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Abstract: This paper investigated the kinetics involved in the adsorption of methylene
blue (MB) on activated carbon. Tests of the adsorbent (granulometric composition and
FT-IR analyses) showed that it contains a wide range of particle sizes (5–250 µm) and that
the most frequent vibrations are caused by N=C=N stretching, C=C=C stretching, metal–
oxygen vibrations (e.g., Fe-O), and heteroatomic vibrations (C-Cl or C-Br). Increasing the
dose of adsorbent and decreasing the initial concentration of methylene blue increases
the efficiency of adsorption, while the most intensive adsorption takes up to 10 min. The
adsorption process follows pseudo-second-order kinetics, which indicates that adsorption
occurs due to chemical interactions between the adsorbate and adsorbent. The results
indicate that the use of activated carbon achieves a high level of MB removal, especially
under optimized conditions.

Keywords: activated carbon; methylene blue; adsorption kinetics; pseudo-second order;
FT-IR analysis; granulometric analysis

1. Introduction
One of the most important global challenges is reducing the large amounts of pollu-

tants in the environment caused by industrial and agricultural activities [1]. It is estimated
that about 90% of water pollution is caused by organic chemicals, of which more than 50%
is attributed to dyes [2]. The industries that use dyes (e.g., textile, food, paint, printing, and
tanning) have the greatest harmful impact, as they continuously discharge huge amounts
of dye waste into aquatic environments [3]. It is estimated that more than one million tons
of textile dye waste is generated annually, of which about 30% is directly discharged into
water bodies without treatment [4]. Due to the presence of dyes, the penetration of sunlight
into the water is prevented, which leads to a decrease in photosynthetic activity and the
death of fish and other aquatic organisms in the worst cases [5]. Dyes can prevent light
from penetrating water systems, disrupting the biological activity of aquatic organisms
and leading to diseases, respiratory toxicity, DNK mutation, cancer, allergies, dermatitis,
skin irritation, liver and kidney damage, disorders of the central nervous system, etc. [6].

Methylene blue (MB) is a basic dye that is used in industrial activities such as the
dyeing of textiles and leather, printing calico, printing cotton, and biological staining
methods [7]. It belongs to the thiazine dye group, with a molecular formula of C16H18ClN3S
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and a molecular weight of 319.85 g/mol. MB has a distinct blue color and good solubility in
water. It contains a positively charged cationic group, which is why it can be easily adsorbed
onto materials that have a negatively charged surface [8]. Excessive doses of methylene
blue have been reported to cause diarrhea, vomiting, nausea, gastritis, abdominal and chest
pain, extreme headaches, a lot of sweating, mental fatigue, and methemoglobinemia [3].

A number of techniques have been suggested to remove methylene blue from wastew-
ater. They include (a) physical methods: membrane filtration [9], ultrafiltration [10], and
hollow fiber membrane contactors [11]; (b) chemical methods: coagulation [12], floccula-
tion [13], electrochemical degradation [14], photocatalytic degradation [15], and advanced
oxidation processes (AOPs) [16]; (c) biological methods: aerobic processes [17] and anaero-
bic processes [18]; and (d) physicochemical methods: photodegradation [19] and adsorp-
tion [20–22]. Among these techniques, adsorption has a great decontamination potential
when it comes to MB. This method is a mass transfer process, in which the surface of
solid adsorbents is used to accumulate a substance that is present in liquid or gaseous
media [8]. Adsorption has great decontamination potential due to its tunability, versatility,
and the wide variety of sorbents available [1,23]. Some other advantages include the simple
operation of these processes, their low cost, the abundance of adsorbent materials, their
high performance, fast recycling, and the assurance of no secondary contaminants being
produced [3,24].

Activated carbon, biochar, graphene and graphene oxide, zeolites, clays, etc., can be
used as adsorbents for MB removal [25–27]. The adsorbent most widely used in this area is
activated carbon [28]. Activated carbon is a common term used to describe carbon-based
materials that have a large surface area, a highly developed internal pore structure (con-
sisting of pores that have a diverse size distribution), and a wide range of oxygenated
functional groups present on their surface [7,29,30]. The porosity and pore volume dis-
tribution, and therefore the activity of activated carbon, depend on the activation of the
carbon. There are many different activation agents, but they can be roughly divided into
those that can be used for chemical activation (sodium hydroxide, potassium hydroxide,
sulfuric acid, phosphoric acid) and those that can be used for physical activation (steam,
air, or CO2) [31,32].

The aim of this scientific paper is to investigate the kinetics of methylene blue adsorp-
tion onto commercial activated carbon. First, the activated carbon will be characterized in
order to examine whether its properties are favorable for adsorption. After that, the influ-
ence of time, initial MB concentration, and the dose of adsorbent on the efficiency of methyl
blue adsorption will be analyzed. Finally, this study will determine the reaction order,
adsorption rate constant, and the equilibrium adsorption capacity of the activated carbon.

2. Materials and Methods
To investigate the adsorption of methylene blue (MB) onto activated carbon (an ad-

sorbent), a series of experiments was performed by varying the initial concentration of
the methylene blue (MB) (Lach:ner, Neratovice, Czech Republic) solution and the amount
of activated carbon. First, a stock solution of MB (100 mg/L) was made, which was
then diluted to 12.5 mg/L and 25 mg/L, and these diluted solutions were used in the
experiments. The characterization of the activated carbon was performed using a Cary
630 FTIR Spectrometer (Agilent Technologies, Santa Clara, CA, USA)—to identify func-
tional groups—and a Mastersizer 3000E (Malvern Panalytical, Malvern, UK)—to determine
the granulometric composition. For each experiment, 0.1 dm3 of MB solution was trans-
ferred into 300 mL plastic tubes together with defined amounts of adsorbent: 0.05 g/L,
0.10 g/L, 0.15 g/L, 0.20 g/L, or 0.25 g/L. Adsorption was carried out in a shaker at a speed
of 120 rpm over different time intervals: 10, 20, 35, 60, or 90 min. The samples were filtered
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after the end of adsorption and the remaining concentration of MB in the solution was
determined spectrophotometrically at a wavelength of 664 nm using a Shimadzu UV-1800
spectrophotometer (Cole Parmer, Vernon Hills, IL, USA).

The efficiency of color removal (η) was determined by Equation (1) [33]:

η =
C0 − Ct

C0
· 100 (1)

where C0 [mg/L] and Ct [mg/L] are the initial and remaining concentrations of methylene
blue (MB).

The amount of adsorbate adsorbed per unit mass of adsorbent in time t (qt) was
determined by Equation (2) [26]:

qt =
(C0 − Ct) · V

m
100 (2)

where m [g] and V [dm3] are the mass of the adsorbent and the volume of the solution.
After that, the adsorption kinetics was investigated. In accordance with the literature

data, adsorption can follow the pseudo-first-order or pseudo-second-order kinetic model,
so in our work we examined whether the obtained results corresponded to either of the
proposed kinetic models. If the adsorption follows the pseudo-first-order model, it is
determined by Equation (3) [34], and if it follows the pseudo-second-order model, it is
determined by Equation (4) [35]:

ln(qe − qt) = ln qe − k1t (3)

t
qt

=
1

k2q2
e
+

t
qe

(4)

where qe [mg/g], k1 [min−1], and k2 [g/(mg·min)] represent the equilibrium adsorption ca-
pacity, pseudo-first-order rate constant, and pseudo-second-order rate constant, respectively.

All experimental research was carried out in the laboratories of the Faculty of Technol-
ogy Zvornik, University of East Sarajevo. Adsorption kinetics were investigated using MS
Excel, while additional statistical analysis was performed using Minitab 21.

3. Results and Discussion
3.1. Adsorbent Characterization

In order to examine the properties of the adsorbent, FT-IR and granulometric composi-
tion analyses were performed, and the obtained results are shown in Figure 1. The FT-IR
analysis determined that the activated carbon used does not have many additional func-
tional groups. First of all, a small peak related to carbodiimides (N=C=N stretching) was
observed at the wave number 2150 cm−1, while a peak related to allenes (C=C=C stretching)
was observed at 2000 cm−1. Finally, there were peaks in the region of 550–400 cm−1, which
are usually associated with metal–oxygen vibrations (e.g., Fe–O) or heteroatomic bonds
(C-Cl or C-Br) [36].

Carbodiimides enable electrostatic interactions and hydrogen bonds with adsorbates,
while allenes contribute to π-π interactions with aromatic molecules, improving the adsorp-
tion of organic pollutants. Metal–oxygen bonds, such as Fe–O or Ti–O, enable coordinative
adsorption and can influence the surface charge and, in some cases, the catalytic degrada-
tion of adsorbed pollutants [37–39].
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Figure 1. Characteristics of activated carbon: (a) FT-IR spectrum and (b) granulometric composition.

The laser diffraction of activated carbon determined that the total range of the particle
sizes was 4–250 µm, where Dx(10) is 7.48 µm, Dx(50) = 29.4 µm, and Dx(90) = 94.3 µm. Such
a wide distribution of particle sizes indicates a heterogeneous sample. The main advantages
of this sample are that larger particles enable easier filtration, because the system does not
clog, while smaller particles have a larger specific surface area and contribute to higher
adsorption efficiency [40]. The main disadvantage of a heterogeneous system is that the
smaller particles adsorb faster, and larger particles more slowly, which leads to variability
in its adsorption kinetics.

3.2. Investigation of the Removal Efficiency of Methylene Blue (MB)

In order to have a clearer insight into the effectiveness of the adsorbent, a series of
experiments was conducted which aimed at determining the best process conditions
for the removal of MB. Figure 2 shows the efficiency of MB removal with different
process parameters.

 

Figure 2. Removal efficiency of methylene blue (MB) via adsorption on activated carbon at two initial
dye concentrations: (a) 12.5 mg/L and (b) 25 mg/L.

Depending on the initial MB concentrations, the efficiency of color removal varies. At
a lower initial MB concentration (12.5 mg/L), the number of available adsorption sites on
the surface of the activated carbon is greater, while at a higher initial MB concentration
(25 mg/L), the available adsorption sites become saturated more quickly. Therefore, the
removal efficiency is higher at a lower initial MB concentration. Normally, as the initial dye
concentration increases for a fixed amount of adsorbent, the dye molecules compete for the
available active sites, thereby decreasing the efficiency of their removal [8].

The concentration of the adsorbent has a greater impact on the efficiency of MB
removal than the adsorption time. Looking at Figure 2a (with an initial MB concentration
of 12.5 mg/L), at lower concentrations (0.05 g/L and 0.1 g/L) of the adsorbent, there was a
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gradual increase in the efficiency of MB removal, while at higher doses of the adsorbent
(0.15 g/L, 0.2 g/L, and 0.25 g/L), the removal efficiency was 100%. These results indicate
that at lower doses of the adsorbent, there are fewer active sites available for adsorption, and
therefore the adsorption process is slower [38]. The highest efficiency (100%) was achieved
with 0.25 g/L of activated carbon after only 20 min and with 0.15 g/L of adsorbent after
35 min, which can be seen from Figure 2b. At a higher initial concentration of MB (25 mg/L),
even the highest dose (0.25 g/L) of adsorbent did not achieve sufficient efficiency. This
indicates that a larger amount of adsorbent or a longer contact time is required to achieve
the same efficiency as for 12.5 mg/L of MB.

Time plays a more significant role in the adsorption process at lower adsorbent concen-
trations. For both concentrations, the removal efficiency increases with time, reflecting the
gradual diffusion of MB molecules to the available adsorption sites. Thus, from Figure 2a
it is observed that with 0.05 g/L of the adsorbent, the efficiency increased from 80.84% to
93.82% when the time was increased from 10 to 90 min. However, at 0.25 g/L (Figure 2b),
almost complete removal (99.90%) was achieved after only 10 min. At higher adsorbent
concentrations, equilibrium was reached after 20–35 min, after which the removal efficiency
did not change significantly. Minor deviations in removal efficiency were observed, es-
pecially at intermediate times. The probable reason for this is experimental variability,
i.e., errors in solution mixing or measurement errors. Despite this, the trends confirm that
activated carbon is an effective adsorbent for MB.

In order to determine which of the process parameters have a greater impact on the
percentage of color removed, a regression analysis was performed, and the obtained results
were expressed as a Pareto chart (Figure 3).

 
Figure 3. Pareto chart of the standardized effects.

From the Pareto chart (Figure 3), it can be seen that there is not a large number of
parameters that have influence on the efficiency of MB removal, as only a few factors
exceed the red significance threshold line (2.02), indicating statistical relevance. The initial
concentration of MB (C) has by far the greatest influence, while the mutual interaction of the
adsorbent concentration and the initial concentration of MB (AC) and the mutual interaction
of time and the initial concentration of MB (BC) have smaller, but significant, influences.
Other parameters have no significant influence on color removal. It is also observed that
time (B) and the square of time (BB) have almost no influence on the adsorption process;
that is, there is no great difference in efficiency between the lowest time in the study (10 min)
and the highest (90 min). This is in agreement with other studies, in which the adsorption
process was also found to be most intense at the beginning [6]. Therefore, in the following
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studies, it is necessary to take smaller times (e.g., 2, 4, 6, 8 min) into consideration, because
adsorption is most intense in the first 10 min.

3.3. Investigation of Adsorption Kinetics

In order to determine the order of the adsorption’s kinetic model, an additional analy-
sis was performed. By reviewing the literature data, it was established that adsorption can
follow the pseudo-first-order or pseudo-second-order kinetic model. Accordingly, a compar-
ison was made of the results for the two different initial concentrations of MB (12.5 mg/L
and 25 mg/L) when the concentration of added adsorbent was 0.05 g/L. The results are
shown in Figure 4.

 

Figure 4. Comparison of MB adsorption kinetics of 0.05 g/L of adsorbent with initial MB concentra-
tions of 12.5 mg/L and 25 mg/L: (a) pseudo-first order, (b) pseudo-second order.

From Figure 4, it can be seen that there are significant differences in the degree of
correlation in the results. First of all, a low degree of correlation was observed for the
pseudo-first-order model: R2 = 0.8012 at an initial concentration of 12.5 mg/L MB, while
for 25 mg/L MB it was still low and amounted to R2 = 0.8244. The degree of correlation
for the pseudo-second-order model were significantly higher: 0.9975 for the initial MB
concentration of 12.5 mg/L, and 0.9604 for 25 mg/L of MB. Given that the degree of
pseudo-second-order correlation is greater than 0.95, the adsorption of MB on activated
carbon is considered to follow the pseudo-second-order kinetic model. In view of this, the
adsorption rate is controlled by chemical interactions (such as the formation of hydrogen
bonds or reactions between functional groups) between the adsorbent and the adsorbate
(MB) [41]. Given that they are chemically compatible, adsorption can be improved with an
increase in the dose of the adsorbent (an increase in the number of active sites available).

Figure 5 shows the adsorption kinetics of MB on activated carbon at different concen-
trations of active carbon.

Figure 5. Results of adsorption kinetics at (a) initial MB concentration of 12.5 mg/L and (b) initial
MB concentration of 25 mg/L.

Based on the previous diagrams, the degree of correlation and the corresponding
coefficients for the pseudo-second-order equation are determined. For their determination,
Equation (4) is used to plot the dependence of t/qt on t. Using the curve of the graph,
the slope and intercept are first determined. According to the equation, the slope of the
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graph is 1/qe, while the intercept on the y-axis is 1/(k2·qe
2). Finally, based on the known

slope (qe = 1/slope), qe is determined, and after obtaining qe, k2 is easily calculated using the
formula k2 = 1/(intercept·qe

2). The results are shown in Table 1.

Table 1. Coefficients in the pseudo-second-order equation.

Adsorbent
Conc. [g/L] Equation Slope Intercept qe [mg/g] k2

[g/(mg·min)] R2

12.5 mg/L

0.05 t/qt = 0.0110 + 0.0042t 0.0042 0.0110 238.10 0.00160 0.9975
0.1 t/qt = 0.0052 + 0.0088t 0.0088 0.0052 113.64 0.01489 0.9989

0.15 t/qt = 0.0084 + 0.0128t 0.0128 0.0084 78.13 0.01950 0.9989
0.2 t/qt = 0.0018 + 0.0166t 0.0166 0.0018 60.24 0.15309 0.9974

0.25 t/qt = 0.0022 + 0.0202t 0.0202 0.0022 49.50 0.18547 0.9987

25 mg/L

0.05 t/qt = 0.1220 + 0.0137t 0.0137 0.1220 72.99 0.00154 0.9604
0.1 t/qt = 0.1720 + 0.0231t 0.0231 0.1720 43.29 0.00310 0.9622

0.15 t/qt = 0.2571 + 0.0288t 0.0288 0.2571 34.72 0.00323 0.9774
0.2 t/qt = 0.3389 + 0.0317t 0.0317 0.3389 31.55 0.00297 0.9437

0.25 t/qt = 0.1708 + 0.0365t 0.0365 0.1708 27.40 0.00780 0.9934

As for the equilibrium capacity (qe), it can be seen from Table 1 that it decreases with
an increase in the amount of adsorbent used in the case of both lower and higher initial
concentrations of MB. For example, at an MB concentration of 12.5 mg/L, qe decreases
from 238.10 mg/g to 49.50 mg/g as the adsorbent concentration increases from 0.05 g/L to
0.25 g/L. At a higher adsorbent concentration, there are more active sites available, but the
amount of the adsorbate that can be adsorbed per unit of adsorbent mass decreases. The rate
constant k2 increases with increasing adsorbent concentration (k2 = 0.00160 g/mg·min at
0.05 g/L, k2 = 0.18547 g/(mg·min) at 0.25 g/L). This is also in accordance with our previous
considerations, because with an increase in the amount of adsorbent, the availability of
active sites is greater, which leads to an increase in the rate of adsorption.

The equilibrium capacities (qe) and rate constants (k2) decrease with an increase in
the concentration of MB. For example, for 12.5 mg/L of MB, qe is 78.13 mg/g and k2 is
0.01950 g/(mg·min), while for 25 mg/L, qe is 34.72 mg/g and k2 is 0.00323 g/(mg·min) (the
active carbon concentration is 0.15 g/L in both cases). The reason for such a phenomenon is
that a higher concentration of adsorbate leads to an increase in competition for the available
adsorption sites. The degree of correlation, R2, when testing pseudo-second-order kinetics
is high at an MB concentration of 12.5 mg/L (R2 > 0.997), while it is slightly lower for
25 mg/L of MB (R2 ≈ 0.96).

4. Conclusions
Research has shown that using activated carbon as an adsorbent achieves a high degree

of removal of methylene blue from aqueous solutions. The results of our statistical analysis
indicate that the greatest removal is achieved at lower initial dye concentrations and higher
doses of adsorbent, while adsorption is most intense in the first 10 min. Activated carbon
has a heterogeneous distribution of particle sizes, which is why it is possible to achieve eas-
ier filtration (due to larger particles) and a high adsorption efficiency (due to small particles
with a large specific surface area). The process is of a pseudo-second order, which indicates
that chemical interactions between the adsorbent and adsorbate are most important in the
adsorption process. In future studies, optimization over shorter contact times is needed.
This would further increase the efficiency of color removal and improve its practical ap-
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plication in wastewater treatment. It is also necessary to integrate activated carbon into
existing wastewater treatment systems, either as a standalone adsorbent or in combination
with advanced oxidation processes. In addition, further research on the regeneration of
activated carbon is needed to increase its cost-effectiveness for large-scale implementation.
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