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 Treatment of wastewater is a crucial step in reducing pollution from the textile and 
dyeing industries. One of the best techniques for dye removal is photocatalytic 
processes, and TiO2 is frequently employed in numerous wastewater treatment 
applications. In this study, different adsorption isotherm models and experimental 
data from the removal of the methylene blue dye from wastewater by applying 
GO/TiO2/SiO2 nanocomposite were compared. The correlation coefficient values 
(R2) for the Langmuir isotherm type 1 (Hanes-Woolf), Temkin, and Freundlich were 
determined to be, respectively, 0.9957, 0.9823, and 0.9515. Additionally, the R2 
values for the Redlich-Peterson, Sips, and Toth isotherms models were 0.9575, 
0.9626, and 0.9629, respectively. Therefore, Langmuir isotherm type 1 has the 
highest R2 and is the best model for surface adsorption of methylene blue on 
GO/TiO2/SiO2 photocatalyst. As a result, monolayer adsorption was most likely 
dominating during the adsorption. Furthermore, this photocatalyst proved suitable 
for lower methylene blue concentrations and systems with lower temperature 
sensitivity. 
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1. Introduction 
 
Protecting the environment against pollution created by contemporary 
industries and technologies, which endangers public health, is one of 
humanity's present concerns (Liu et al., 2009; Periyasamy et al., 2023; 
Sajjadi and Haghighi, 2018). The discharge of colored and non-colored 
effluents from a variety of industries, including textiles, paper, 
cosmetics, agriculture, plastics, and leather, causes serious 
environmental problems (Jegannathan and Nielsen, 2013; Manojkumar 
et al., 2023). Because some dyes are poisonous, presence of them not 
only damages beautiful natural landscapes but also damages aquatic 
ecosystems (Singh, Singh and Singh, 2015; Cao et al., 2019). Recently, 
industries have come under great pressure from government officials 

and the general public to cleanse wastewater before it is dumped into 
the environment. As a result, developing effective treatment 
approaches is both required and unavoidable. According to studies, 
approximately 12% of the dye used in the textile sector enters the 
effluent and approximately 20% of this quantity, combined with the 
treated effluent, returns to nature (Pei et al., 2017). Various approaches 
are utilized to separate hazardous colors that constitute a major harm 
to nature and the environment, including chemical methods, physical 
methods, and biological methods (Bustos-Terrones et al., 2021). It 
should be noted that dye separation is difficult due to the dyes' solubility 
in water. As a result, extensive research was conducted in order to 
develop an efficient and cost-effective system for the treatment of 
colored effluents. To get rid of non-biodegradable and extremely stable 
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substances in water, advanced oxidation processes (AOPs), which fall 
under the category of chemical techniques, have recently undergone 
substantial research. In fact, AOP techniques would use highly reactive 
species produced on-site, like •OH and •O2 radicals. These radicals 
quickly oxidize the pollutants, turning them into CO2, H2O, or small 
inorganic ions (Ge et al., 2019; Zarrabi, Haghighi and Alizadeh, 2018; 
Hosseinzadeh et al., 2023). For the treatment of contaminated water, 
advanced oxidation technologies such the Fenton process, photo-
Fenton process, ozonation process, and photocatalytic approach are 
used. Compared to other methods, photocatalytic processes are more 
promising tools for wastewater dye degradation (Ncibi, Mahjoub and 
Seffen, 2007; Rabanimehr et al., 2021; Chiani et al., 2020). Recent 
research have looked into the use of nanoparticles as photocatalysts 
as an environmentally friendly technique that could improve wastewater 
remediation. TiO2 photocatalyst has attracted increased attention in this 
area of research because of its affordability, non-toxicity, fast reactions, 
and high-efficiency capacity to absorb pollutants and remove dye from 
contaminated water (Ge et al., 2019; Kong et al., 2022; Chakraborty et 
al., 2022). The particle size of TiO2 plays a crucial role in determining 
the physical and chemical properties of photocatalysts. As a result, a 
considerable number of studies have been conducted by various 
researchers to explore the correlation between particle size and 
synthesis techniques of photocatalysts (Bakardjieva et al., 2006).The 
sol-gel method has been extensively employed in the production of 
nanocatalysts owing to its capability to operate at low temperatures and 
its capacity to control particle size and morphology (Sajjadi, Haghighi 
and Eshghi, 2019; Riazian and Bahari, 2012; Sajjadi and Haghighi, 
2019; Shokrolahi, Farhadian and Davari, 2019). Nevertheless, TiO2 
exhibits suitability as a potential candidate for the degradation of dyes 
through photocatalysts. Nonetheless, certain significant limitations 
persist. TiO2 is a photocatalyst with a high-energy band gap, 
necessitating a significant input of energy for its activation. The 
wavelength associated with the specified energy should not exceed 385 
nm. The utilisation of sunlight energy for photoreactions is effectively 
precluded by this constraint. Furthermore, a diminished rate of electron 
transfer to oxygen and an elevated rate of electron-hole recombination 
in an excited state, lead to a reduced quantum yield rate and a 
constrained photo-oxidation rate (Tseng et al., 2009). Furthermore, 
empirical investigations have demonstrated that the incorporation of a 
reduced quantity of SiO2 into TiO2 enhances its photocatalytic efficacy 
as a result of improved thermal stability and increased surface area 
(Riazian, 2014; Rosales and Esquivel, 2020). Moreover, the 
combination of TiO2 with graphene oxide (GO) has demonstrated 
improved photocatalytic activity in comparison with the neat TiO2. The 
prevailing consensus in the scientific community is that graphene 
sheets serve as electron acceptors, hence facilitating the transfer and 
separation of photogenerated electrons during the excitation of TiO2. 
This process effectively diminishes the recombination of electron-hole 
pairs (Li et al., 2016; Lu et al., 2021).Thus, it was deduced that the 
GO/SiO2 modified TiO2 nanocomposite exhibited favorable 
characteristics as a photocatalyst in degradation of methylene blue.  

In order to comprehend the adsorption mechanisms within the 
aforementioned photocatalyst, it is imperative to acquire equilibrium 
data, which is generally referred to as adsorption isotherms. The 
characterization of adsorption isotherms holds significant importance in 
elucidating the nature of interactions between adsorbate molecules or 
ions and the adsorption sites present on the surface. Therefore, it is 
crucial to establish the link between equilibrium data by the utilisation 
of either a theoretical or empirical equation in order to facilitate the 
understanding and forecasting of adsorption phenomena. An 
adsorption isotherm refers to a mathematical equation that describes 
the correlation among the quantity of solute adsorbed on the adsorbent 
and concentration of solute in the liquid phase. The significance of 
adsorption is rooted in its ability to elucidate the nature of the interaction 
between an adsorbate and an adsorbent, hence playing a pivotal role 
in the development and optimisation of adsorption processes. 
Numerous equilibrium models were created to elucidate the correlation 
between isotherms in a state of equilibrium (Demiral and Güngör, 
2016). 

The isotherm data in this study was assessed by employing 
various isotherm equations, like Langmuir, Freundlich, Temkin, 
Redlich-Peterson, Sips, and Toth. Based on the findings of this inquiry, 
it can be inferred that the adsorption process occurred in either a 
monolayer or a multilayer configuration. Moreover, the synthesised 
GO/TiO2/SiO2 photocatalyst shown suitability for both higher and lower 
concentrations of adsorbent. Moreover, it is worth considering whether 
the aforementioned photocatalyst is suitable for systems that are 
sensitive to temperature. It can be argued that the use of extracted data 
in future synthesis processes, results in reduced costs, decreased time 
requirements, and improved outcomes. 
 

2. Experimental 
 
The present investigation was conducted utilising the findings of other 
investigations (Alahmad et al., 2018; Ahmad and Alahmad, 2021), as 
previously indicated. Hence, in order to ensure a thorough investigation 
and adequate elucidation of the used methods and analyses, the initial 
synthesis procedure of GO/TiO2/SiO2 nanoparticles, as reported by 
Alahmad and coworkers (Alahmad et al., 2018), was introduced. The 
synthesis of GO/TiO2/SiO2 nanoparticles was conducted by sol-gel 
method. The weight percentages of synthesised nanocatalysts were 
provided in Table 1. 

Table 1. Weight percentages of the synthesized GO/TiO2/SiO2 
nanoparticles (Ahmad and Alahmad, 2021). 

Catalyst type GO, % Ti, % Si, % 

GO/TiO2/SiO2  0.966 24.15 74.9 

Next, 0.15 g of GO/TiO2/SiO2 nanoparticles was introduced into the 
solutions containing varying concentrations of methylene blue dyes. 
The concentrations of dye utilized in experiment were as follows: 0.5, 
1, 3, 5 and 10 ppm. Cited concentrations were denoted as 
initial concentrations. Furthermore, it should be noted that the pH value 
was consistently maintained at 6 in all of the solutions. Afterward, while 
the solution was mixed, dye degradation test was conducted under the 
influence of UV lamp for each individual solution. Sampling was 
conducted at regular 30 min intervals, followed by the measurement of 
methylene blue absorbance using a UV-Vis spectrophotometer (Ahmad 
and Alahmad, 2021). Afterward, while the solution was mixed, dye 
degradation test under the UV lamp was done for each solution. At an 
interval of each 30 min, sampling was done and then absorbance of 
methylene blue was measured on UV-Vis spectrophotometer (Ahmad 
and Alahmad, 2021). Next, a diagram of methylene blue degradation 
versus initial concentration was depicted. The provided diagram is 
represented as Fig. 1. The diagram was acquired under conditions of 
constant temperature and is referred to as the isotherm equation. 

 
Fig. 1. Degradation percentage of methylene blue at different initial 

concentrations (Alahmad et al., 2018). 

In addition to the diagram derived from the experimental data, there 
are numerous mathematical-based diagrams, like Langmuir, 
Freundlich, Temkin, Redlich-Peterson, Sips, and Toth isotherms. 
These mathematical equations and formulas have the capability to 
forecast the degradation of dye in relation to concentration which is 
called adsorption isotherm. The Freundlich, Langmuir, and Temkin 
isotherms are two-parameter isotherms, whereas the Redlich-
Peterson, Sips, and Toth models are three-parameter models. We 
conducted an investigation to determine the isotherm that exhibited the 
highest accuracy in predicting the experimental outcomes, as 
measured by the lowest error. The identification of an appropriate 
isotherm for each nanoparticles enables the estimation of trends in dye 
degradation across various solution concentrations. This section will 
provide concise explanations regarding the aforementioned isotherms. 
 
Langmuir Isotherm 
 
The Langmuir isotherm was developed considering the equilibrium 
between the rates of adsorption and desorption processes. Owing to 
this isotherm, adsorption takes place over the homogeneous surface. 

Also, adsorption energy is constant for all sites. Moreover, once 
molecule attaches a site, no additional adsorption is not possible there 
(Osmari et al., 2013). In addition, this model assumes a monolayer 
coverage of the adsorption surface and also is suitable for lower 
concentrations of adsorbent. Langmuir isotherm was demonstrated in 
Eq. (1) (Dada et al., 2012). 
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qe = (
qmKLCe

1 + KLCe
) (1) 

where, qe (mg/g) and qm (mg/g) indicate the milligram of absorbed per 
gram of the adsorbent and maximum adsorption capability of 
adsorbent, correspondingly. Also, KL is Langmuir constant (L.mol-1). 
Generally, three linear forms of Langmuir isotherm were reported in 
literature (Osmari et al., 2013). These are as follows: Langmuir isotherm 
type 1(Hanes-Woolf), Langmuir isotherm type 2 (Lineweaver-Burk) and 
also, Langmuir isotherm type 3 (Eadie- Hofstee) which were presented 
in Table 2 in Eqs. 2-4, respectively. 

 

Table 2. Various linear forms of the Langmuir isotherms. 

Ce

qe

=
1

qmKL

  +
Ce

qm

 
Langmuir Isotherm 1 (Hanes - 

Woolf) 
(2) 

1

qe

=   
1

qm

+ (
1

qmKL

1

Ce

) 
Langmuir Isotherm 2 (Lineweaver- 

Burk) 
(3) 

qe = qm  −
1

KL

qe

Ce

 
Langmuir Isotherm 3 (Eadie –

Hofstee) 
(4) 

The values of qm and KL for each isotherm need to be derived from 
separate plots, as illustrated by the equations mentioned above 
(Osmari et al., 2013). 

 
Freundlich Isotherm 
  
The Freundlich isotherm was the initial adsorption equation that was 
introduced. This isotherm has commonly been utilized as an empirical 
equation to characterize adsorption on heterogeneous surfaces. During 
the investigation of adsorption with Freundlich isotherm, it must be 
noted that for the dilute concentrations, Henry’s law is not accurate. 
Moreover, Freundlich isotherm is appropriate for multiplayer adsorption 
and also, is proper for high and middle range of absorbent 
concentration. So, there are some differences between Langmuir and 
Freundlich isotherms (Dada et al., 2012; Osmari et al., 2013). The 
Freundlich isotherm is as follows:  

qe =   KF Ce
(

1
𝑛

)
 (5) 

The Freundlich isotherm in its linear form, which will be employed 
for our computations, is given by: 

ln(qe) =   ln(KF) +
1

n
(lnCe) lnqe vs lnCe (6) 

Where, KF is the presentation of adsorption capacity. Additionally, the 

function 
1

n
 can be attributed to the adsorption strength. The 

1

n
 values 

indicate the nature of the isotherm as irreversible(
 1

n
= 0), satisfactory 

and normal adsorption (0 <
 1

n
< 1), and unfavorable (

 1

n
> 1) (Dada et 

al., 2012; Osmari et al., 2013). 
 

Temkin Isotherm 
 
Temkin isotherm includes a parameter that obviously considers the 
interactions which are between the adsorbent and adsorbate. Owing to 
the Temkin isotherm, intensifying the coverage rate on the adsorbent 
surface leads to the lower adsorption heat of molecules. Also, 
adsorption is determined with homogeneous spread of binding 
energies, as far as a maximum binding energy (Dada et al., 2012; 
Osmari et al., 2013; Chu, 2021). Moreover, Temkin isotherm 
investigates the influence of temperature adsorption that declines 
linearly with coverage of adsorbate and adsorbent. Temkin isotherm is 
as follows: 

qe =
RT

b
 ln(KT) +

RT

b
(lnCe) qe vs lnCe (7) 

The equilibrium binding constant, denoted as KT, is expressed in 
units of L/mol. The constant "b" in the Temkin isotherm equation 
represents the adsorption heat. The universal gas constant, denoted as 
R, has a value of 8.314 J/mol.K. In given context, T represents the 
temperature in Kelvin (K). Moreover, slope of the function can be 
denoted as RT/b, while the intercept can be represented as the product 
of RT/b and the natural logarithm of KT. (Dada et al., 2012; Osmari et 
al., 2013; Chu, 2021). 

Redlich-Peterson Isotherm 
 

The Redlich-Peterson model is a three-parameter model that integrates 
the parameters of Langmuir and Freundlich isotherms. So, the 
adsorption process is able to exhibit both homogeneous and 
heterogeneous characteristics. The Redlich-Peterson isotherm can be 
expressed as: 

qe =
𝐾𝑅Ce

1 +  𝛼𝑅Ce
𝛽

  (8) 

Where, KR (L g–1) and 𝛼𝑅 (mg L–1)–β are Redlich-Peterson constants. 

Also, 𝛽 (dimensionless) parameter takes values from 0 to 1 (Shikuku 
and Jemutai-Kimosop, 2020).  

 
Sips Isotherm 
 
The Sips isotherm, which is a three-parameter model, integrates 
elements of Freundlich and Langmuir isotherms. This model is 
appropriate for heterogeneous systems where adsorbed molecule can 
take up more than one binding site. Sips isotherm equation is given by: 

qe =
𝑞𝑚𝑎𝑠 Ce

𝐵𝑆

1 +  𝑎𝑠 Ce
𝐵𝑆

  (9) 

Where, qm, as and Bs are the constants. Moreover, Bs represents the 
heterogeneity index. In general, it may be stated that a higher value of 
Bs indicates a greater degree of heterogeneity within the system. On 
the contrary, values that approach unity indicate a uniform adsorbent 
surface that aligns with the principles of the Langmuir equation (Shikuku 
and Jemutai-Kimosop, 2020). 

 
Toth Isotherm 
 
The Toth isotherm (Eq. 10) enhances the accuracy of Langmuir 
isotherm to equilibrium data for both low and high adsorption 
concentrations. 

qe =
qm Ce

(aT + Ce
𝑍)

1
𝑍

 
 (10) 

Parameter aT is the Toth model constant. The heterogeneity of the 
system is characterized by the temperature-independent parameter z. 
The degree of heterogeneity is proportional to how far it is from unity 
(Shikuku and Jemutai-Kimosop, 2020).  

The process of fitting experimental data with the aforementioned 
isotherms provides valuable insights into the specific characteristics of 
the adsorbing system. Hence, by conducting a comparative analysis 
between the experimental data of the GO/TiO2/SiO2 photocatalyst and 
different models, valuable insights can be gained regarding the 
underlying mechanism. This information can further aid in the 
development of novel adsorption systems tailored for the efficient 
degradation of diverse wastewater pollutants, including methylene blue. 
The primary objective of this investigation was to identify a suitable 
adsorption isotherm for the removal of methylene blue using the 
GO/TiO2/SiO2 photocatalyst. The experimental data utilized in this study 
was obtained from reputable literature sources (Alahmad et al., 2018; 
Ahmad and Alahmad, 2021) and afterwards compared with several 
adsorption isotherm models. Experimental data which were applied for 
comparison were presented in Table 3 (Alahmad et al., 2018; Ahmad 
and Alahmad, 2021). The quantity of dye adsorbed at equilibrium, 
denoted as qe (mg/g), might be determined using Eq. 11: 

qe = (C0 − Ce) ∗  (
V

W
) (11) 

In Eq. 11, C0 (mg/L) and Ce (mg/L) were the first concentration and 
the final concentration of dye, respectively. Moreover, V (l) and W (g) 
were solution volume and adsorbent weight, respectively (Dada et al., 
2012; Abdoli, Bastani and Bargozin, 2015). 

Table 3. Experimental data of Methylene Blue degradation which 
were extracted from literature (Ahmad and Alahmad, 2021) 

C0 Ce qe ln (Ce) ln(qe) Ce/qe qe/Ce 

0.5 0.0079 0.35 -4.8409 -1.0498 0.0226 44.3038 
1 0.0149 0.65 -4.2064 -0.4308 0.0229 43.6241 
3 0.2316 1.25 -1.4627 0.2231 0.1853 5.3972 
5 0.6275 1.7 -0.4660 0.5306 0.3691 2.7092 
10 3.8601 2.4 1.3507 0.8755 1.6083 0.6218 

 
3. Results and discussions 
3.1. Characterizations of GO/TiO2/SiO2 photocatalyst 
 
This part begins by presenting the outcomes of several 
characterizations conducted on the prepared nanocatalysts, including 
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XRD, SEM and FTIR analyses. Owing to the XRD patterns (Fig. 2) 
some peaks were detected at 2θ= 25.3◦, 37.8◦, 48◦, 54◦, 55.1◦, and 62.7◦ 
which were belong to anatase phase. No characteristic peaks for Si and 
C were found. This could be attributed to the high crystallinity of anatase 
phases and significant intensity of peaks (Alahmad et al., 2018). 

Fig. 2. XRD patterns of GO/TiO2/SiO2 photocatalyst (Alahmad et al., 
2018). 

Results of FTIR analysis of GO/TiO2/SiO2 photocatalyst were 
exhibited in Fig. 3. The peaks between 736 and 742 cm-1 were assigned 
to the Ti- O bonds. The peak at 942 cm-1 was correspond to the Ti-O-Ti 
bond. The absorption peak at 1083 cm-1 was attributed to the O-Si 
bond. The peaks at 3359.9 and 1628 cm-1 were ascribed to the OH 
groups. (Alahmad et al., 2018; Sajjadi et al., 2022). 

 
Fig. 3. FTIR analysis of GO/TiO2/SiO2 photocatalyst (Alahmad et al., 

2018). 

The morphology of photocatalysts was assessed by SEM analysis 
and illustrated in Fig. 4. Approximately uniform morphology with 
spherical particles was obtained. Also, in some points of images, sheet-
like morphology were found which were belong to GO sheets (Alahmad 
et al., 2018). 

 

Fig. 4. SEM images of GO/TiO2/SiO2 photocatalyst (Alahmad et al., 
2018). 

In this section, experimental data (methylene blue dye degradation 
results) were compared with various isotherm models such as the 
Langmuir isotherm model (three different types), Freundlich, Temkin, 
Redlich-Peterson, Sips and Toth isotherms. 

 
3.2. Comparing with Langmuir Isotherms 
 
In this section, experimental data about the adsorption of methylene 
blue dye by applying of GO/TiO2/SiO2 nanoparticles and utilization of 
different types of Langmuir isotherm models were tested. Experimental 
data which were applied for the comparison were given in Table 3. The 
results of the evaluation for Langmuir isotherm type 1 (Hanes-Woolf), 
Langmuir isotherm type 2 (Lineweaver-Burk) and Langmuir isotherm 
type 3 (Eadie- Hofstee) were represented in Figs. 5-7, respectively. The 
constants and parameters of the models were listed along with the 
correlation coefficient values in Table 4. Owing to the calculated data in 
Table 4, for Langmuir isotherm type 1 (Hanes- Woolf), Langmuir 

isotherm type 2 (Lineweaver-Burk) and Langmuir isotherm type 3 
(Eadie- Hofstee), R2 were 0.9957, 0.9770 and 0.7963, respectively. 
Hence, it can be shown that Langmuir isotherm type 1 exhibited a 
greater degree of compatibility with the experimental data in 
comparison to the other forms of Langmuir isotherms. 
 

 
Fig. 5. Comparing of Methylene blue's anticipated and observed 
adsorption results with regarding to Langmuir isotherm type 1. 

 

 
Fig. 6. Comparing of Methylene blue's anticipated and observed 
adsorption results with regarding to Langmuir isotherm type 2.  

 

 
Fig. 7. Comparing of Methylene blue's anticipated and observed 
adsorption results with regarding to Langmuir isotherm type 3. 

 

Table 4. Parameters of Langmuir isotherms which were obtained from 
the calculations. 

Langmuir 
Isotherm type qm, mg/g KL, l/mg R2 

Type 1 2.4722 6.9741 0.9957 

Type 2 1.8695 30.3921 0.9770 

Type 3 1.8976 30.7692 0.7963 

To clarify the difference between the linear forms of the Langmuir 
isotherm, Addition of some statement regarding to their nature is 
beneficial. The Langmuir isotherm type 3, also known as the Eadie-
Hofstee isotherm, incorporates the reciprocal of the qe and Ce variables 
in the regression analysis. This approach often results in regression 
difficulties primarily influenced by low qe and Ce values, which are 
typically measured with poorer accuracy. Furthermore, while it is 
reasonable to assume that the variances of qe and Ce remain constant 
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within the experimental range under analysis, it is not reasonable to 
make the same assumption for the reciprocals of these variables. The 
aforementioned observation can be easily extrapolated to the other 
linear variations of the Langmuir isotherm. It is important to note that 
the Langmuir isotherm type 2 (Lineweaver-Burk) use the variable qe to 
define both the independent and dependent variables. This dual usage 
of qe may result in contradictory definitions of measurement 
fluctuations. The Langmuir isotherm type 1, also known as the Hanes-
Woolf isotherm, employs the variable Ce to represent both the 
independent and dependent variables in its description. The model 
formulation possesses a distinctive quality that has the potential to 
artificially induce a strong correlation between the independent and 
dependent variables. So, model predictions exhibit a high correlation 
with the experimental data. Hence, the graphical representation of Ce/qe 
as a function of Ce yielded a highly effective model that accurately 
corresponds to the empirical observations, thereby commonly being 
chosen as the optimal linear model of the Langmuir isotherm (Osmari 
et al., 2013; Parimal, Prasad and Bhaskar, 2010).  

To ascertain the favourability or unfavourability of methylene blue 
adsorption by the GO/TiO2/SiO2 photocatalyst in relation to the 
Langmuir type adsorption process, the shape of the isotherm can be 
characterised using the dimensionless parameter referred to as the 
separation factor (RL). This can be achieved by employing the following 
Eq. 

RL =  
1

1 + KLC0

 (12) 

KL (L/mol) and C0 (mol/L) are the Langmuir constant and initial 
concentration of dye, respectively. Calculated RL defines the state of 
adsorption. RL = 0 and 1 indicate that adsorption is irreversible and 
linear, respectively. 0<RL<1 is ascribed to favorable adsorption. Finally, 
RL >1 shows unfavorable adsorption (Safri and Fletcher, 2023). As 
shown in Table 5, for all C0, calculated RL was in the range of 0 and 1. 
Therefore, adsorption was favorable. 

Table 5. Separation factor for methylene blue adsorption on 
GO/TiO2/SiO2 photocatalyst.  

Initial 
concentration, 

mg/L 

RL for 
Langmuir 

type 1 

RL for 
Langmuir 

type 2 

RL for 
Langmuir 

type 3 

0.5 0.2229 0.0617 0.0610 

1 0.1254 0.0319 0.0314 

3 0.0456 0.0108 0.0107 

5 0.0278 0.0065 0.0065 

10 0.0141 0.0033 0.0032 

The RL values for all models were within the range of 0 to 1. The 
values of RL for Langmuir isotherm types 2 and 3 were comparatively 
lower than those for type 1 and exhibited a closer proximity to zero. As 
previously mentioned, the process of adsorption is deemed irreversible 
when the value of the Langmuir adsorption equilibrium constant (RL) is 
equal to zero. It can be concluded that the behaviour exhibited by 
Langmuir isotherms of types 2 and 3 closely resembled that of the 
irreversible type. However, owing to the R2 values, it can be concluded 
that Langmuir isotherm type 1 was more favorable. Based on the 
observed lower RL values, approaching zero, for Langmuir isotherm 
types 2 and 3 (irreversible type), as well as the higher R2 value for 
Langmuir isotherm type 1, it can be inferred that the Langmuir isotherm 
type 1 is more favorable when compared to the other types of Langmuir 
isotherms. 

 
3.3. Comparing with Freundlich Isotherm 

Fig. 8 demonstrates the validation of the experimental data (Table 3) 
using the Freundlich isotherm for adsorption of methylene blue by the 
GO/TiO2/SiO2 photocatalyst. The constant, parameters, and correlation 
coefficient value of this isotherm were documented in Table 5. Due to 
the calculations performed, R2 for Freundlich isotherm was determined 
to be 0.9515, indicating a lower value compared to both types 1 and 2 
of the Langmuir isotherms. 

Table 5. Parameters of Freundlich isotherm which was obtained from 
calculations. 

n KF, mg/g R2 

3.4376 1.8034 0.9515 

Upon comparing the correlation coefficient values associated with 
Langmuir and Freundlich isotherms, it was revealed that the Langmuir 
isotherm exhibited a superior fitting to the adsorption data in 
comparison to the Freundlich isotherm. Adsorption, according to the 
Langmuir model, takes place as a monolayer of adsorbate molecules 

over the uniform adsorbent surface. Therefore, better performance of 
the Langmuir probably originated from the monolayer nature of 
adsorption. 

 
Fig. 8. Freundlich isotherm performance for removing of the 

methylene blue dye. 

To evaluate the monolayer adsorption, dimensions of methylene 
blue is required. It has been documented that the width, length and 
thickness of methylene blue were 1.43, 0.61, and 0.4 nm, respectively. 
As well, calculation of qD (monolayer adsorption capacity) is necessary. 
Computation of qD is possible with applying of Eq. 13. 

qD =
(SBET/(1.43 ∗ 0.61 ∗ 10−18))

NA

∗ (M) (13) 

In Eq. 13, NA = 6.02 ×1023 mol-1 is the Avogadro's constant. 
Moreover, M is the molecular weight of methylene blue (319.85 g/mol). 
In addition, SBET is the specific surface area (Wang et al., 2019; Vargas 
et al., 2011). Also, qm was the maximum adsorption capacity. If qm > qD 

we can conclude that multilayer adsorption takes place, but if qm < qD 

monolayer adsorption is possible. It must be noted that applied method 
for the synthesis of photocatalysts was the sol-gel method. This method 
is one of the appropriate methods which is able to produce materials 
with higher surface area. Owing to the obtained data from Alahmad and 
co-workers (Alahmad et al., 2018; Ahmad and Alahmad, 2021) and 
other studies (Mungondori and Tichagwa, 2013; Joseph et al., 2021) it 
is more probable that qD is larger than qm and thus monolayer adsorption 
was dominant. Therefore, it is reasonable and acceptable to conclude 
that the Langmuir isotherm provides a more accurate match for 
adsorption data in comparison with the Freundlich isotherm. 

Furthermore, the value of n was 3.4376 and consequently 1/n was 
0.2901. So, adsorption was normal and also, Freundlich model was 
proper for this adsorption. But in order to determine the most suitable 
isotherm model, it is imperative to take into account all available data. 
R2 values for models proved that, however, Freundlich isotherm is 
favorable for this adoption but Langmuir isotherm type 1 illustrated the 
superior performance and compatibility with the experimental data.  

 
3.4. Comparing with Temkin Isotherm 
 
In this section experimental data (Table 3) were analysed using the 
Temkin isotherm and compatibility of this isotherm for adsorption of 
methylene blue dye via GO/TiO2/SiO2 photocatalyst was evaluated. The 
findings were presented in Fig. 9. In addition, the constant, parameters 
and correlation coefficient values of Temkin isotherm were listed in 
Table 6. It must be noted that the applied temperature for Temkin 
isotherm calculations was 298.15K. According the computation, 
correlation coefficient value for Temkin isotherm was 0.9823. The 
results of this analysis demonstrated that however, the compatibility of 
Temkin isotherm was more than Freundlich isotherm, but was lower 
than the Langmuir isotherm type 1 (Hanes- Woolf). 

The lower R2 observed for Temkin isotherm, as compared to the 
Langmuir isotherm type 1 (Hanes- Woolf) may be attributed to the 
inherent characteristics of these isotherms. The Temkin isotherm 
investigates the impact of temperature on adsorption that declines 
linearly with coverage of the adsorbate and adsorbent. This model is 
more suitable for temperature sensitive systems while during this study 
temperature was constant. Thus, Langmuir isotherm type 1 (Hanes- 
Woolf) exhibited better performance. Furthermore, it is important to 
acknowledge that the correlation coefficient values for both 
models were in the same range, indicating that both models were useful 
for the interpretation and prediction of adsorption. 
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Fig. 9. Temkin isotherm performance for removing of the methylene 

blue dye. 
 

Table 6. Parameters of Temkin isotherm which was obtained from 
calculations. 

b, J.gr/mol2 KT, lit/mol R2 

7886.7932 389.8016 0.9823 

Considering the correlation coefficient values for various isotherms, 
it was observed that the Langmuir isotherm type 1 (Hanes- Woolf with 
R2 = 0.9957) exhibited the greatest value, indicating that it is the most 
suitable model for describing the surface adsorption of methylene blue 
via the GO/TiO2/SiO2 photocatalyst. 

 

3.5. Comparing with Redlich-Peterson, Sips and Toth Isotherms 
 
In this part the adsorption isotherm parameters were defined by 
applying of non-linear regression analysis. Therefore, experimental 
outcomes were investigated via utilization of some three-parameter 
isotherm models such as Redlich-Peterson, Sips and Toth isotherms 
models. The minimization approach employed in this study involves 
utilizing the solver add-in function of Microsoft Excel to solve the 
isotherm. This is achieved by minimizing the hybrid fractional error 
function (HYBRID) amid the anticipated data and experimental ones. 

HYBRID = 100 ∗
1

n − p
∗ ∑[(𝑞𝑒𝑥𝑝 − 𝑞𝑐𝑎𝑙)

2
𝑛

𝑖=1

/(𝑞𝑒𝑥𝑝)] (14) 

Subscripts “exp” and “cal” represent the experimental and 
calculated q, respectively. Also, n indicates the number of data points. 
Moreover, p represents the number of parameters in isotherm equation 
(Shikuku and Jemutai-Kimosop, 2020). The results were exhibited in 
Fig. 10.  

 
(a) 

 

 
(b) 

 

 
(c) 

Fig. 10. (a) Redlich-Peterson, (b) Sips and (c) Toth isotherms models 
performance for removing of the methylene blue dye. 

The constant, parameters and R2 of isotherms were listed in Table 
7. Owing to the calculation, R2 of Redlich-Peterson, Sips and Toth 
isotherms models were 0.9575, 0.9626 and 0.9629, respectively. So, it 
seems that Redlich-Peterson isotherm model illustrated better 
performance in comparison with other three-parameter models. 
Comparing the R2 of Redlich-Peterson, Sips and Toth isotherms with 
Langmuir isotherm proved that while the Redlich-Peterson model 
exhibited higher compatibility than the other three-parameter models, it 
was still lower than the Langmuir isotherm type 1 (Hanes-Woolf). So, 
we can conclude that, Langmuir isotherm type 1 presented the highest 
compatibility with experimental data, among the evaluated isotherms. 

Table 7. Parameters of Redlich-Peterson, Sips and Toth models 
which were obtained from the calculations. 

Redlich-Peterson model parameters  

KR (L.g–1) 𝛼𝑅 (mg.L–1)– β β R2 

132.19 71.649 0.7995 0.9575 

Sips model parameters 

qm as Bs R2 

3.6424 1.057 0.4361 0.9626 
Toth  model parameters 

qm aT z R2 

7.0387 0.2737 0.1808 0.9629 

 
4. Conclusions 
 
This study aimed to identify the most suitable isotherm model for the 
adsorption of methylene blue onto the GO/TiO2/SiO2 photocatalyst. 
Hence, the experimental data obtained from the literature were 
assessed using various isotherm models, namely Freundlich, Temkin, 
and three different types of Langmuir isotherms (two-parameter 
isotherms), as well as Redlich-Peterson, Sips, and Toth models (three-
parameter isotherms). Among the different types of Langmuir isotherm 
models, it was observed that Langmuir isotherm type 1 (Hanes-Woolf) 
had a significantly high level of performance, as indicated by an R2 
value of 0.9957. Furthermore, upon comparing the results of curve 
fitting for the two-parameter models, it was seen that the Langmuir 
isotherm type 1 exhibited the best level of compatibility. Furthermore, 

y = 0.3143x + 1.875 
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the suitability of Langmuir isotherm to explain the adsorption process 
was consistent with the computed separation factor (RL) being in the 
range of 0 to 1. The major mechanism observed during the adsorption 
of methylene blue on GO/TiO2/SiO2 photocatalyst is likely monolayer 
adsorption. Additionally, this photocatalyst demonstrated suitability for 
lower concentrations of methylene blue. Additionally, it can be inferred 
that the utilization of Temkin isotherms was not suitable for assessing 
the compatibility of GO/TiO2/SiO2 in the degradation of methylene blue 
in temperature-sensitive systems. The evaluation of three-parameter 
isotherm models using experimental data demonstrated that the 
Redlich-Peterson isotherms exhibited greater compatibility when 
compared to the other models. In general, it can be observed that two-
parameter models exhibit greater compatibility and accuracy in 
predicting adsorption trends compared to three-parameter models. The 
Langmuir isotherm type 1 is considered the most appropriate model for 
predicting the adsorption of methylene blue on the GO/TiO2/SiO2 
photocatalyst, as it exhibits the maximum comparability with 
experimental results. The obtained results provided valuable insights 
into the predictive capabilities of the adsorption trend of methylene blue 
at different concentrations on the GO/TiO2/SiO2 photocatalyst. 
Additionally, these findings presented the opportunities for the 
development of new photocatalysts for similar applications. 
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