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Abstract—The adsorptive removal of Malachite Green (MG) 
using Bamboo-derived Activated Carbon (BAC) was 
investigated. Bamboo biochar was chemically activated with 
KOH and carbonized at 700 °C for 3 h to produce BAC. The 
prepared material was characterized using Scanning Electron 
Microscope (SEM), Carbon, Hydrogen, Nitrogen, Sulfur 
(CHNS), X-Ray Diffraction (XRD), Fourier Transform Infrared 
Spectroscopy (FT-IR), and Brunauer Emmett Teller (BET) 
analyses. Batch adsorption experiments were conducted using 
an adsorbent dosage of 0.25 g in 50 mL of MG solution to 
evaluate the effects of initial dye concentration and contact time 
on adsorption performance. The characterization results 
confirmed that BAC possesses favorable surface and textural 
properties for MG adsorption. Adsorption equilibrium was 
achieved within 60 min, and the equilibrium data were better 
described by the Langmuir isotherm model than by the 
Freundlich model, indicating that MG adsorption occurs 
predominantly via a favorable monolayer physisorption 
mechanism. 

Keywords—adsorption, activated carbon, bamboo, malachite 
green, wastewater   

I. INTRODUCTION

Water pollution is one of the most serious global 
environmental issues. This pollution mainly arises from rapid 
urbanization and industrialization. A major source of water 
contamination is the direct discharge of wastewater 
containing synthetic dyes. Among these dyes, Malachite 
Green (MG), a cationic triphenylmethane dye with the 
chemical formula C23H25ClN2, is widely used in the textile, 
pigment, paper, pulp, wool, and silk industries. Due to its 
complex aromatic structure, MG is highly resistant to 
degradation in aquatic environments. The presence of MG in 
water poses significant toxicity to aquatic organisms and can 
also endanger human health, causing teratogenicity, 
carcinogenicity, and even paralysis through the consumption 
of contaminated water [1]. Therefore, a pretreatment process 
is essential before wastewater containing MG is discharged 
into the environment.  

Among various treatment methods, adsorption is 
considered one of the most effective approaches because of 
its simple design and operation, low energy consumption, 
cost-effectiveness, and ease of adsorbent regeneration [2–3]. 
Owing to these advantages, many recent studies on 
wastewater pretreatment have focused on adsorption 
techniques. Activated Carbon (AC) is one of the most 

commonly used adsorbents worldwide. It is typically 
produced from carbon-rich precursors such as coconut shells, 
bamboo, and other lignocellulosic biomass materials. The 
preparation process of AC involves two key stages: pyrolysis 
and activation. During pyrolysis, volatile components and 
most of the hydrogen, oxygen, and nitrogen are removed, 
thereby increasing the fixed carbon content. The subsequent 
activation process enhances the surface area and pore volume 
of the resulting charcoal. Activation can be achieved through 
physical, chemical, or combined methods. Compared to 
physical activation, chemical activation generally produces 
higher surface areas and larger total pore volumes [4–6], 
while also requiring lower activation temperatures. Among 
the various chemical agents, potassium hydroxide (KOH) is 
widely used because it produces well-developed pore 
structures and high surface areas [4–5, 7–8]. During 
activation, the reaction between potassium species and the 
carbon framework generates metallic potassium and gaseous 
products that expand the lattice and create micro- and 
mesopores. The main reactions can be represented as 
follows [7]: 6KOH + 2C → 2K + 3Hଶ + 2KଶCOଷ	   (1) KଶCOଷ → KଶO + COଶ     (2) 

 COଶ + C → 2CO  (3) 2C + KଶCOଷ → 2K + 3CO   (4) KଶO + C → 2K + CO  (5) 

These reactions promote the intercalation of metallic 
potassium into the carbon matrix and the evolution of gases 
(H2, CO2, CO), leading to lattice expansion and pore 
formation. Upon washing to remove potassium residues, a 
highly porous carbon structure remains, which is favorable 
for adsorption applications. 

According to previous studies, bamboo-derived activated 
carbon has been used for the removal of various pollutants 
such as heavy metals [9, 10], rhodamine B [11], methylene 
blue [12], and methyl orange [13]. However, reports on the 
use of Bamboo Activated Carbon (BAC) for the removal of 
MG from wastewater remain limited. 

In this study, the adsorptive removal of MG from synthetic 
wastewater using BAC prepared via KOH activation was 
investigated. The effects of key parameters, including contact 
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time and initial dye concentration, were evaluated in a batch 
adsorption system. The findings of this study aim to highlight 
bamboo-derived activated carbon as an environmentally 
friendly and sustainable adsorbent for wastewater treatment 
applications. 

II. MATERIALS AND METHODS 

A. Materials 

Bamboo used in this study was obtained from a local forest 
farm in Nakorn Ratchasima Province, Thailand. All 
chemicals used were analytical grade. Hydrochloric acid 
(HCl) and KOH were supplied by KemAus (Australia) and 
MG was purchased from Loba Chem (India).   

B. Preparation of Activated Carbon from Bamboo 

Bamboo was initially cut into small pieces, washed with 
deionized water to remove surface dust, and dried in an oven 
(OF-01E, JEIO TECH) at 105 °C overnight. A fixed amount 
of the dried bamboo (approximately 10 g) was placed in a 
furnace (CWF 1100, Carbolite) and carbonized at 400 °C for 
3 h without gas purging. The resulting carbonized bamboo 
was then cooled to room temperature and mixed with a KOH 
solution at a mass ratio of carbonized bamboo to KOH of 1:4. 
The mixture was stirred for 30 min and subsequently aged for 
24 h. After aging, the sample was separated by filtration and 
dried in an oven at 105 °C overnight. The dried material was 
then activated in the furnace at 700 °C for 3 h. After activation, 
the AC was washed with 0.1 M HCl, followed by deionized 
water until a neutral pH was reached. Finally, the sample was 
dried in the oven and characterized using scanning electron 
microscopy (SEM; JSM-IT300, JEOL), elemental analyzer 
(Flashsmart, Thermo), X-ray diffraction (XRD; D8 Discover, 
Bruker), Fourier-transform Infrared spectroscopy (FT-IR; 
INVENIO S, Bruker), and Brunauer-Emmett-Teller analysis 
(BET; Autosorb Automated gas sorption analysis, 
Quantachrome Instruments). 

C. Adsorption Experiments 

Adsorption experiments were conducted in batch mode by 
adding 0.25 g of BAC to 50 mL of MG solution with initial 
concentrations ranging from 10 to 500 mg/L. The solution 
was stirred using a magnetic stirrer (SP-200T, Miulab) at a 
constant speed of 350 rpm and the temperature was 
maintained at 30 °C. Samples were withdrawn at 
predetermined time intervals ranging from 5 to 180 min. The 
adsorbent was separated using a nylon syringe filter (0.45 µm, 
Anpell). The residual concentration of MG in the filtrate was 
determined using a UV-Visible spectrophotometer (T60 V, 
PG Instruments) at a wavelength of 617 nm. The amount of 
MG adsorbed at time t ሺݍ௧ሻ was calculated using Eq. (6).  

௧ݍ   = ሺ஼బି஼೟ሻ௏ௐ 	                   (6) 

where ܥ଴  and ܥ௧  are the initial concentration and the 
concentration of MG at time t (mg/L), respectively, ܸ is the 
volume of solution (mL) and ܹ is weight of the adsorbent (g). 

III. RESULTS AND DISCUSSION 

A. Characterization of BAC 

Scanning Electron Microscope (SEM) analysis was 

performed to examine the surface morphology of bamboo 
charcoal (before activation) and BAC (after activation). The 
results are shown in Fig. 1. As seen in Fig. 1(a), the surface 
of the bamboo charcoal appears relatively smooth and 
compact. After activation, the material becomes highly 
porous with numerous cavities and irregular channels 
(Fig. 1(b)), confirming the successful transformation of 
bamboo charcoal into BAC. The formation of these pores can 
be attributed to the KOH activation process, during which 
reactions between potassium species and the carbon 
framework generate gaseous products and promote lattice 
expansion, as discussed earlier in the introduction. 
 

 
(a) 

 

 
(b) 

Fig. 1. SEM images of (a) bamboo charcoal before activation and (b) BAC 
after KOH activation at 700 °C for 3 h. 

 

Elemental (CHNS) analysis was performed to determine 
the composition of carbon, hydrogen, nitrogen, and sulfur in 
the BAC. The results are summarized in Table 1. The carbon 
content of the BAC is approximately 79%, indicating that 
carbon is the predominant element in the material. The 
relatively low hydrogen and nitrogen contents suggest the 
removal of most organic and volatile components during 
carbonization and activation. These results are consistent 
with those reported for activated carbon prepared from other 
lignocellulosic materials [14–16]. 
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Table 1. Element composition of BAC 

Element % wt. 
C 79.15 
H 1.53 

N 0.36 

S - 

O (by difference) 18.96 

 

XRD analysis was performed to examine the crystal 
structure and degree of crystallinity of the BAC. The XRD 
pattern is shown in Fig. 2. The diffraction pattern exhibits a 
broad peak in the range of 2θ = 15°–25° and the absence of 
any sharp diffraction peaks, indicating that the material 
possesses a predominantly amorphous structure. Such an 
amorphous nature is a characteristic of AC and is considered 
favorable for adsorption applications due to the presence of 
numerous disordered sites that can enhance adsorptive 
interactions. 

 
Fig. 2. XRD pattern of BAC. 

 

 
Fig. 3. FT-IR spectrum of BAC. 

 

FT-IR analysis was conducted to identify the surface 
functional groups of the BAC. The FT-IR spectrum (Fig. 3) 
shows weak and broad absorption bands at approximately 
1390–1370, 870, and 690 cm−1. The band at 1390–1370 cm−1 
can be attributed to the deformation vibration of aliphatic  
–CH3 groups or, alternatively, to the symmetric stretching of 
minor carboxylate (–COO−) species. The bands at around 870 
cm−1 and 690 cm−1 correspond to out-of-plane aromatic C–H 
bending modes [17], indicating the presence of residual 
aromatic fragments and condensed aromatic domains within 
the carbon matrix. The absence of strong absorption bands 
corresponding to hydroxyl (–OH), carbonyl (C=O), and 
carboxyl (–COOH) groups suggests that most oxygenated 
surface functionalities were decomposed during high-
temperature activation [18]. This reduction in surface oxygen 
is consistent with the carbonization process and supports the 

formation of a predominantly amorphous carbon framework, 
as confirmed by the XRD results. Nevertheless, Carbon, 
Hydrogen, Nitrogen, Sulfur (CHNS) analysis indicates that 
the material still contains approximately 19 wt.% oxygen, 
implying the presence of a small amount of residual oxygen-
containing groups such as –OH, C=O, and –COOH, although 
they were weakly detected by FT-IR. 

BET analysis was employed to determine the specific 
surface area, total pore volume, and average pore diameter of 
the prepared BAC, and the results are summarized in Table 2. 
The BAC exhibited an average pore diameter of 1.19 nm, 
indicating a predominantly microporous structure (<2 nm), 
which is comparable to BAC prepared using other chemical 
activating agents, particularly potassium carbonate 
(K2CO3) [11, 19–21]. This pore size is larger than the 
molecular dimension of MG (≈ 0.82 nm) [22], suggesting that 
the pore structure of the BAC is suitable for MG adsorption 
via a micropore-filling mechanism. The BET surface area and 
total pore volume of the BAC were 395.82 m2/g and 0.22 
cm3/g, respectively. These values are relatively lower than 
those reported in previous studies for BAC prepared with 
KOH, as well as with other chemical activating agents [11, 
12, 19–21]. Such differences in textural properties can be 
attributed to variations in activation parameters, including 
activation temperature, activation duration, and activating 
agent-to-char ratio, as higher temperatures and increased 
chemical impregnation ratios have been shown to promote 
more extensive pore development and significantly higher 
surface areas [23, 24]. Nevertheless, the activation conditions 
employed in this study produced a well-developed 
microporous AC structure that is adequate for effective MG 
adsorption, while further optimization of activation 
parameters could enhance the surface area and pore volume. 

Overall, the characterization results confirm that the 
prepared BAC possesses a carbon-rich, porous, and 
amorphous structure with a moderately large surface area and 
limited but active oxygen functionalities, making it favorable 
for dye adsorption. 

 
Table 2. BET surface area, pore volume, and pore diameter of BAC 

Material 
Total surface 
area (m2/g) 

Total pore 
volume (cm3/g) 

Average pore 
diameter (nm) 

Bamboo activated 
carbon 

395.82 0.22 1.19 

 

B. Adsorption Experiment Results 

Preliminary batch adsorption experiments were conducted 
to determine the equilibrium adsorption time at different 
initial concentrations of MG. The results, as shown in Fig. 4, 
indicate that MG adsorption increases rapidly during the 
initial stage of the process. For an initial concentration of 20 
ppm, rapid adsorption occurs within the first 20 min, whereas 
for initial concentrations of 50 and 100 ppm, this rapid uptake 
extends to approximately 60 min. After this initial period, the 
adsorption rate gradually decreases until equilibrium is 
reached at around 120 min for all concentrations. The fast 
uptake at the early stage is associated with the large number 
of available adsorption sites on the surface of the activated 
carbon. As adsorption proceeds, these sites are progressively 
occupied, leading to a decrease in the adsorption rate and the 
eventual attainment of equilibrium. Moreover, higher initial 
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MG concentrations result in faster adsorption rates due to an 
increased concentration gradient between the bulk solution 
and the adsorbent surface, which enhances the mass-transfer 
driving force. To ensure that adsorption equilibrium was fully 
achieved in subsequent adsorption isotherm studies, a contact 
time of 180 min was selected for all experiments. 

 
Fig. 4. Adsorption kinetics of MG onto BAC at different initial 

concentrations (20, 50, and 100 mg/L) with an adsorbent dosage of 0.25 g. 

 
The adsorption isotherm study was conducted in a batch 

system by varying the initial concentration of MG from 10 to 
500 mg/L. The equilibrium adsorption behavior is presented 
in Fig. 5. As shown, the equilibrium adsorption capacity (ݍ௘, 
mg/g) increased rapidly and almost linearly at low 
equilibrium concentrations (ܥ௘ , mg/L), particularly below  
20 mg/L. This behavior can be attributed to the abundant 
availability of active adsorption sites on the adsorbent surface 
and the strong concentration gradient between the bulk 
solution and the adsorbent, which provides a high driving 
force for mass transfer. As the equilibrium concentration 
increased further, the increase in qୣ  became more gradual 
and eventually approached a plateau, indicating that the 
available adsorption sites were progressively occupied and 
that the maximum adsorption capacity (qmax) had been 
reached. This adsorption trend suggests a surface-saturation-
controlled process with a finite number of active sites on the 
BAC.  

 

 
Fig. 5. Adsorption isotherm of MG onto BAC, obtained at various initial 
concentrations (10–500 mg/L) with an adsorbent dosage of 0.25 g and a 
contact time of 180 min, fitted with Langmuir and Freundlich models. 
 

The adsorption equilibrium behavior was analyzed using 
the Langmuir and Freundlich isotherm models, as expressed 
in Eqs. (7) and (8), respectively: qୣ = ୯ౣ౗౮୏ైେ౛ଵା୏ైେ౛                   (7) 

  qୣ = K୊Cభୣ౤	             (8) 

where ܭ௅  (L/mg) is the Langmuir constant related to 

adsorption affinity, and ܭி  ((mg/g)(L/mgሻభ౤) and n are the 
Freundlich constants associated with adsorption capacity and 
adsorption intensity, respectively. 

The isotherm parameters obtained from the experimental 
data, together with the corresponding correlation coefficients 
(R2), are summarized in Table 3. The Langmuir model 
exhibited a significantly higher correlation coefficient (R2 = 
0.9995) than the Freundlich model (R2 = 0.8560), indicating 
that the Langmuir model provides a better description of the 
adsorption equilibrium, particularly at higher equilibrium 
concentrations, as shown in Fig. 5. This result suggests that 
adsorption predominantly occurs through monolayer 
coverage on an energetically homogeneous surface, where 
each adsorption site accommodates a single adsorbate 
molecule. 

 
Table 3. Langmuir and Freundlich model parameters 

Model Parameter Value 

Langmuir 
 ௅ (L/mg) 0.212ܭ ௠௔௫ (mg/g) 336.50ݍ

R2 0.9995 

Freundlich 
ிܭ 	ቆሺmg/gሻሺL/mgሻ1nቇ 62.6 ݊ 3.09 

R2 0.8560 

 

The favorability of the adsorption process was further 
evaluated using the Langmuir separation factor (RL), 
calculated according to Eq. (9): 

  R୐ = ଵଵା୏ైେబ	              (9) 

The obtained ܴ௅ values ranged from 9.34 ൈ 10ିଷ  to 3.21 ൈ 10ିଵ, falling within the range 0൏ ܴ௅ ൏1, confirming 
favorable adsorption behavior. In addition, the Freundlich 
constant n was greater than 1 (݊ = 3.09), further supporting 
that the adsorption process is favorable and mainly governed 
by physisorption [25–26]. 

The adsorption mechanism can be attributed to the 
combined effects of surface chemistry and pore accessibility 
of the BAC. Residual oxygen-containing functional groups, 
as indicated by CHNS and FT-IR analyses, may contribute to 
adsorption through electrostatic interactions and hydrogen 
bonding. Since MG is a cationic dye, electrostatic attraction 
between the positively charged dye molecules and negatively 
charged surface sites plays an important role. In addition, π–
π interactions between the aromatic rings of MG and the 
graphitic domains of the carbon framework may further 
enhance adsorption. The favorable pore structure identified 
by BET analysis enables effective diffusion of dye molecules 
into the internal adsorption sites, supporting the observed 
high adsorption capacity and rapid attainment of 
equilibrium [27]. 

A comparative evaluation of qmax of the prepared BAC with 
other reported adsorbents for MG removal is summarized in 
Table 4. As shown, the BAC prepared in this study exhibits a 
higher qmax than several biochar-based materials derived from 
different biomass sources [1, 28, 29]. This observation 
suggests that chemical activation of biochar to activated 
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carbon is a crucial step in enhancing surface area and pore 
development, which in turn significantly improves the 
adsorption performance toward MG. However, the qmax of the 
prepared BAC is relatively lower than that reported for 
activated carbons derived from jackfruit peel and almond 
shell [30, 31]. This difference can be mainly attributed to the 
comparatively lower specific surface area and pore volume of 
BAC, as discussed in the BET analysis. Therefore, further 
enhancement of adsorption performance may be achieved 
through optimization of activation conditions, such as 
activating agent ratio and activation temperature, to promote 
pore development and increase surface area. In addition, post-
activation surface modification by introducing appropriate 
functional groups (e.g., –COOH, –SO3H, –OH, and –NH2) 
has been reported to effectively enhance surface charge 
density and adsorption affinity toward cationic dyes [32, 33]. 
The combined optimization of activation conditions and 
surface functionalization is thus expected to further improve 
the adsorption capacity of BAC for MG removal. 

 
Table 4. The maximum capacity of MG adsorbed by various adsorbents 

Material qmax (mg/g) Reference 
BAC 336.50 In this study 

Algae biochar 1.98 [1] 
Peanut shell biochar 202.18 [28] 

Almond shell biochar 120.21 [29] 
Jackfruit peel activated carbon 376.33 [30] 
Almond shell activated carbon 363.60 [31] 

IV. CONCLUSION 

Bamboo-derived AC was successfully applied for the 
adsorption of MG from synthetic wastewater. Material 
characterization confirmed that BAC possesses favorable 
surface and textural properties for MG dye adsorption. Batch 
experiments showed rapid adsorption with equilibrium 
reached within 60 min, and isotherm analysis indicated that 
the Langmuir model best described the adsorption behavior. 
These findings suggest that BAC is an effective adsorbent for 
MG removal from aqueous systems.  
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