
  
J. Serb. Chem. Soc. 90 (11) 1415–1424 (2025) Original scientific paper 
JSCS–5462   Published 14 November, 2025 

1415 

Kinetic and equilibrium comparison of methylene blue and basic blue 41 
adsorption by silica fume 

SHOHRE MORTAZAVI1*, MIKA SILLANPÄÄ2–5 and DEBAJYOTI BOSE6 
1Semnan University, Department of Chemical, Petroleum and Gas Engineering, Semnan, Iran, 

2Saveetha School of Engineering, Saveetha Institute of Medical and Technical Sciences, 
Saveetha University, Chennai, India, 3Centre of Research Impact and Outcome, Chitkara 
University Institute of Engineering and Technology, Chitkara University, Punjab, India, 

4Department of Civil Engineering, University Centre for Research & Development, Chandigarh 
University, Gharuan, Mohali, Punjab, India, 5Sustainability Cluster, School of Advanced 

Engineering, UPES, Bidholi, Dehradun, India and 6AI-Research Centre, School of Business, 
Woxsen University, Hyderabad, Telangana, India 

(Received 12 December 2024, revised 3 February, accepted 27 April 2025) 

Abstract: The complex molecular structures of synthetic dyes are not easily removed 
from water, so it is essential to treat dye pollutants before they enter the aquatic 
environments. In this study, cost-effective industrial waste silica fume (SF) was 
used as an adsorbent to investigate the adsorption of methylene blue (MB) and 
basic blue 41 (BB-41). The structure of the silica fume adsorbent was character-
ized using the FESEM technique, which confirmed that SF has a porous struct-
ure. The adsorption of these cationic dyes was examined using kinetics models 
(pseudo-first-order and pseudo-second-order) and isotherm models (Langmuir, 
Temkin, Dubinin–Radushkevich and Freundlich), and the results obtained were 
compared. Based on the findings, the adsorption process of MB and BB-41 on 
SF followed pseudo-second-order kinetics. The adsorption of MB and BB-41 on 
SF followed Freundlich isotherm model. According to Langmuir isotherm data, 
the maximum adsorption capacity for BB-41 and MB was found to be 41.95 and 
189.31 mg/g, respectively. 
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INTRODUCTION 
Chemicals enter water through different industries, such as petrochemical, 

plastic, textile and cosmetic products. Millions of tons of dyes have been used for 
the colouring materials. Dyes and pigments have complex structures and high 
stability, making them difficult to remove from wastewater.1 The toxicity of dyes 
threatens human health. Long-term contact with these dyes causes bleeding and 
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damage to vital organs. Therefore, it is necessary to find some efficient methods 
to treat wastewater polluted by dyes.2  

Methylene blue (MB) is not considered a toxic dye, but long-term inhalation 
can lead to symptoms such as breathing problems, vomiting, diarrhea and nausea. 
MB is commonly used for dyeing cloth, wood, and silk.2,3 Basic blue-41 (BB-41) 
is a stable mono-azo dye used in various applications from the textile industry to 
dyeing wool and acrylic materials. BB-41 has the potential to cause permanent 
damage to vital organs of humans and animals.4  

Several methods are used to remove pollutants from wastewater, such as elect-
rochemical degradation,5 membrane,6 adsorption7,8 and reverse osmosis.9,10 Elec-
trochemical degradation breaks down pollutants into simpler, less harmful com-
pounds using an electric current.5 The membrane filtration method removes pol-
lutants using a membrane.6 The reverse osmosis (RO) is a process which uses 
pressure to push water through a semipermeable membrane, separating and rem-
oving contaminants from the water.9 

Adsorption is a process in which molecules of a substance, such as dye, adhere 
to the surface of another material, which can be a solid or a liquid.11 This mechanism 
is also an effective method for removing textile dyes from wastewater. Various waste 
materials have been investigated to remove pollutants from wastewater, such as 
orange and lemon peels,12 coconut shell,13 palm-date stones,14 ash,15 almond 
shells,16 pistachio shell,4 Walnut shell,17 eggshell18 and steal slug.19 

In the adsorption process, the determination of the rate limiting step of adsorp-
tion is one of the most important parameters. The kinetic studies are conducted to 
investigate the variables affecting the reaction rate.20 The equilibrium isotherms 
of adsorption describe the interaction between the adsorbent and the adsorbate.21 

The silica fume, a by-product of industrial waste with high purity and perme-
ability, small particle size, high specific surface area, and low specific weight was 
used to eliminate MB and BB-41. Despite its low cost and easy accessibility, the 
previous researchers did not investigate the adsorption of cationic dyes using this 
adsorbent. In this research, we analysed the kinetics and equilibrium isotherms of 
the adsorption of MB and the BB-41 on SF from an aqueous solution to compare 
the optimal conditions for the adsorption of MB and BB-41 onto SF. The summary 
of the present study is illustrated in Fig. 1. 

EXPERIMENTAL 
The materials used in the study include BB-41 and MB as the synthetic dyes with specific 

empirical formulas and molecular weights (maximum adsorption wavelength is 610 nm for BB- 
-41 and 665 nm for MB). 

The pure SF was obtained from Lorestan Ferroalloy Company, passed through a 60-mesh 
sieve, and stored. The specific surface area of SF was 18 m2/g. The chemical composition and 
surface characteristics (determined by X-ray fluorescence) are presented in Error! Reference 
source not found.I. The maximum wavelength of the colours was determined using a 
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spectrophotometer (PC 1650-UV, Shimadzu, Japan). Field emission scanning electron 
microscopy (FESEM, JSM 6400, JEOL, Japan) was used to identify the structure of SF. Error! 
Reference source not found. shows the FESEM image of SF, and it indicates that this industrial 
waste has a spherical and porous structure. 

  
Fig. 1. Schematic of the present study in summary. 

TABLE I. Chemical composition and Surface properties of SF 

SiO2 (wt. %) K2O (wt. %) Al2O3 (wt. %) Specific surface
m2/g 

Density 
kg/m3 

Pore diameter 
µm 

96.12 0.4 0.82 18 213 13 
 

Fig. 2. FESEM structure of SF. 

The 50 mg/L solution was diluted with distilled water to various concentrations in a batch 
system. The experiments were conducted using 0.1 to 0.5 g of adsorbent and 100 ml of solution 
at room temperature. The adsorption of MB and BB-41 solutions was studied using SF in the 
pH range of 2–11 for one hour at a speed of 300 rpm. The solution was then centrifuged and the 
adsorption capacity was determined using a spectrophotometer. The adsorption capacity of q (mg/g) 
is calculates as follows:22 
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The adsorption capacity of MB and BB-41, q, is determined by measuring the initial and 
final concentrations of the dyes in the aqueous solution, C0 and Cf, and calculating the adsorp-
tion capacity based on the volume of the aqueous solution, V, and the amount of SF used, M.  

The Langmuir isotherm is the simplest and most common method for expressing the equil-
ibrium of adsorption.23 

The Langmuir equation is: 

 e e

e max L max

1C C
q q K q

= +  (2) 

In the equation, qe  represent the amount of substance absorbed by SF (mg/g), Ce is the 
equilibrium concentration (mg/l), qmax  is the maximum possible adsorption capacity of MB or 
BB-41 (mg/g) and KL is a constant value (l/mg). 

The desirability of the adsorption process is evaluated using the dimensionless parameter 
RL, known as the separation factor: 

 L
L 0

1
1

R
K C

=
+
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According to the value of RL, one of the following conditions may occur:24 
• Irreversible adsorption occurs when RL is zero,  
• Favourable adsorption occurs when RL is between 0 and 1 and 
• RL = 1 suggests a linear adsorption (C0 is initial adsorbent (mg/l)).25 
The Temkin isotherm consider interactions between adsorbates and adsorbents material, 

while ignoring low and high concentrations. This model assumes a multi-layer adsorption pro-
cess. The Temkin isotherm is represented by the following equation:26 

 e TM e
TM

lnRTq K C
b

=  (4) 

In this equation bTM (J/mol) is related to the heat of 0.05 adsorption, R (8.314 J/(mol K)) is 
the universal gas constant, T is absolute temperature (K), and KTM (L/mg) is Temkin model 
constant. 

The Dubinin–Radushkevich isotherm considers the pore structure of the adsorbent for het-
erogeneous surfaces. This isotherm model is used to for physical or chemical adsorption. The 
Dubinin–Radushkevich equation is:27 

 2DR DR-
e m,DR

Kq q e ε=  (5) 

Where qm,DR is the maximum adsorption capacity of the Dubinin–Radushkevich model, 
KDR is constant (mol2/kJ2), and εDR (kJ mol-1) is calculated by the following equation: 

 DR
e

1ln(1 )RT
C

ε = +  (6) 

The Freundlich isotherm model is a mathematical relationship based on empirical obser-
vations, designed to describe non-ideal and reversible adsorption. Like the Langmuir isotherm, 
this model is used to quantitatively determine equilibrium and heterogeneous adsorption systems. 
Freundlich’s linear equation is:28 
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The pseudo-first-order kinetic model presents the adsorption rate of a soluble substance 
from the environment. This kinetic model is for the physical adsorption of the solute on the 
adsorbent. It indicates a weak interaction between the dissolved ions and the adsorbent. The 
pseudo-first-order kinetic model is expressed as follows:14 
 e e 1ln( ) lntq q q K t− = −  (8) 

The adsorption capacity at time t, qt, and at equilibrium time, qe, are determined and comp-
ared. The pseudo-first-order kinetic model rate constant, K1, describes the rate of adsorption 
and is calculated based on the data obtained. The pseudo-second-order model is based on the 
solid phase. Unlike other models, this model describes the adsorption behaviour in the entire 
adsorption range and shows that chemical adsorption is the slowest step and controls adsorption 
processes. The equation of the model is expressed as follows:29 

 2
2 e e

1
t

t t
q K q q

= +  (9) 

K2 is the apparent rate constant (g/(mg min)) which is a complex function of concentration. The 
width from the origin and the slope of the t/qe line in terms of t, respectively, are obtained by 
the constant values of the speed and the amount of equilibrium adsorption predicted by the 
pseudo-second-order kinetic model. 

RESULTS AND DISCUSSION 

Error! Reference source not found. illustrates the impact of pH on the 
adsorption capacity of MB and BB-41 using SF. As the pH increased from 2 to 11, 
the adsorption capacity increased from 7.69 to 15.73 mg/g for MB and from 8.76 
to 16.64 mg/g for BB-41. It is evident that at higher pH levels, the electrostatic 
force of the attraction between the dye and the adsorbent increases, resulting in the 
increase in adsorption capacity. The maximum adsorption capacity was observed 
at pH 10 for both MB and BB-41. 

Fig. 3. Effect of pH on MB and BB-41 ads-
orption using SF (pH 2 to 11 at 25 °C). 
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To evaluate the effect of contact time on the adsorption capacity of MB and 
BB-41 onto SF, a series of experiments were conducted over a period of 20 to 90 
min (Error! Reference source not found.). The results showed that the 
equilibrium was achieved within 30 min for MB and 20 min for BB-41. 

Fig. 4. Effect of contact time of MB and BB-41 
on adsorption process using SF (at pH 10 and 
25 °C). 

Error! Reference source not found. demonstrates the effect of 
concentrations of MB and BB-41 on the adsorption capacity using SF at pH 10. 
The adsorption capacity increased with the rise in the concentrations of MB and 
BB-41, from 20 to 100 mg/L. 

Fig. 5. Effect of initial concentration of MB and 
BB-41 on adsorption process using SF (at pH 10 
and 25 °C). 

Isotherm study 
The isotherm equations were examined in order to investigate the balance of 

BB-41 and MB dye removal process. According to Error! Reference source not 
found., the adsorption process of MB on SF follows the Freundlich isotherm. The 
maximum adsorption capacity of the Langmuir monolayer was obtained 189.31 
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mg/g. The adsorption process of BB-41 on SF was also fitted to the Freundlich 
isotherm.  

The Langmuir isotherm analysis revealed that the separation factor RL for both 
MB and BB-41 was found to be in the range of 0 to 1, suggesting that the ads-
orption process was favourable. The maximum adsorption capacity of the Lang-
muir monolayer for BB-41 was calculated to be 108.95 mg/g. 

TABLE II. Parameters of isotherm models for removal of MB and BB-41 on SF 
MB BB-41 Model 

Langmuir 
189.3101 108.9482 qmax / mg g-1 

0.0970 0.3075 KL / L mg-1 
0.1467 0.0752 RL 
0.8473 0.9588 R2 

Temkin 
117.3272 134.6605 bT 

2.4972 4.6603 AT / L g-1 
0.9773 0.9672 R2 

Dubinin–Radushkevich 
44.3289 43.2213 qs / mg g-1 

3.7931 × 106 7.9814×106 β / mol2 kJ-1 
0.004 0.025 E / kJ mol-1 

0.9443 0.9227 R2 
Freundlich 

16.3956 24.4589 KF 
1.1304 1.3059 N 
0.9909 0.9906 R2 

Kinetics study 
Pseudo-first-order and pseudo-second-order kinetic equations were investig-

ated for the adsorption of BB-41 and MB on SF. 
As it is shown in Error! Reference source not found., the adsorption of BB-

41 on SF follows pseudo- 
-second-order kinetics (R2 = 0.9977). Similarly, the adsorption process of MB on 
SF also follows the pseudo-second-order kinetic model (R2 = 0.9991). 

TABLE III. Parameters of kinetic models for the adsorption of BB-41 and MB on SF 

Dye Pseudo-first order kinetic model Pseudo-second order kinetic models 
K1 qe / mg g-1 R2 K2 / mg g-1 min-1 qe / mg g-1 R2 

BB-41 0377.0 0.0452 0.6099 0.0588 23.8884 0.9977 
MB 0.0491 0.0345 0.3385 0.0417 22.5750 0.9991 
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CONCLUSION 

In this study, SF industrial waste was evaluated for its ability to remove cat-
ionic dyes BB-41 and MB from aqueous solutions in a batch adsorption process. 
The kinetics and the isotherm of MB and BB-41 adsorption on SF were compared. 
The results indicated that the adsorption kinetics for both dyes followed the pseudo- 
-second order model, and the isotherm data were well-described by the Freundlich 
model. Based on the findings, FESEM images of SF revealed a spherical and porous 
structure for this industrial waste. Additionally, due to its non-toxic nature, access-
ibility, low cost and high adsorption capacity, SF can serve as a cost-effective ads-
orbent for eliminating coloured pollutants from wastewater. Expand the research 
by chemically or physically modifying SF to improve its adsorption capacity for 
other contaminants such as heavy metals and pharmaceuticals, allowing for a broader 
range of applications. To fully manage its potential, the following strategic actions 
are recommended:  

• The future development of silica fume applications should align with 
circular economy principles. Efforts must focus on ensuring that silica fume is 
sourced sustainably, potentially through partnerships with industries that produce 
this byproduct.  

• The comprehensive evaluations, including life cycle assessments, toxicity 
assessments, and ecological impact studies, are essential to ensure compliance with 
environmental regulations and to build public trust in this technology. 

• The future research should prioritize the exploration of eco-friendly modi-
fication techniques for silica fume that enhance its adsorption capacity. Engaging 
local communities in projects involving silica fume for wastewater treatment can 
enhance industrial acceptance of its benefits. 

Some further investigations are needed into the regeneration of silica fume 
after its use in dye removal processes. The exploring methods to effectively restore 
its adsorptive capabilities can significantly enhance the economic feasibility of silica. 

И З В О Д  

ПОРЕЂЕЊЕ КИНЕТИКЕ И РАВНОТЕЖЕ АДСОРПЦИЈЕ МЕТИЛЕНСКОГ ПЛАВОГ И 
BASIC BLUE-41 НА МИКРОСИЛИЦИ 
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Синтетичке боје сложених молекулских структура тешко се уклањају из воде, због чега 
је неопходно третирати загађиваче боја пре њиховог уласка у водене екосистеме. У овој сту-
дији, као адсорбенс коришћен је економичан индустријски отпад микросилика (SF) ради 
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испитивања адсорпције метиленског плавог (MB) и basic blue-41 (BB-41). Структура адсор-
бенса од микросилике окарактерисана је техником FESEM, којом је потврђено да SF има 
порозну структуру. Адсорпција ових катјонских боја испитивана је применом кинетичких 
модела (псеудо-првог реда и псеудо-другог реда) и изотермских модела (Langmuir, Temkin, 
Dubinin–Radushkevich и Freundlich), а добијени резултати су међусобно упоређени. На осно-
ву резултата, процес адсорпције MB и BB-41 на SF следио је кинетику псеудо-другог реда. 
Адсорпција MB и BB-41 на SF пратило се Фројндлиховим изотермским моделом. Према 
подацима Ленгмирове изотерме, максимални капацитет адсорпције за BB-41 и метиленског 
плавог је износио 41,95 mg g-1, односно 189,31 mg g-1. 

(Примљено 12. децембра 2024, ревидирано 3. фебруара, прихваћено 27. априла 2025) 
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