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Abstract

The widespread use of synthetic dyes in various industries has led to
severe water pollution due to their toxic, mutagenic, and carcinogenic
properties. This study investigates the potential application of an
adsorbent prepared from confiscated cigarette tobacco for methylene
blue (MB) removal. The adsorption performance of chemically treated
confiscated cigarettes (CCC) was compared with untreated confiscated
cigarettes (CC) and commercial activated carbon (CAC). The effects of
contact time, initial MB concentration, adsorbent dosage, and solution
pH on the MB removal efficiency were evaluated. SEM analysis of CCC
revealed an increased in pore formation and structural modification,
while FTIR confirmed the presence of carboxyl functional groups,
indicating successful chemical activation. The optimum conditions for
MB removal were 180 minutes of contact time, pH 8, with the
adsorption capacity of 8.38 mg/g. Isotherm analysis showed that MB
removal followed the Langmuir model (R* = 0.9734), indicating
monolayer coverage, while kinetic data fitted the pseudo-second-order
model (R* = 0.9861), suggesting chemisorption as the dominant
mechanism involving strong adsorbate-adsorbent interactions and
improved adsorption stability. CCC exhibited higher adsorption
efficiency than CC, although CAC remained superior. This study
introduces a novel waste management approach for the increasing
quantities of confiscated cigarette waste generated due to stringent
anti-smuggling enforcement. Overall, CCC demonstrates promising
potential and economic feasibility as an alternative adsorbent,
particularly for small-scale wastewater treatment applications.

This is an open access article under the CC BY-NC-SA 4.0 license.

©I8Q



Int. Journal of Integrated Engineering Vol. 18 No. 3 (2026) p. 210-226

211

1. Introduction

Rapid urbanization and industrialization have disrupted existing water resources. This is due to the increased
pollution and inefficient water treatment systems. This scenario has contributed to an increasing demand for fresh
water [1]. Industrial wastewater primarily consists of organic and inorganic substances, as well as highly toxic
and hazardous substances such as dyes and heavy metals. Dyes are extensively utilized to impart color to a wide
range of materials. The annual worldwide production of synthetic dyes is approximately 7x105 tons. There are
over 10,000 types of known dyes and pigments [2], [3]. The textile industry is considered as the major contributor
to water pollution, contributing about 20%, as reported by the World Bank Report [4]. Apart from textiles, dyes
are widely used in various sectors, namely printing, pharmaceuticals, food, cosmetics, plastics, and paper. As a
result, massive amounts of polluted wastewater have been produced, destroying aquatic ecosystems and polluting
the water supply. The toxic, carcinogenic, and mutagenic effects of dyes were attributed by their molecular
structures [5].

Dyes have been known for their detrimental effects on the ecosystem, human health, and the environment.
Lellis et al. [5] reviewed the effects of dye contamination from textile industries in detail. To address this, several
treatment methods have been proposed [6]. These methods include the coagulation-flocculation, oxidation,
membrane separation, ion exchange, photochemical treatment, biological processes, and adsorption [7]. The
advantages and limitations of these methods were compared in Table 1. Although these methods showed a high
efficiency, they are often associated with high costs, require a large amount of energy, and produce sludge as
byproducts. Table 2 provides a summary of prior studies on the removal of methylene blue (MB) using these
methods. The limitations as outlined in Table 1 underscore the need for more cost-effective alternatives for dye
removal [8]. Among various physicochemical treatment methods, adsorption is one of the preferred and most
utilized method. Adsorption is governed by mass transport. This process involves the movement of a substance
from the liquid phase to the solid’s surface, where it adheres through physical and/or chemical interactions. Since
its first introduction for dye removal, activated carbon has gained popularity and is commonly used as an
adsorbent in wastewater treatment.

Commercial activated carbon (CAC) is commonly produced from coal, coconut shells, lignite, or wood. Its high
surface area and well-developed porosity make it a standard benchmark material in adsorption studies. Generally,
there are two types of activation methods: chemical and physical. In physical activation, high temperatures and
longer activation times are required compared to chemical activation. However, in chemical activation, thorough
washing is necessary due to the use of chemical agents. The activation process enhanced the pores’ opening and
enlarged existing pores, resulting in a net increase in surface area. Previous studies have frequently employed CAC
for dye removal, as seen in the work of Dehmani et al. [9] for methyl orange adsorption and Kannan & Sundaram
[10], who compared CAC with other bio-based adsorbents for MB removal. Rafatullah et al. [11] published a review
paper on the effectiveness of CAC in MB removal.

Table 1 Current treatment technologies for dye removal [12]

Technology Advantages Limitations

Coagulation/flocculation

Advanced Oxidation Process

Membrane separation

Ion exchange

Photochemical

Biological treatment method

Adsorption

Cost-effective, straightforward
method.

Swift and effective treatment
process

Capable of eliminating various
types of dyes with high-quality
treated effluent.

Suitable for a wide variety of
dyes, and possibility for
regeneration.

No sludge formation, minimal
chemical usage, and effective
for treating recalcitrant dye.
Effective for removal of certain
dyes.

Cost-effective and widely
accepted method

Significant amount of sludge production,
large particle formation led to waste
management challenges.

High energy consumption, chemical
dependency, by-product generation, and
limited half-life.

High cost due to high-pressure
requirements, limitation in handling high
volume, and thick sludge production.
Expensive due to the requirement for
absorbent regeneration and/or disposal.
Less efficient for dispersing dyes.

Costly, by-product generation, technical
limitation.

Technology is in the development stages
and not yet commercialized.

Involved slow processes, requirement of
optimal environment, and demand for
maintenance and nutrition supply.
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Table 2 Reported studies on methylene blue (MB) removal using different technologies

MB Removal
Technology Summary Efficiency Reference

Biomaterials derived from bentonite and
Opuntia Ficus Indica were used as
substitutes for conventional coagulants and

Coagulation/flocculation  flocculants.
Lignin extracted from palm petiole waste
was utilized for treating various types of 98.26% [14]
pollutants
A Fenton-like system was assessed for its
ability for MB adsorption and degradation
by utilization of Fe2+ion sources from iron

Advanced Oxidation oxide nanoparticles
Process This study focused on optimizing

operational parameters for methylene blue
removal through persulfate oxidation,
using SPS as an oxidant.

98.99% [13]

100% [15]

- [16]

The removal of MB was conducted by

employing (PSF/TiO2) composite

membrane, which undergoes UV-activated
Membrane Separation superwetting ability

The MB removal study was conducted by

utilizing chitosan/adipic acid cross-linked 100% [18]

membrane (CS/AA).

In this study, the ion exchange methods
were used to create iron/bentonite
composite for photocatalytic degradation of
MB.

Ion exchange Clinoptilolite samples ion-exchanged with
zinc chloride at varying concentrations of
clinoptilolite and zinc chloride prepared 95.4% [20]
using solid phase ion-exchange method
were used.

90.8 [17]

100% [19]

Although it is widely used, the cost of activated carbon remains one of the significant drawbacks [21].
Furthermore, complexing agents are required to enhance their effectiveness in removing inorganic substances.
Consequently, its high cost and limited efficiency hindered its widespread applications, especially for small-scale
industries. Recently, there has been a growing emphasis on researching alternative adsorbents to replace costly
activated carbon. Attention has shifted toward adsorbents with high binding capacities that can effectively remove
dyes from contaminated water at lower costs. Natural materials that are abundantly available, as well as industrial
by-products or agricultural biomass, hold promise as inexpensive adsorbents [22]. Given their low cost, these
materials are often disposed of without undergoing regeneration once exhausted. Generally, adsorbents are
considered low-cost if they require minimal processing, are widely available sources, or are generated as waste
or by-products from other industries [23].

Malaysia’s strong stance against cigarette consumption, through the implementation of various strategies,
such as an increase in tax on tobacco products, has led to significant challenges, such as smuggling and illegal trade
of cigarettes. Recent reports indicate that Malaysia has one of the highest rates of illicit cigarette trade globally,
with confiscation amounting to billions of sticks annually [24]. The growing number of confiscated cigarettes
presents an opportunity to reuse them to address issues such as wastewater treatment. Current disposal methods
for confiscated cigarettes, including landfilling and incineration, lead to health hazards through water supply
contamination and air pollution. Ahmad & Hamid [25] published an extensive review on the applications of
cellulose-based material in raw tobacco for aquatic pollution remediation.

However, limited studies have reported on the use of confiscated cigarette tobacco as an adsorbent, despite
its high carbon and cellulose content [26]. Furthermore, the introduction of carboxyl functional groups through
citric acid activation, which may enhance MB uptake, has not yet been explored. Elio et al. [27] published their
findings on lead removal using confiscated cigarettes that were pre-treated with NaOH and ZnCl,. Their study
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found that the adsorption capacity of chemically treated confiscated cigarettes using ZnCl: has improved,
increasing from 56.818 to 84.746 mg/g, as compared to raw confiscated cigarettes.

In this study, we utilized citric acid as a chemical activation agent for tobacco in confiscated cigarettes to
enhance the carboxylic acid content. Surface morphology and functional group analysis of untreated confiscated
cigarettes (CC) and citric acid-treated confiscated cigarettes (CCC) were examined using a scanning electron
microscope (SEM) and Fourier transform infrared spectroscopy (FTIR). Evaluating MB removal performance
under various operational conditions is crucial for designing an effective adsorption system. Therefore, the effects
of contact time, initial MB concentration, solution pH, and adsorbent dosage on the removal of MB were
systematically studied. To further understand the adsorption mechanism, the equilibrium data were interpreted
using the Langmuir and the Freundlich isotherm models. At the same time, the kinetic behavior was assessed
using pseudo-first-order and pseudo-second-order models. The Weber-Morris intraparticle diffusion model was
also applied to determine whether diffusion was the rate-limiting step. This study proposes a practical waste
management strategy by converting confiscated cigarette tobacco into a low-cost adsorbent. The results highlight
the environmental and economic advantages of this approach for sustainable, small-scale wastewater treatment
applications.

2. Materials and Methods

2.1 Adsorbents Preparation

Commercial activated carbon (CAC) (Merck, Germany; analytical grade; particle size 100-200 mesh) was used as
areference sorbent for comparison with untreated confiscated cigarettes (CC) and chemically treated confiscated
cigarettes (CCC). The CAC was acquired locally and used directly without modification. The specifications provided
by the manufacturer are as follows: moisture 8%, pH value 5-6, loss on drying 15%, and ash 5%. Confiscated
cigarettes were obtained from the Royal Malaysian Customs Department, Perlis Branch. Tobacco was separated
from its wrapping and butts. Subsequently, the impurities, such as dust and paper residue, were removed by
rinsing with distilled water. Following this, the tobacco was dried in an oven at 50°C for 24 hours. After that, the
material underwent grinding and sieving to achieve a particle size of 200-250 um. The materials were kept in
closed containers until further use.

2.2 Citric Acid-Treated Confiscated Cigarettes

A mixture of 10 g of tobacco and 50 mL of citric acid (0.5 M) was heated in a muffle furnace at 300°C. The mixture
was then rinsed with distilled water to adjust the pH of the resulting sample to 7. Subsequently, the mixture was
soaked in a 2% sodium bicarbonate solution for 24 h to eliminate excess acid. The mixture was rewashed with
distilled water to remove any residual sodium bicarbonate. After being dried in the oven for 24 h at a temperature
of 50°C, the CCC was ground and sieved to obtain particles with a size of 200-250 pm. Lastly, the CCC samples
were stored in a container until further use.

2.3 Methylene Blue (MB) Preparation

The methylene blue (MB) dye (analytical grade, Sigma-Aldrich) used in this study was obtained from a local
supplier. For 1000 mg/L of MB stock solution, an accurate weight of MB dye was dissolved in deionized water.
Successive dilution was performed to achieve the desired concentrations (Fig. 1). An ultraviolet-visible
spectrophotometer (Hitachi, Model U-2910) was employed to measure the absorbance at 664 nm to determine
the concentration of MB both before and after treatment. The instrument calibration was linear in the range of 1-
100 mg/L (R% = 0.999), and the samples exceeding this range were further diluted to ensure accurate
measurement.

CHj + 2 _CH
3NN S N

|
CH i
= cl

Fig. 1 Structural formula of MB

@ lL':W} ‘ Penerbit



214 Int. Journal of Integrated Engineering Vol. 18 No. 3 (2026) p. 210-226

2.4 Adsorption Study

The batch adsorption experiments were carried out using a cylindrical batch-like contactor (5 cm inner diameter,
50 cm height, with a working volume of 750 mL), as illustrated in Fig. 2. In each run, 500 mL of MB solution was
prepared at a predetermined initial concentration, pH, and adsorbent dosage. The mixture was agitated at 200
rpm and maintained at room temperature (26 = 1 °C). To obtain the desired pH, 0.1 M NaOH or HCI was added to
the MB solution. At the specific time intervals, the MB samples were withdrawn, and the supernatant was
separated by centrifugation at 4500 rpm for 5 minutes. The supernatant was analyzed to determine the residual
MB concentration. The experiments were conducted at various operating conditions at equilibrium, which include
adsorbent dosages (0.2-1.0 g), initial MB concentrations (20-100 mg/L), and solution pH (2-12).

(@ (b)

Fig. 2 Experimental setup for adsorption study (column diameter = 5 cm, column height = 50 cm, agitation speed =
200 rpm) (a) Front view; (b) 3D view

The removal efficiency of MB and the adsorbent capacity were calculated using Eq. 1 and Eq. 2, respectively:

C;
% MB Removal = C—" x 100% 1)

o

Q. = (277 m @

2.5 Adsorption Isotherms

Adsorption isotherms describe the correlation between the adsorption capacity of CCC and the MB concentration
at the equilibrium. In this study, the equilibrium experiment data were fitted to the adsorption isotherm models,
namely the Langmuir and the Freundlich models. In adsorption studies, isotherms are useful in predicting the
mechanisms of the adsorption process; thus, it is critical to have a proper understanding of adsorption isotherms
to improve adsorption mechanism pathways and design effective adsorption systems. In this study, the adsorption
isotherms were examined under optimum conditions (pH 6, contact time 180 min, and adsorbent dosage 1.0 g)
by varying the initial methylene blue concentration from 20 to 100 mg/L.

The adsorption mechanism of MB onto the CCC was investigated utilizing two widely recognized isotherm
models: the Langmuir and the Freundlich models. The Langmuir equation can be expressed as follows (Eqg. 3):

1 _ 1 1 N 1
Qe QmaxKL Ce Qmax

(3)

The constants Qmax and Ki can be determined by plotting (1/Qe) vs. (1/Ce).
A non-linear adsorption model based on the Freundlich isotherm describes multilayer adsorption with a

heterogeneous energy distribution across active sites and interactions with MB molecules. The Freundlich
equation is as follows (Eq. 4):

Qe = KCq (4)
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Eq. (4) above can also be represented as a linearized equation as follows (Eq 5):
log Qe = logK¢ + %log Ce (5)
The values of Krand n can be determined from the plot of log (Qe) vs log (Ce).

2.6 Kinetic Study

A kinetic study is a commonly utilized method for assessing the rate and mechanism of MB removal. The pseudo-
first (PFO) and second-order (PSO) are the most frequently employed kinetic models for these analyses. This study
was conducted at varying contact times while keeping other parameters constant. The rate constant for the PFO
can be determined by utilizing the first-order equation by Lagergren (Eq. 6):

Kyt
log(qe — @) = log(de — -) (6)
where ge and q represent the quantities of dye absorbed (mg g-1) at equilibrium and at a specific time t (min),

respectively, as defined by Eq. 2 and Eq. 7:

(Co—C)W
Q== (7)

where Co and Ce represent the MB’s initial and equilibrium concentrations (mg/L), respectively, V denotes the
volume of the solution (L), and W indicates the mass of the adsorbent (g). Ct are MB concentrations at time t.

In addition to PFO and PSO models, which mainly describe surface reaction kinetics, adsorption can also be
influenced by the rate of dye movement from the bulk solution into the pores of the adsorbent. To examine this
behaviour, the Weber-Morris intraparticle diffusion model is often used. The model is written as (Eq. 8):

qe = kigt®* +C (8)

where ki represents the intraparticle diffusion rate constant, and C reflects the effect of boundary layer
resistance. If the plot of q: versus t05> gives a straight line that passes through the origin, it suggests that
intraparticle diffusion is the only rate-limiting step. However, if the line does not intersect the origin, it means that
other mechanisms, such as film diffusion on the external surface, also control adsorption. In many adsorption
systems, the plot exhibits more than one linear segment, typically representing different stages: rapid external
diffusion at the beginning, followed by gradual diffusion into the pores, and finally a plateau as equilibrium is
achieved. Therefore, applying the Weber-Morris model helps to clarify whether chemisorption alone controls the
kinetics or whether diffusion resistance also plays a role.

2.7 Characterization of Prepared Adsorbents

The surface morphology of CC and CCC was visualized using an FEI Quanta 200 scanning electron microscope. The
PerkinElmer Spectrum Two FTIR spectrometer was used to determine the spectra of the adsorbents for both
prepared adsorbents, CC and CCC, within a wavelength range of 400-4500 cm™™.

3. Result and Discussion

3.1 Effect of Contact Time

The effect of contact time on MB removal using CAC, CC, and CCC was investigated. To evaluate the effect of contact
time on MB removal, the mixing time was varied from 15 to 210 minutes. In this experiment, other parameters
such as adsorbent dosage (1.0 g), pH (6.0), and initial concentration (100 mg/L), were kept constant. For CAC,
rapid removal of MB was achieved at the early stage of the process (0-30 minutes), and equilibrium was reached
after 45 minutes. This is attributed to CAC’s high surface area as well as a well-developed pore structure (Fig. 3).

Both CC and CCC exhibit a rapid adsorption rate during the initial stage of the adsorption process. For CCC,
20.4% and 39.7% of MB removal were recorded after 15 and 30 minutes. While the same pattern was observed
for CC, it shows a slightly lower MB removal rate, with only 13.9% and 32.0% removal after 15 and 30 minutes,
respectively.
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Fig. 3 The effect of contact time on MB removal (adsorbent dosage = 1.0 g, pH = 6, initial concentration = 100
mg/L)

The rapid MB removal by CC and CCC at the initial stage is due to the availability of active sites on the
adsorbent surface. As the contact time increases, this site is gradually occupied, resulting in a decrease in the rate
of MB removal. In addition, the reduction in the rate of MB removal at the later stages was due to several factors,
including diffusion limitations and intraparticle resistance between adsorbed and free MB molecules [28]. The
rate of MB removal by CC and CCC has become constant after 180 minutes, indicating the equilibrium has been
reached. Thus, 180 minutes was used as an equilibrium time for the subsequent study. At the equilibrium, there’s
no further increase in the removal of MB due to the saturation of the active site of the adsorbents.

3.2 Adsorption Capacity for MB Removal

The adsorption capacity is the maximum amount of MB that is removed per unit mass of adsorbent. It is typically
expressed in units of the adsorbate for unit mass of adsorbent (mg/g). This provides valuable insights into the
degree of interaction between the adsorbent and adsorbate under specific conditions. This parameter provides
more accurate information on adsorbent performance than removal efficiency, as adsorbent performance
depends on the initial concentration and dosage. Table 3 compares the adsorption capacity in this study with
reported findings in previous studies on MB removal.

Table 3 Comparison of reported adsorption capacity

L Adsorption
Type of Adsorbent Activation Procedure Capacity (mg/g) Reference
Hazel nut shells  Dried hazel nut shells were mixed with ZnClz (30% 8.82 [29]
wt.), dehydrate at 103 C for 6-24 hr, and activated at
750-850 °C for 2 hr in the presence of Na.
Coir pith Dried coir pith powder (250-500 pm) was mixed 5.87 [30]
with concentrated H2S04 and heated in muffle
furnace.
Coal fly ash Coal fly ash was mixed with ZnClz (30% wt.), 411 [29]

dehydrate at 103 °C for 6-24 hr, and activated at
750-850 °C for 2 hr in the presence of Na.

Walnut shell The oven dried walnut shell was mixed with ZnCl: 3.53 [29]
(30% wt.), dehydrate at 103 °C for 6-24 hr, and
activated at 750-850 °C for 2 hr in the presence of
Nz.

Fir wood Dried fir wood was heated at a rate of 5 C/min from 1.21 [31]

room temperature to 450 °C, in the presence of Na.
The char was then soaked in the concentrated NaOH
solution, followed by oven dried.

Corncob Corncob was used to prepared activated char in the 0.84 [32]
presence of N2. The chars were mixed with KOH and
heated at 130 °C for 24 hr.
Confiscated 8.48 Current study
cigarettes
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Although few adsorbents, such as hazelnut shells and coir pith, have reported similar or slightly higher
adsorption capacities, most of them were produced by using strong acids or alkaline solutions, including H,SO,,
ZnCl,, NaOH, or KOH, at high temperatures. These activation methods can create highly porous structures, which
explains the superior uptake in some cases (e.g., hazelnut shells at 8.82 mg/g). However, they also generate acidic
or alkaline waste that must be neutralized before disposal. In this study, CCC achieved an adsorption capacity of
8.48 mg/g, which is comparable to hazelnut shells and higher than several other waste-derived adsorbents,
including coal fly ash, walnut shells, fir wood, and corncob (Table 3). The application of citric acid as an activation
agent offers several advantages over other activation methods. The benefits include a reduction in the use of
strong corrosive chemicals and the generation of toxic waste. The use of citric acid, a biodegradable material, is a
more environmentally friendly process and a safer method for waste generation, presenting a more sustainable
alternative in adsorbent development.

3.3 The Influence of Initial MB Concentration

Fig. 4 shows that the efficiency of MB removal by using CAC was not affected by the initial concentration, achieving
almost complete removal (i.e., 100%) regardless of the initial dye concentration. The good adsorption
performance of CAC was attributed to its high adsorption capacity and surface structure. Although high
concentrations are typically associated with low efficiency, the CAC application is favorable due to its ability to
completely remove pollutants at various concentrations [33]. In contrast, the removal of MB by CC and CCC
decreased with the increase of initial MB concentration, despite the increasing amount of MB removed. At a high
initial concentration, more active sites become saturated, resulting in a greater number of MB molecules
competing for the limited active sites. Additionally, an increase in mass transfer resistance occurs at high initial
concentrations, resulting in slow diffusion and consequently low MB removal.

100
90
80
=2
w
>
=]
E 70
@
o
o
=
60
50 —ea—CAC
—a—CC
—e—CCC
40
20 40 60 80 100
Initial MB Concentration (mg/L)

Fig. 4 The effect of initial concentration on MB removal (adsorbent dosage = 1.0 g, pH = 6, contact time = 180 min)

Comparing the performance of CC and CCC, while both adsorbents exhibit the same trend, it is worth noting
that the reduction in removal efficiency of CCC is slightly lower than that of CC, from 85.4% to 70.6% when the
initial concentration increases from 20 mg/L to 100 mg/L. For comparison, the MB removal by CC dropped from
78.44% to 59.82%. This is due to the more available active site on CCC with better surface morphology. The limited
active site in CC also contributed to the aggregation of MB molecules, which hindered the MB molecules from
reaching the adsorbent surface, thus further reducing its efficiency. The trend observed in this study aligns with
the findings of other reported studies [34].

3.4 The Effect of pH

The effect of the solution's pH on the efficiency of MB removal using the prepared adsorbents is illustrated in Fig.
5. For CAC, the removal of MB was not significantly affected by pH variation, with nearly 100% removal at all pH
levels studied. Although the pH can influence electrostatic interactions, the removal of MB using CAC typically
involves a non-electrostatic interaction. These interactions encompass m-1 stacking between the aromatic rings

% ‘ Penerbit



218 Int. Journal of Integrated Engineering Vol. 18 No. 3 (2026) p. 210-226

of MB and the surfaces of CAC, as well as hydrogen bonding and hydrophobic interactions [34]. These interactions
remain consistent across all pH variations, ensuring a consistently high removal of MB.

100
90
= 80
©
>
]
E 70
7]
o
[+1]
= 60
50 —e—CAC
e CC
—8—CCC
40
2 4 6 8 10 12
Initial pH

Fig. 5 The effect of pH on MB Removal (contact time = 180 min, adsorbent dosage = 1.0 g, MB concentration = 100
mg/L)

The pH variation influences the efficiency of MB removal by using CC and CCC, with both showing the highest
efficiency at pH 8. In the acidic condition, the surface of CC and CCC became positively charged due to protonation
[35]. As MB is cationic in nature, the electrostatic repulsion between the positive charge of the adsorbents and the
MB molecules resulted in low removal efficiency. At a neutral pH (pH = 7), the surface charge of the adsorbent is
reduced, thereby reducing the effects of electrostatic interactions during the removal process [36]. At this pH,
other interactions, such as van der Waals forces and hydrogen bonds, influence the adsorption process,
contributing to better performance in this condition compared to acidic conditions. In alkaline conditions, the
surface of CC and CCC becomes negatively charged due to the deprotonation of its surface. This has created a
strong electrostatic attraction between the adsorbent’s surface and cationic MB molecules, thus enhancing the
removal efficiency [34]. From Fig. 5, it was observed that the removal of MB by CC and CCC decreased at pH levels
above 8. This is because, in the strong alkaline conditions, MB molecules need to compete with excess OH- ions.
This competition thus reduced the efficiency of MB removal [37].

3.5 The Influence of the Adsorbent Dosage

For CAC, the removal of MB from aqueous solution was not affected by the adsorbent dosage (Fig. 6). The removal
efficiency was nearly 100% for all adsorbent dosages. This is attributed to the high adsorption capacity, large
surface area, and well-developed pores in the CAC. Also, CAC possesses a high number of active sites, and its
abundant functional groups provide strong van der Waals and electrostatic forces with the MB molecules. Due to
the described surface morphology, CAC is highly efficient in MB, achieving almost complete removal even at low
dosage.

100

80

70

MB Removal %

60

—s-CAC
50

—=—-CCC

40

6
Adsorbent Dosage (g)

Fig. 6 The effect of adsorbent dosage on MB removal (contact time = 180 min, pH = 6, initial MB concentration =
100 mg/L)
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In contrast, we found that the MB removal by using prepared adsorbents, CC and CCC, is affected by the
adsorbent dosage. As the adsorbent dosage increased, the removal of MB also increased. This is due to the increase
in the number of available active sites on both adsorbents, which indirectly reduces the competition among the
MB molecules for the binding sites [17], [38]. For CC, the MB removal increased from 45.3% to 64.2% as the
adsorbent dosage increased from 0.2 g to 1.0 g. CCC shows an increase in MB removal from 67.24% to 83.27% as
the adsorbent dosage increases from 0.2 g to 1.0 g. A better performance by CCC compared to CC was due to the
improved porous structure and increased number of active sites resulting from chemical activation [39].

Overall, the findings suggest that the adsorbent dosage plays an important role in the removal of MB. As the
adsorbent dosage increased, more available active sites would reduce the competition between the MB molecules,
thereby improving the efficiency of the adsorbents.

3.6 Surface Functional Group Analysis

The FTIR spectrum of all adsorbents, as shown in Fig. 7, revealed distinct functional groups from 3700 to 3000
cm, indicating O-H stretching vibration. This O-H stretching vibration suggests the presence of hydroxyl groups
on their surface [40].

In addition, a smaller peak in the region of 1500 to 1000 cm! was also observed for all adsorbents. This peak
represents C-O stretching, confirming the presence of an aromatic ring, ether, phenol, or other oxygenated carbon
structures [25]. The FTIR spectrum of CAC also shows smaller peaks in the 1700-1500 cm-! range, which typically
correspond to C=0 stretching vibrations, indicating the presence of carbonyl groups, such as carboxylic acids or
ketones. These functional groups contain an oxygen, which enhances the adsorbent’s performance in removing
polar molecules, such as MB. In the same region, a sharper peak was observed for CC. Below 1000 cm'!, the
observed features were attributed to the presence of inorganic impurities and the porous structure, which
contributed to the effectiveness of CAC in MB removal [41].

In the region ranging from 3000 to 2800 cm-!, a range of peaks was observed for both prepared adsorbents,
CC and CCC. These peaks represent C-H stretching, indicating the presence of aliphatic hydrocarbons, which are
commonly found in nicotine or tar residue [42]. The FTIR spectrum of CCC displayed a noticeable difference in the
region, ranging from 1720 to 1735 cm'’. A new, sharper peak indicates C=0 stretching vibrations, which are
associated with carboxylic acid. The result has confirmed the successful introduction of carboxyl (-COOH) groups
through citric acid modification [43].

To summarize these observations, the main FTIR peak positions, functional groups, compound classes, and
references for CC and CCC are listed in Table 4.

Table 4 FTIR peak positions and functional group assignments for CC and CCC

Adsorbent  Peak Position (cm1) Functional Group Compound Class Reference
~3340 O-H stretching Hydroxyl groups (cellulose, lignin, [41]
phenols)
2920-2850 C-H stretching Aliphatic -CH,/-CH3 (nicotine, tar [44]
cC residues)
1700-1600 C=0 stretching Carbonyls (aldehydes, ketones, [42]
weak -COOH)
1500-1000 C-O stretching + C=C  Cellulose, lignin, esters, ethers [26]
~3340 0-H stretching Hydroxyl + hydrogen-bonded - [43]
COOH groups
2920-2850 C-H stretching Aliphatic hydrocarbons [45]
cce 1720-1735 C=0 stretching Carboxylic acids (-COOH) formed [43]
during citric acid activation
1600-1510 Aromatic C=C Lignin/aromatic rings [45]
1500-1000 C-O0 stretching Alcohols, esters, phenols [26]

(increased after activation)

As shown in Table 4, both CC and CCC share typical lignocellulosic functional groups, including O-H, C-H, and
C-0. However, the appearance of a distinct C=0 peak at 1720-1735 cm™ in CCC, which is absent in CC, provides
strong evidence of carboxyl (-COOH) group formation due to citric acid activation. This modification increases the
number of active sites capable of forming electrostatic interactions with cationic methylene blue molecules,
thereby improving adsorption performance.
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Fig. 7 FTIR spectra for different types of adsorbents

3.7 Surface Morphology by Scanning Electron Microscope

In this study, the surface morphology of the adsorbents was analyzed using an SEM instrument. The morphology
was captured at 1,000x magnification. Fig. 8 depicts the SEM images for all the adsorbents used.

Fig. 8 Scanning electron microscope images of (a) CAC, (b) CC, and (c) CCC at 1,000x magnification

The SEM image of the CAC revealed smaller, but uniform particle sizes ranging from 5 to 50 um. This
contributed to its high surface-to-volume ratio. CAC also shows a homogeneous, well-developed, and evenly
distributed pore structure [43]. The well-refined surface morphology of CAC contributed to its high efficiency in
removing MB. For CC, the SEM image displayed irregular surface morphology with a layered structure. Scattered
granular particles, which are commonly caused by incomplete carbonization, were also observed. The poor pore
uniformity and surface homogeneity contributed to its lower efficiency, compared to CAC and CCC. Although CCC
also displayed an irregular surface morphology, sharper edges and more fractured and angular structures were
observed. This is likely formed during the chemical activation process [17]. This has contributed to the formation
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of micropores and mesopores, thereby improving its surface area. Additionally, chemical activation has enhanced
the porosity and surface roughness, providing more active sites for MB removal. The findings for the SEM image
support the experimental results conducted in this study.

3.8 Adsorption Isotherms for MB Removal

Table 4 summarises the adsorption isotherm constants for MB removal on CCC based on the Langmuir and the
Freundlich models. The experimental data from the adsorption study at the different initial MB concentrations
were analyzed to evaluate the mechanism of MB removal using CCC. The experimental data were found to fit the
Langmuir isotherm model better (R* = 0.9734) than the Freundlich model (R* = 0.6189). It suggests that MB
removal on the CCC occurred on a monolayer and homogeneous adsorption site, with no interaction between MB
molecules.

From the Langmuir isotherm plot (Fig. 9(a)), the Langmuir isotherm constant, Ki, of 0.1719 was obtained,
indicating good adsorption with a strong affinity. The Qmax value was obtained from 1/slope and was determined
to be 8.38 mg/g, which is slightly lower than the values reported in other studies using chemically activated
adsorbents with H3PO4 and KOH [12], [27]. The calculated separation factor (RL = 0.0036) between 0 and 1, and
the Freundlich constant (n = 1.94) indicate that MB removal using CCC is favourable, particularly at higher
concentrations. (Fig. 9(b)). Additionally, the Kr value indicated a relatively low adsorption capacity, which is
consistent with the calculated value. Overall, the removal of MB by CCC can be better described using the Langmuir
isotherm model, based on the higher correlation coefficient value (Table 5(a) & (b)).

30 L]
y = 11.346x - 1.9353
25 R?=0.9734
20
=)
‘:’15
210
T
5
L)
0
0 0.5 1 1.5 2 2.5 3
C, (mglL)

Fig. 9(a) Data fitting with the Langmuir isotherms model

y = 5.2266x - 4.0367
R*=0.6189 .

0.92 0.94 0.96 0.98 1 1.02 1.04 1.06
log C,

Fig. 9(b) Data fitting with the Freundlich isotherms

Table 5(a) Langmuir isotherm parameters for MB removal by CCC

Langmuir
R2 Qmax Ku. Ru
0.9734 8.38 0.364 0.0036
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Table 5(b) Freundlich isotherm parameters for MB removal by CCC
Freundlich

R2 n
0.6189 1.84

1/n Kr
0.543 1.228

3.9 Adsorption Kinetic study

The adsorption kinetics are important for understanding the rate and mechanism of MB removal by using CCC.
The adsorption kinetics were evaluated using the pseudo-first-order (PFO) and pseudo-second-order (PSO)
models to determine the mechanism and rate-controlling step of MB uptake by CCC. The corresponding kinetic
parameters are summarised in Table 6, whilst the linearized plots of both models are presented in Fig. 10(a) and
10b.

Table 6 Calculated values for PFO and PSO

PFO PSO
Qm R12 k1 R22 k2
8.38 0.9611 0.9285 0.9861 0.0027
0.9 45

0.6

y =-0.0084x +0.7126
2=
03 R*=0.9611 y=0.1404x +7.238

R*=0.9861

log (a,-ay)

0.3

-0.6

-0.9

t (min) 0 50 100 150 200
t(min)

(a) (b)
Fig. 10 Adsorption kinetics of MB removal by CCC (a) PFO; (b) PSO

The PFO model (Fig. 10a) exhibits a moderate linear relationship with a correlation coefficient of R* = 0.9611
(Table 10(a)), suggesting that this model may not fully describe the adsorption mechanism of MB onto CCC. On
the other hand, the high correlation coefficient (R2 = 0.9861) obtained for the PSO kinetic model as shown in
Fig. 10(b), indicates that it provides a better fit for the experimental data. This suggests a strong interaction
between MB molecules with the CCC, with chemisorption as one of the rate-controlling steps [46]. The low PSO
rate constant (k2) indicates a rapid removal in the initial stage, followed by slower adsorption due to saturation
of the active sites [47].

The Weber-Morris intraparticle diffusion model was used to analyze the adsorption Kkinetics of MB removal
using CCC. This model is useful in determining the rate-limiting mechanism of MB removal by CCC. Table 7
provides the Weber-Morris constant, and Fig. 11 illustrates the plot of the adsorption kinetics based on the Weber-
Morris model.

Table 7 Webber Morris constant for MB removal using CCC

Region R? kida (mg/g.min1/2) C (mg/g)
1 0.9696 0.7571 -0.03362
2 0.9329 0.4544 2.7574
3 0.1160 -0,0321 8.767
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Fig. 11 Weber-Morris intraparticle diffusion model for MB removal by CCC

Based on Fig. 11, the adsorption of MB using CCC can be divided into three different regions. In the region I
(0-75 min.), a high value of kid (0.7571 mg/g.t1/2) indicates that MB removal occurred through a rapid surface
adsorption and boundary layer diffusion. As the intercept (C = -0.3362 mg/g) doesn’t pass through the origin, it
shows that MB removal at this stage involves not only intraparticle diffusion but also surface adsorption. In region
2 (75-150 min.), a low kid (kia = 0.4544 mg/g.t1/2), and a high intercept value (C = 2.7574 mg/g) suggest that MB
molecules were adsorbed into the internal pores of CCC mainly through intraparticle diffusion, until the active
sites on CCC became saturated. In region 3 (150-225 min.), an almost constant slope (k = -0.0321 mg/g.min?/2)
and very low correlation of coefficients (R% = 0.116) indicated the equilibrium has been reached, and intra-particle
diffusion no longer plays a vital role in the adsorption process.

The findings from this study reveal that MB removal by CCC occurs through a multi-stage mechanism, which
involves both internal diffusion and intraparticle diffusion; however, intraparticle diffusion is not the sole rate-
limiting step.

4. Conclusions

In this paper, the performance of three different adsorbents was evaluated for the removal of methylene blue (MB)
from the synthetic dye. Those adsorbents include commercial activated carbon (CAC), untreated confiscated
cigarettes (CC), and chemically treated confiscated cigarettes (CCC). It was found that CAC outperforms both CC
and CCC, with CCC performing better than CC. Although CCC is less superior than CAC, it is more sustainable and
aligned with economic principles by converting waste from confiscated cigarettes into adsorbents. The
characterization study by SEM reveals the enhancement of pore formation in the CCC, while FTIR analysis
indicates the formation of carboxylic acid groups, which contribute to the removal of MB. From the adsorption
isotherm study, it was found that MB removal by using CCC better fits the Langmuir isotherm model, which implies
a monolayer adsorption.

Additionally, kinetic analysis indicated that the PSO more accurately represents the experimental data, with
a high correlation coefficient of 0.9861, indicating that the mechanisms involve chemisorption. Further analysis
using the Weber-Morris model reveals that intra-particle diffusion also affects the MB removal by CCC. Based on
the findings of this study, further research should be conducted on optimizing adsorbent preparation methods,
regenerating spent adsorbents, and their scalability.
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