane filtration [10], [11], ozonation [12], liquid–

liquid extraction [13], and adsorption [14]. Among 
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these, adsorption stands out as the most efficient and 

economical method owing to its simplicity, flexibility, 

and high removal efficiency [15]. Several adsorbent 

materials, such as modified cellulose [16], polylactic 

acid (PLA) [17], [18], chitosan [19], and graphene 

oxide [20], have been explored. Despite their excellent 

adsorption properties, these materials often require 

costly chemicals, multi-step synthesis, and complex 

processing, limiting their large-scale application—

particularly in developing countries like Indonesia [20]. 

Consequently, activated carbon (AC) remains 

the most widely adopted adsorbent due to its high 

surface area, tunable pore structure, and excellent 

adsorption capacity [21], [22]. It is typically prepared 

from carbon–rich precursors, particularly agricultural 

residues, through carbonization and activation 

processes [23]. Activation can be achieved either 

physically—via high-temperature treatment with 

oxidizing gases (e.g., steam, CO2) [24]—or 

chemically using activating agents such as KOH or 

NaOH [5], [25].  NaOH was selected in this study due 

to it effectively promotes the development of micro– 

and mesopores through strong alkaline etching, 

facilitating the removal of tars and inorganic 

impurities, and enhancing oxygen–containing surface 

functionalities. Compared with other chemical 

activators such as KOH, NaOH offers high activation 

efficiency at lower temperatures and at a lower cost, 

making it an advantageous choice for producing 

highly porous activated carbon. Recent findings also 

indicate that NaOH activation produces smoother and 

more hydroxylated surfaces with improved chemical 

reactivity and uniformity, whereas KOH tends to 

generate denser morphologies with greater 

microporosity and thermal stability [26]. Various 

agricultural wastes, including empty fruit bunch 

(EFB) [27], bamboo [28], seaweed [5], and peanut 

shells [29], have been successfully transformed into 

AC for dye removal. 

Agricultural waste offers a sustainable and low–

cost opportunity for developing high–performance 

adsorbents while supporting circular economy 

principles. Gnetum gnemon shell waste, locally known 

as “Melinjo,” is an abundant lignocellulosic biomass 

composed primarily of cellulose, hemicellulose, and 

lignin. Previous studies have demonstrated its 

potential as an efficient precursor for MB adsorption. 

Lelifajri et. al., produced thermally activated G. gnemon 

shells waste at 250–400 °C and obtained a maximum 

MB adsorption capacity (𝑄𝑚𝑎𝑥) of 35.58 mg/g under 

Langmuir isotherm conditions [30]. Our previous 

work further enhanced its performance through 

chemical activation using NaCl after thermal 

treatment, achieving a 𝑄𝑚𝑎𝑥 of 62.5 mg/g [31]. These 

studies demonstrate that progressive modification—

transitioning from physical to chemical activation—

can substantially improve the adsorption capability of 

G. gnemon–derived activated carbon. 

However, despite these advances, no studies 

have yet examined the use of alkaline chemical 

activation (NaOH) for G. gnemon shell waste–based 

activated carbon. Specifically, the effect of NaOH 

concentration on adsorption performance remains 

unexplored and comprehensive characterized. This 

represents a significant gap in the current 

understanding of how chemical activation conditions 

influence the structural and functional characteristics 

of AC derived from this biomass. Recent work by 

Setiawan et. al., [32] has shown that varying NaOH 

and KOH concentrations during activation can 

significantly modify surface area and chemical 

functionality in carbon–based materials, reinforcing 

the importance of optimizing alkali treatment 

parameters for performance enhancement. 

Therefore, this study aims to develop activated 

carbon from G. gnemon shell waste via chemical 

activation using NaOH at various concentrations and 

to evaluate its adsorption performance for methylene 

blue removal from aqueous solutions. This research 

seeks to fill the identified knowledge gap and 

contribute to a sustainable solution for dye–

contaminated wastewater. Moreover, it supports SDG 

6 (Clean Water and Sanitation) by providing a low–

cost, effective adsorbent, and SDG 12 (Responsible 

Consumption and Production) by valorizing agricultural 

waste within a circular economy framework [33], [34]. 

 

2 Materials and Methods 

 

2.1 Materials 

 

The materials used in this study included methylene 

blue solution (C16H18N3SCl), sodium hydroxide 

(NaOH), and hydrochloric acid (HCl), all of analytical 

grade and purchased from Merck (Selangor, 

Malaysia). Distilled water, filter paper, and melinjo 

(G. gnemon L.) shell waste collected from emping 

cracker production in Kembang Tanjong, Pidie 

District, Indonesia, were used as raw materials. 
 

2.2 Activated carbon preparations  

 

The preparation of activated carbon was carried out 

following the procedure reported previously [31] with 
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slight modifications. Melinjo shell waste was 

separated from impurities such as gravel, sand, and 

wood. The sample was washed thoroughly with 

distilled water to remove adhering soil and other 

contaminants, and then dried in an oven at 105 °C for 

1 h. The dried sample was carbonized using a tubular 

furnace (Carbolite Gero STF 15/450, UK) under a 

nitrogen atmosphere to prevent oxidation of the 

sample during heating. About 20 g of the dried 

biomass was placed in a ceramic crucible and heated 

from room temperature to 300 °C at a heating rate of 

10 °C/min, followed by holding at this temperature for 

1 h. The resulting carbon was ground using a mortar 

and sieved through a 100–mesh sieve. The obtained 

carbon was subsequently activated by soaking in 

NaOH solution (solid–to–liquid ratio 1:1) with 

concentrations of 1, 2, 3, and 4 M, as illustrated in 

Figure 1. This figure is presented to visually 

demonstrate the actual activation process and 

concentration variations during NaOH treatment. The 

samples shown were still in the soaking stage and, 

therefore, appear wet. The mixtures were kept at 50 °C 

under continuous stirring at 100 rpm for 24 h. After 

activation, the carbon was filtered and washed with 

distilled water until a neutral pH was reached, 

followed by drying in an oven at 105 °C until constant 

weight, melinjo shell waste activated carbon (MSAC) 

was obtained. Yield, moisture content, and ash content 

of MSAC obtained at optimal conditions were 

determined. 

 

 
 

Figure 1: Activation of melinjo shell waste–derived 

carbon using various concentrations of NaOH: (A) 1 

M; (B) 2 M; (C) 3 M; and (D) 4 M. 

 

2.3 Adsorption study 

 

The adsorption experiments were conducted under 

various operating conditions and described as follows. 

A stock solution of methylene blue (MB, 1000 ppm) 

was prepared by dissolving 1 g of MB in 1000 mL of 

distilled water. The maximum absorption wavelength 

(λmax) was determined using a 3 ppm MB solution. λmax 

obtained in the present study is presented in Figure 2A 

(622 nm).  A calibration curve was obtained by 

preparing MB solutions of 1, 2, 3, 4, 5, 6, and 7 ppm, 

and the absorbance was measured using a UV–Vis 

spectrophotometer (Shimadzu UV-Mini 1240). The 

calibration curve was plotted with absorbance versus 

concentration, as shown in Figure 2B. The MB 

standard solutions were prepared in distilled water at 

natural pH (6.8–7.0) to maintain consistency with the 

adsorption experiment conditions. 

To determine the optimal activation condition for 

MSW–derived carbon, 0.1 g of activated carbon from 

different treatments was added to 15 mL of a 100 ppm 

MB solution and shaken at 250 rpm for 10 min at room 

temperature (25–27 °C). The filtrate was analyzed by 

UV–Vis spectrophotometry at λmax. The removal 

efficiency of MB (%R), the adsorption capacity at 

equilibrium (𝑄𝑒 , mg/g), and adsorption capacity at t 

time (𝑄𝑡) were calculated using Eqs. (1)–(3): 

 

%R = 
𝐶0−𝐶𝑒

𝐶0
× 100             (1) 

 

𝑄𝑒  = 
𝐶0 − 𝐶𝑒

𝑚
 × 𝑉              (2) 

 

𝑄𝑡 = 
𝐶0 − 𝐶𝑡

𝑚
 × 𝑉              (3) 

 

where %R, 𝑄𝑒 , and 𝑄𝑡 represent the percentage 

removal, the amount of MB adsorbed at equilibrium 

and MB adsorbed at interval time, respectively; 𝐶0, 𝐶𝑒, 

and 𝐶𝑡 are the initial, equilibrium concentrations, and 

t time (ppm); V is the solution volume (L); and m is 

the adsorbent mass (g). 

The effects of contact time and initial pH of the 

MB solution in adsorption by MSAC were also 

investigated. Contact time was varied from 5 to 50 

min, while the initial pH of the MB solution was 

adjusted to 2, 4, 6, 7, 8, 10, and 12 (using 0.1 M HCl 

or 0.1 M NaOH solutions). Additional experiments 

were performed at different initial MB concentrations 

(150, 200, and 250 ppm) to evaluate equilibrium 

adsorption isotherms. The adsorption data were fitted 

to the non–linear Langmuir, Freundlich, Sips, and 

Temkin models 

B A 

C D 
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Figure 2: (A) Determination of λmax of MB using UV–

Vis spectrophotometer; (B) standard calibration curve 

of MB. 

 

2.4 Characterizations 
 

Melinjo shell waste powder (MSP) and melinjo shell 

waste activated carbon (MSAC) were characterized to 

analyze their structural and morphological properties. 

Fourier transform infrared spectroscopy (FTIR, FT–

IR 630, Agilent Technologies) was employed to 

identify the functional groups present in the samples. 

Surface morphology and elemental composition were 

examined using scanning electron microscopy 

coupled with energy–dispersive X–ray spectroscopy 

(SEM–EDX, Thermo Scientific). 

 

3 Result and Discussions 

 

3.1 Optimum condition of activation  

 

The melinjo shell waste used in this study served as a 

biomass source for activated carbon production. The 

raw melinjo shell waste exhibited a brownish color 

(Figure 3(A)), but after carbonization, it turned black, 

indicating the formation of carbon (Figure 3(B)). The 

carbon was formed as a result of the thermal 

degradation of organic components such as cellulose, 

hemicellulose, and lignin during the carbonization 

process. The obtained carbon was then ground and 

subsequently activated with NaOH (Figure 3(C)). 

 

 
Figure 3: Visual photograph of: (A) melinjo shell 

waste; (B) melinjo shell after carbonization; and (C) 

melinjo shell waste activated carbon (MSAC) at 

optimum condition (2M). 

 

In the present study, four different NaOH 

concentrations were prepared (as described in section 

2.2) to evaluate the characteristics and adsorption 

performance of MSAC and to determine the optimum 

condition for MB removal from water. Chemical 

activation with NaOH aims to enlarge pore diameter 

and open the blocked pores of carbon by degrading 

residual tars and inorganic impurities [35]. This 

process significantly enhanced the adsorption 

performance of the activated carbon [36]. 

 

 
Figure 4: Optimum condition of MSC activation 

using NaOH. Experimental condition: MB initial 

concentration 100 ppm, volume 0.015 L, adsorbent dosage 

0.1 g, neutral pH, contact time 60 min, at 25 °C. 

The highest adsorption performance in the 

present study was obtained for MSAC activated with 

2 M NaOH, yielding a removal efficiency (%R) of 

98.08% and an adsorption capacity (𝑄𝑒) of 14.71 mg/g 

(Figure 4). A decrease in both %R and 𝑄𝑒  was 

observed for MSAC activated with NaOH 

concentrations higher than 2 M. Studies have shown 

that this decline can be attributed to the saturation of 

the carbon surface, a condition where the available 

active sites are fully occupied and further activation 

may cause partial collapse or blockage of pores 

affected by excessive alkaline activation [25], [37], 

[38]. Therefore, MSAC activated with 2 M NaOH was 

A 

B 

A B C 
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selected for further analysis. The yield of MSAC 

under the optimal condition was 48.95%. The 

relatively low yield (48.95%) can be attributed to mass 

loss during both the carbonization and NaOH 

activation steps. Significant volatilization of organic 

matter occurs during carbonization, while the 

subsequent activation process promotes pore 

development through alkaline etching, leading to 

further reduction in solid yield. This trade–off 

between yield and surface development is a common 

characteristic of chemically activated carbons. In 

addition, the moisture content and ash content of the 

MSAC were 7.96% and 5.22%, respectively. These 

values are below the maximum limits recommended 

by the Indonesian National Standard (SNI) for 

activated carbon (15% for moisture content and 10% 

for ash content) [39]. 

 

3.2 Characterizations 

 

3.2.1  SEM-EDX analysis 

 

SEM–EDX analysis was performed to examine the 

surface morphology and elemental composition of the 

materials. The SEM images of the adsorbent before 

and after activation are presented in Figure 5. The 

surface morphology of melinjo shell waste carbon 

(MSC) before activation (Figure 5(A)) appeared 

rough, containing impurities, and exhibited only a few 

pores. The SEM image of carbonized melinjo shell 

waste carbon before activation (Figure 5(A)) clearly 

shows the formation of initial pores and surface 

roughness, which are likely produced during the 

carbonization of biomass components such as lignin, 

cellulose, and hemicellulose as they thermally 

decompose into a carbon-rich structure. In contrast, 

the SEM image of MSAC prepared under optimal 

activation conditions (Figure 5(C)) revealed a cleaner 

surface with a more uniform texture and significantly 

larger pore development. This improvement can be 

attributed to the effect of alkaline activation, which 

further enhances pore opening and surface 

development in activated carbon [40]. 

The morphological transition from a compact 

and impurity–rich surface to a highly porous structure 

clearly demonstrates the efficiency of NaOH 

activation in generating more accessible adsorption 

sites. Although Brunauer–Emmett–Teller (BET) 

surface area analysis was not performed, the observed 

evolution of pore texture in SEM images strongly 

supports the formation of a more developed porous 

network that contributes to the increased adsorption 

capacity of MSAC.

 

 

 
Figure 5: SEM–EDX of: (A–B) carbonized melinjo shell waste carbon before activation (MSC) and (C–D) 

melinjo shell waste activated carbon after NaOH treatment (MSAC) (activated under optimal conditions). 

 

The EDX analysis of the adsorbents before and 

after activation revealed different elemental 

compositions, as shown in Figure 5(B) and (D). The 

spectrum of MSC indicated the presence of carbon 

(66.6%), oxygen (30.7%), sodium (0.2%), calcium 

(0.5%), magnesium (0.3%), sulfur (0.4%), and 

potassium (1.3%). These elements, particularly the 

inorganic impurities such as Ca, Mg, S, and K, are 

A B 

C D 
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suspected to block the pores of melinjo shell waste 

carbon. Such a blocking effect is consistent with 

reports that residual metal or inorganic salts within 

carbon matrices may inhibit pore formation or 

accessibility in activated carbons (e.g., high K, Ca 

content altering pore topology) [41], [42]. In contrast, 

the EDX spectrum of MSAC showed carbon (62.0%), 

oxygen (33.0%), and sodium (4.7%). This result 

suggests that most inorganic impurities were 

effectively removed after chemical activation with 

NaOH, leading to cleaner and more open pores [43]. 

Interestingly, the sodium content increased from 

0.2% in MSC to 4.7% in MSAC. This increase may be 

attributed to the incomplete removal of residual NaOH 

during the washing process or the incorporation of 

sodium ions into oxygen–containing functional 

groups on the carbon surface during thermal 

treatment. Such interactions are likely ionic or 

electrostatic in nature, where Na+ binds with 

negatively charged sites such as –COO- or –OH 

groups, and in some cases may form sodium oxide or 

carbonate species (Na–O–C, Na2CO3). The presence 

of sodium, therefore, not only indicates the 

effectiveness of activation but also reflects the strong 

interaction between Na+ and the carbon matrix [44]. 

The SEM–EDX results provide qualitative evidence 

of enhanced porosity, reduced impurities, and 

increased surface functionality after NaOH activation, 

which are consistent with the improved adsorption 

performance observed experimentally. 

 

3.2.2  FTIR 

 

FTIR analysis was performed to observe the 

functional groups of the prepared adsorbent. Figure 6 

shows the FTIR spectra of the adsorbent before 

activation (MSC) and after activation (MSAC). Figure 6 

shows the FTIR spectra of melinjo shell waste carbon 

before activation (MSC, Figure 6(A)) and after chemical 

activation with 2 M NaOH (MSAC, Figure 6(B)). 

Both materials display a broad absorption in the region 

of ~3628–3200 cm-1, attributable to O–H stretching of 

hydroxyl groups and adsorbed water. The band near 

2880–2920 cm-1 corresponds to aliphatic C–H 

stretching, while the peak at 1763–1707 cm-1 indicates 

oxygen–containing surface groups, particularly 

carbonyls (C=O) such as carboxylic acids, esters, or 

lactones. Aromatic C=C skeletal vibrations appear at 

~1506 cm-1, C–O stretching of phenolic or ether 

groups is observed at 1260–1220 cm-1, and out–of–

plane aromatic C–H bending vibrations are evident at 

826–760 cm-1. These functional groups (O–H, C=O, 

C–O) are commonly present on activated carbons and 

are relevant to surface reactivity [45]–[47]. 

 

 
Figure 6: FTIR spectra of: (A) carbonized melinjo 

shell waste carbon before activation (MSC, black) and 

(B) carbonized melinjo shell waste carbon after 

activation under optimal conditions (MSAC, blue). 

 

Upon activation, MSAC exhibits notable 

changes. The O–H stretching band becomes broader 

and slightly shifted (to 3612 cm-1), suggesting 

enhanced hydrogen bonding and relative enrichment 

of hydroxyl functionalities on the surface. The 

intensity of aliphatic C–H and some carbonyl bands 

decreases, consistent with the removal of residual tars, 

aliphatic, and unstable oxygen species during NaOH 

treatment and subsequent washing [48]. Meanwhile, 

aromatic C=C and C–O bands become relatively more 

pronounced, reflecting the exposure of a more 

condensed aromatic carbon backbone enriched with 

stable oxygen–containing groups. 

The presence of a band in the range of 1763–

1707 cm-1 further confirms the existence of –COOH 

groups on the MSAC surface. These carboxylic 

groups can ionize to form –COO- species at pH values 

above approximately 5, contributing to the negative 

surface charge and promoting electrostatic attraction 

with cationic methylene blue molecules. At lower pH, 

these groups remain protonated (–COOH), reducing 

their ability to bind MB electrostatically, which aligns 

well with the observed lower adsorption capacity and 

removal efficiency under acidic conditions (Figure 8). 

 It is also possible that NaOH treatment converts 

some surface hydroxyl or carboxyl groups into sodium 

carboxylates or phenolates. Even after washing to 

neutrality, a fraction of these sodium–containing 

functionalities may remain bound to the carbon 

surface, which is consistent with the EDX results 

(Figure 5(D)) showing increased sodium content after 

activation. The FTIR spectral modifications confirm 
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that NaOH activation not only cleans and restructures 

the carbon matrix but also enhances the availability of 

oxygen–containing functional groups (O–H, C=O, C–

O), thereby improving the adsorption performance of 

MSAC toward MB. This transformation may further 

enhance the density of oxygenated active sites, 

improving the adsorptive affinity toward MB. 

These FTIR observations, in conjunction with 

SEM–EDX findings, qualitatively support the 

hypothesis that NaOH activation increases surface 

functionality and porosity. Although quantitative 

surface area data (BET) were not obtained, the 

combined evidence strongly suggests that the 

enhancement in adsorption capacity arises from both 

the physical development of the pore network and the 

enrichment of active oxygenated surface sites. 

 

3.3 Adsorption study 

 

3.3.1  Effect of contact time 

 

Contact time is a critical factor influencing adsorption 

efficiency, as it determines the duration required for 

activated carbon to interact with MB molecules. As 

shown in Figure 7, the adsorption capacity of MSAC 

increased sharply within the first 35 min, reaching a 

%R and 𝑄𝑒  of 99.44% and 59.664 mg/g, respectively. 

This rapid uptake can be attributed to the abundance 

of unoccupied active sites and the strong driving force 

for mass transfer at the early adsorption stage. Similar 

results were reported by Julinawati et. al., and 

Kadimpati et. al., who observed that MB adsorption 

increased significantly during the initial contact period 

(up to the first hour), followed by a gradual decline in 

adsorption capacity due to surface saturation [5], [49]. 

 

 
Figure 7: Effect of contact time for MB adsorption by 

MSAC. Experimental condition: MB initial 

concentration 200 ppm, volume 0.015 L, adsorbent 

dosage 0.05 g, neutral pH, at 25 °C. 

Beyond 35 min, the adsorption capacity of 

MSAC slightly decreased, which may be associated 

with desorption phenomena or the attainment of 

dynamic equilibrium, where most active sites were 

already occupied and competition between adsorbed 

and free MB molecules occurred. Ozcan et. al., also 

noted a comparable trend, who emphasized that 

prolonged contact time does not necessarily enhance 

adsorption performance but may lower efficiency due 

to repulsive interactions and site saturation [50]. These 

findings suggest that the optimum contact time for MB 

adsorption onto MSAC is approximately 35 min. 

 

3.3.2 Effect of pH 

 

The pH of the solution is a decisive factor influencing 

the ionization state of surface functional groups on the 

adsorbent as well as the speciation and charge 

distribution of the dye molecules. As illustrated in 

Figure 8, the adsorption of MB by MSAC was 

strongly affected by solution pH. The highest 

adsorption capacity (59.69 mg/g) and removal 

efficiency (>99%) were observed at pH 7. At acidic 

conditions (pH < 7), the abundance of protons (H+) 

competed with the cationic MB molecules for 

negatively charged adsorption sites (e.g., oxygen–

containing functional groups such as –OH and –

COOH). This competition suppressed the electrostatic 

attraction between MB and MSAC, leading to lower 

adsorption capacities. Similar inhibitory effects of 

protonation under acidic conditions have been 

reported for cationic dye adsorption onto activated 

carbons and biomass–derived adsorbents [49]. 

 

 
Figure 8: Effect of pH of the adsorbate on MB 

adsorption by MSAC. Experimental conditions: MB 

initial concentration 200 ppm, solution volume 0.015 

L, adsorbent dosage 0.05 g, contact time 35 min, and 

temperature 25 °C. 
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A gradual decline in adsorption capacity was 

observed at alkaline conditions (pH > 7). This may be 

attributed to the increasing concentration of hydroxide 

ions (OH-), which interact with MB cations in solution 

and reduce their effective interaction with the 

negatively charged surface of MSAC. Additionally, 

strong OH- competition may destabilize dye 

molecules and hinder their access to pore channels, 

lowering adsorption efficiency [51]. 

This behavior differs from that reported in a 

previous study, which observed maximum MB 

adsorption at more alkaline pH values [52]. The 

discrepancy can be explained by the specific surface 

chemistry of MSAC: NaOH activation introduces 

abundant surface hydroxyl and sodium–containing 

groups (e.g., –ONa, Na–O–C) that partially neutralize 

the negative surface charge at high pH. Consequently, 

beyond neutral pH, the electrostatic driving force 

between the cationic MB and the MSAC surface 

weakens due to charge screening by excess Na+ ions 

and intense OH- competition. Moreover, the possible 

aggregation or hydrolysis of MB molecules in highly 

alkaline conditions can further decrease their 

availability for adsorption. Therefore, the optimal 

adsorption observed at pH 7 corresponds to a 

condition in which protonation and deprotonation are 

balanced, thereby maximizing both electrostatic and 

π–π interactions between MB and the carbon surface. 

This observation is consistent with previous 

findings on the pH–dependent adsorption behavior of 

cationic dyes on alkali–activated carbons [6], [53], 

[54]. It is acknowledged that determining the point of 

zero charge (pHPZC) of MSAC would provide direct 

evidence of surface charge behavior and further 

substantiate the proposed electrostatic interaction 

mechanism. Nevertheless, the observed pH–

dependent adsorption trend and the established surface 

chemistry of NaOH-activated carbons strongly 

support the involvement of electrostatic attraction 

between the negatively charged surface and cationic 

MB molecules.  

These findings confirm that the adsorption of 

MB by MSAC is highly pH–dependent, with neutral 

conditions providing the most favorable environment 

for maximizing uptake. Building upon this optimum 

pH, it is also essential to evaluate the effect of the 

initial dye concentration, since the driving force for 

mass transfer and the degree of surface site saturation 

are directly influenced by solute loading in solution. 

 

 

3.3.3  Effect of initial concentration 

 

The initial concentration of an adsorbate is a critical 

factor influencing the driving force for mass transfer 

between the aqueous phase and the adsorbent surface. 

As shown in Figure 9, the adsorption performance of 

MSAC toward MB varied with initial dye concentration. 

At lower concentrations (150 ppm), MSAC 

exhibited a high removal efficiency of approximately 

98%. The percentage removal reached its maximum 

(99.44%) at 200 ppm, indicating that most MB 

molecules were effectively captured by the available 

active sites. However, a slight decline was observed at 

250 ppm, likely due to the limited number of 

accessible adsorption sites relative to the excess dye 

molecules in solution. 

The adsorption capacity increased from 55.6 

mg/g at 150 ppm to 73.7 mg/g at 200 ppm, but then 

decreased slightly to 59 mg/g at 250 ppm. This 

seemingly anomalous trend can be explained by several 

interrelated factors. At higher dye concentrations, 

aggregation of MB molecules in solution or within 

pore entrances can restrict diffusion and access to 

inner adsorption sites. In addition, multilayer 

formation or steric hindrance may occur on the carbon 

surface, leading to partial pore blockage and reduced 

site utilization. Electrostatic repulsion among cationic 

MB molecules at the surface may also limit further 

adsorption once the surface approaches saturation. 

Therefore, the observed decrease in 𝑄𝑒  at 250 

ppm does not imply a reduction in adsorption 

potential, but rather indicates a diffusion-limited 

regime in which equilibrium is reached before all sites 

are fully saturated. Similar concentration–dependent 

trends have been reported for MB adsorption on 

NaOH–activated carbons and other biomass–derived 

adsorbents [55], [56], [57]. 

 

 
Figure 9: Effect of initial concentration of MB adsorption 

by MSAC. Experimental condition: contact time 35 

min, volume 0.015 L, adsorbent dosage 0.05 g, neutral 

pH, at 25 °C. 
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Interestingly, some previous studies have 

reported an opposite trend, where adsorption capacity 

continues to increase with higher initial dye 

concentrations. For instance, Dolas [58] observed that 

the adsorption capacity of waste pepper stalks-based 

activated carbon for MB increased from 50.216 mg/g 

at 50 ppm to 104.20 mg/g at 250 ppm, attributing this 

to enhanced diffusion rates and a higher probability of 

molecular collision at greater solute concentrations. 

Similarly, Julinawati et. al., [5] found a linear 

correlation between dye concentration and adsorption 

efficiency, indicating that higher concentration can 

strengthen the driving force for mass transfer. These 

variations emphasize that the behavior depends 

strongly on the adsorbent structure and surface 

chemistry. In comparison, the slight decline in our 

study at 250 ppm likely arises from the unique 

structural and diffusional properties of MSAC, in 

which excessive dye aggregation or pore restriction 

limits further uptake. 

These results indicate that at lower MB 

concentrations, the active sites of MSAC were 

sufficient to adsorb nearly all dye molecules present in 

solution. This explains the high removal efficiency (R) 

observed under these conditions. However, at elevated 

concentrations, the fixed number of active sites on 

MSAC could not capture the excess MB molecules, 

resulting in a decrease in removal efficiency (R) 

despite increased total dye loading. The optimal initial 

concentration for MB adsorption by MSAC was 200 

ppm, reflecting a balance between the mass-transfer 

driving force and active-site accessibility. In the 

subsequent section, equilibrium data were analyzed 

using isotherm models such as Langmuir, Freundlich, 

Sips, and Temkin to further elucidate the adsorption 

mechanism and quantify the affinity between MB and 

MSAC. 

 

3.3.4  Adsorption isotherms studies 

 

The equilibrium adsorption data of MB onto MSAC 

were analyzed using four non-linear isotherm models, 

namely Langmuir, Freundlich, Temkin, and Sips 

(Figure 10, Table 1). Among these, the Langmuir 

model exhibited the best fit to the experimental data 

(R2 = 0.963), indicating that MB adsorption 

predominantly followed monolayer coverage on a 

relatively homogeneous surface. The calculated 

maximum adsorption capacity (𝑄𝑚𝑎𝑥) from the 

Langmuir model was 148.214 mg/g, which is 

significantly higher than many other agricultural 

waste-derived adsorbents. For instance, Spathodea 

campanulata, coconut husk, coal, and areca residue 

biochar–based activated carbons exhibited adsorption 

capacities of 86.21, ~15.5, 15, and 127.2 mg/g, 

respectively [43], [59]–[61]. Even in our previous 

study using NaCl activation, melinjo shell waste–

based carbon only reached 62.5 mg/g [31]. These 

comparisons confirm that NaOH activation 

substantially improves the adsorption performance of 

melinjo shell waste activated carbon. 

 

 
Figure 10: Isotherm fitting non-linear model of MB 

removal using MSAC. 

 

The Freundlich model provided a relatively good 

fit (R2 = 0.930), with an adsorption intensity factor (n 

= 1.947) within the favorable range (1 < n < 10), 

indicating heterogeneous surface adsorption and the 

possibility of multilayer uptake. The high KF value 

(56.252 mg/g) further suggests a strong interaction 

between MB molecules and the MSAC surface, 

consistent with both chemisorption and physisorption 

mechanisms. The Temkin model also showed 

reasonable agreement (R2 = 0.950), reflecting a 

decrease in the heat of adsorption with surface 

coverage, which implies that adsorbate–adsorbate 

interactions and surface heterogeneity play a role.  

The Temkin constant (B = 85.655 mg/g) supports 

moderate binding energy, aligning with electrostatic 

interactions between cationic MB and oxygenated 

groups on MSAC. The Sips model, which combines 

Langmuir and Freundlich features, exhibited the 

lowest correlation (R2 = 0.913) compared to the other 

models, suggesting that while surface heterogeneity 

exists, monolayer adsorption dominates under the 

studied conditions. The Sips exponent (nS = 2.004), 

greater than 1, also indicates favorable adsorption, but 

the relatively lower fit suggests that the model 

provides no significant advantage over Langmuir in 

describing this system.
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Table 1: Isotherm model for MB adsorption using 

MSAC. 
Isotherm model Parameter Unit Value 

Freundlich 𝐾𝐹 mg/g 56.252 

𝑞𝑒 =  𝐾𝐹 𝐶𝑒

1
𝑛 

n – 1.947 

R2 – 0.930 

Langmuir 𝑄𝑚𝑎𝑥 mg/g 148.214 

𝑞𝑒 =  
𝑄𝑚 𝐾𝐿𝐶𝑒

1 + 𝐾𝐿 𝐶𝑒

 
𝐾𝑙 L/mg 0.614 

R2 – 0.963 

Temkin B mg/g 85.655 

𝑞𝑒 = 𝐵 × 𝐿𝑛 (𝐴𝐶𝑒) 
A L/mg 4.520 

R2 – 0.950 

Sips 𝑄𝑚𝑠 mg/g 99.752 

𝑞𝑒 =  
𝑄𝑚𝑠 𝐾𝑠 𝐶𝑒

𝑛𝑠

1 + 𝐾𝑠 𝐶𝑒
𝑛𝑠

 
𝐾𝑠 L/mg 1.142 

𝑛𝑠 – 2.004 

R2 – 0.913 

𝐾𝐹, Freundlich constant related to adsorption capacity (mg/g); n, 

Freundlich intensity parameter indicating adsorption favorability; 

𝑄𝑚𝑎𝑥, maximum monolayer adsorption capacity (mg/g);  

𝐾𝑙, Langmuir adsorption equilibrium constant (L/mg); B, Temkin 

constant related to adsorption heat (mg/g); A, Temkin equilibrium 

binding constant (L/mg); 𝑄𝑚𝑠, maximum adsorption capacity from 

the Sips model (mg/g); 𝐾𝑠, Sips equilibrium constant (L/mg);  

𝑛𝑠, Sips model exponent indicating surface heterogeneity; R2, 

correlation coefficient. 

 

Table 2:  Comparison of 𝑄𝑚𝑎𝑥  of MB adsorption 

using various adsorbents. 
Adsorbent-

Based–AC  

Activation 

Method 

Chemical 

Activator 

𝑸𝒎𝒂𝒙 

(mg/g) 
Ref. 

Coconut husk Physical 

and 

chemical 

H3PO4 ~15.5 [43] 

Bamboo Chemical KOH 67.5 [62] 

spathodea  

campanulate  

Chemical 

and 

thermal 

H3PO4 86.2 [59] 

Coal Chemical KOH 15.0 [60] 

Areca residue 

biochar 

Chemical NaOH 127.2 [61] 

Peanut stick 

wood 

Chemical HCl and 

HNO3 

2.6 [63] 

Sugarcane 

bagasse  

Chemical KOH 136.5 [64] 

coconut shell Chemical NaOH 50 – 100 [65] 

Melinjo shell 

waste 

Chemical NaCl 62.5 [31] 

Glucose Chemical KOH 61 [66] 

G. gnemon 

shell waste 

Chemical NaOH 148.214 This 

work 

 

The non–linear isotherm analysis confirms that 

the adsorption of MB onto MSAC is primarily 

governed by Langmuir–type monolayer 

chemisorption, facilitated by electrostatic interactions 

and π–π electron donor–acceptor interactions between 

the aromatic structures of MB and the delocalized π–

electron system of the activated carbon. Meanwhile, 

the partial fit of the Freundlich and Temkin models 

suggests additional contributions from surface 

heterogeneity and weaker multilayer interactions at 

higher concentrations. This dual adsorption 

mechanism, dominated by Langmuir behavior, 

underpins the remarkably high adsorption capacity of 

MSAC and demonstrates its strong potential as an 

efficient and sustainable adsorbent for dye–polluted 

wastewater. 

Overall, the isotherm analysis demonstrates that 

NaOH activation effectively increases surface 

porosity and introduces oxygen–containing functional 

groups, thereby enhancing the affinity of MSAC 

toward cationic dyes such as methylene blue. The 

predominant Langmuir behavior confirms that 

adsorption occurs mainly through monolayer 

chemisorption involving electrostatic attraction, ion 

exchange, and possible π–π interactions. At the same 

time, the partial Freundlich contribution suggests 

some degree of multilayer physisorption at higher 

concentrations. Such a dual mechanism, dominated by 

Langmuir–type interactions, underpins the 

remarkably high adsorption capacity of MSAC 

(148.214 mg/g), which substantially exceeds that of 

many other agricultural waste–derived adsorbents 

(Table 2). This highlights the superior potential of 

MSAC as a cost–effective and sustainable material for 

dye–laden wastewater treatment. To further verify the 

adsorption mechanism and evaluate the rate–limiting 

step, kinetic studies using pseudo-first-order (PFO) 

and pseudo–second–order (PSO) models were 

performed. 

Although direct adsorption tests using 

unactivated MSC were not performed, the 

comparative characterization results (SEM–EDX and 

FTIR) clearly demonstrate the significant 

improvement in surface morphology, elemental 

composition, and functional group enrichment after 

NaOH activation. These findings strongly indicate that 

the enhanced adsorption performance of MSAC 

primarily arises from the activation–induced 

development of porosity and active surface sites. 

Future studies should include a direct adsorption 

comparison between MSC and MSAC to 

quantitatively confirm this enhancement. 

 

3.3.5  Adsorption kinetics studies 

 

To further elucidate the MB adsorption mechanism 

onto MSAC, the kinetic data were analyzed using 

non–linear pseudo–first–order (PFO) and pseudo–

second–order (PSO) (Table 3, Figure 11). The PFO 

model yielded an R2 value of 0.988 and an estimated 

adsorption capacity (58.192 mg/g) lower than the 

experimental value (59.67 mg/g), suggesting that PFO 

is not the most suitable model to represent the MB 

uptake process. In contrast, the PSO model exhibited 
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an excellent correlation (R2 = 0.999) and provided a 

calculated adsorption capacity (60.378 mg/g) close to 

the experimental value. This superior agreement 

indicates that the adsorption of MB onto MSAC is 

predominantly governed by chemisorption, involving 

valence forces through electron sharing or exchange 

between MB molecules and surface functional groups. 

This behavior reflects the surface heterogeneity of 

MSAC, where a distribution of activation energies 

governs the adsorption process. 

 

 
Figure 11: Adsorption kinetic model of MB removal 

using MSAC. 

 

The dominance of the PSO model is fully 

consistent with the Langmuir isotherm results (𝑄𝑚𝑎𝑥  

= 148.214 mg/g, R2 = 0.963), confirming that MB 

adsorption on MSAC mainly occurs via monolayer 

chemisorption on a relatively homogeneous surface. 

Comparable behaviors have been reported for other 

agricultural waste–derived carbons. For instance, 

activated carbons derived from areca residue biochar 

[61], peanut stick wood [63], and olive pits [67] also 

demonstrated Langmuir–PSO dominance, attributed 

to abundant oxygenated surface functionalities that 

enhance electrostatic binding with cationic dyes. The 

present study, however, reports a notably higher 

adsorption capacity (148.214 mg/g), underscoring the 

efficiency of MSAC in dye removal compared with 

many other biomass–derived adsorbents. 

 

Table 3: Adsorption kinetics parameters of MB 

removal using MSAC. 
Kinetic Models Parameters Value 

Pseudo–first–order 𝑄𝑒 58.192 mg/g 

𝑞𝑡 =  𝑞𝑒 (1 − 𝑒−𝑘1𝑡) K1 11.861 1/min 

R2 0.988 

Pseudo–second–order 𝑄𝑒 60.378 mg/g 

𝑞𝑡 =  
𝑘2 𝑞𝑒

2 𝑡

1 + 𝑘2 𝑞𝑒 𝑡
 

K2 0.025 g/(mg.min) 

R2 0.999 

𝑄𝑒, equilibrium adsorption capacity (mg/g); K1, pseudo–first–order 

rate constant (1/min); K2, pseudo–second–order rate constant 

(g/(mg.min)); R2, correlation coefficient. 

 
Figure 12: Proposed adsorption mechanism of MB 

onto MSAC. 

 

The coupled isotherm–kinetic analysis confirms 

that MB adsorption onto MSAC is primarily a 

chemisorption–driven process occurring on 

homogeneous active sites. The process is 

characterized by rapid uptake and high capacity, 

rendering MSAC a highly promising adsorbent for 

wastewater remediation. A schematic representation 

of the proposed adsorption mechanism, highlighting 

electrostatic attraction, π–π interactions, and site 

heterogeneity, is illustrated in Figure 12. 

The overall findings demonstrate that NaOH 

activation significantly enhances MSAC adsorption 

efficiency toward MB dye. While these results 

confirm the strong adsorption potential of MSAC for 

MB removal, further evaluation of its long-term 

performance remains necessary. In particular, 

desorption and reusability studies were not performed 

in the present work. Such experiments are essential to 

assess the regeneration potential and operational 

stability of MSAC in practical wastewater treatment 

systems. Future investigations should therefore 

include cyclic adsorption–desorption experiments 

using mild eluents, such as ethanol, NaCl, or dilute 

acids, to evaluate the stability, regeneration efficiency, 

and possible structural degradation of MSAC after 

repeated use. Including these data would provide 

valuable insights into the economic feasibility and 

sustainability of the adsorbent. 

 

4 Conclusions 

 

This study demonstrated the efficient methylene blue 

(MB) adsorption from aqueous solution using NaOH-

activated carbon derived from melinjo shell waste 

(MSAC). This is the first reported study utilizing 

π–π stacking 
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NaOH activation for G. gnemon shell waste biomass, 

highlighting its novelty as a sustainable precursor for 

high-performance activated carbon. Optimal 

adsorption conditions were achieved rapidly at pH 7 

and 35 min, even at a relatively high initial 

concentration of 200 ppm, making MSAC suitable for 

treating dye-rich wastewater. The maximum 

adsorption capacity reached 148.214 mg/g, which is 

more than twice that of previously reported G. 

gnemon–based carbons activated by physical or NaCl 

treatment. Equilibrium data were best described by the 

Langmuir isotherm, indicating monolayer adsorption 

on a homogeneous surface. Kinetic studies revealed 

that the adsorption process followed the pseudo-

second-order (PSO) model, suggesting chemisorption 

as the dominant mechanism through electron 

exchange and strong interactions between MB 

molecules and oxygenated functional groups of 

MSAC. The results confirm that NaOH activation 

significantly enhances pore development and surface 

reactivity, leading to superior dye adsorption 

efficiency. Overall, MSAC shows promise as a low-

cost, fast-acting, and high-capacity adsorbent for dye-

laden wastewater treatment. Future work should 

include pHPZC and BET surface area analyses to 

quantitatively confirm the surface charge behavior and 

porosity characteristics of MSAC, as well as 

adsorption–desorption cycle experiments to evaluate 

its regeneration potential and long-term performance. 
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