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a b s t r a c t
In the present work, the experimental and theoretical studies of the adsorption of methylene blue 
(MB) on TiO2 were established. The geometry of MB was optimized by density functional theory 
(DFT) at the B3LYP/LanL2DZ level of theory using Gaussian software 09W, then after, the adsorp‐
tion on anatase (110) TiO2 surface in aqueous solution was carried out by Monte Carlo dynamic 
simulation. Theoretical results show that the fully protonated MB in the three nitrogen atoms has a 
high negative PA which indicates their better tendency of chemical adsorption to TiO2 surface than 
neutral or partially protonated. Then, quantum chemical parameters, electronic distribution, total, 
average total, intermolecular, electrostatic, and van der Walls energies for the systems were eval‐
uated and interpreted. According to the results, MB was chemisorbed in each case of neutral and 
protonated species. A systematic study of various parameters (amount of TiO2, contact time, initial 
concentration, temperature, pH), was performed. Experimental results show that the adsorption was 
rapid and was best fitted with the pseudo‐second‐order kinetic model instead of pseudo‐first‐order 
kinetic and Elovich models. The values of thermodynamic parameters ΔG°, ΔS°, and ΔH° indicate 
that the adsorption was spontaneous and exothermic in nature. The adsorption follows the Langmuir 
isotherm model in agreement with quantum chemical parameters obtained by DFT and MCDS.
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1. Introduction

Discharging large quantities of dyes in water resources 
from various dyestuff manufactures, paper making indus‐
tries textile, and plastic pose many hazardous environmen‐
tal problems. Furthermore, the majority of dye molecules 
are composed of aromatic rings, rendering them carcino‐
genic and mutagenic for aquatic organisms [1]. The organic 
molecules, especially methylene blue (MB) contained in the 
wastewater are hardly biodegradable and the lack or insuf‐
ficiency of treatment systems thus leads to their accumula‐
tions in the water cycle [2]. To reduce the harmful effects 
of this pollutant, several methods of wastewater treatment 
were tested such as membrane filtration, solvent extraction, 
electrochemical methods, chemical precipitation, adsorp‐
tion, biological methods, and catalytic oxidation. Among 
these techniques, the adsorption process appears as a 
method of choice because of its easy operation, flexibility, 
simplicity in design, and insensitivity towards the pollut‐
ants as well as toxic compounds [3–6].

Many adsorbents such as carbon nanotubes, activated 
carbon, bentonite, ash, coal, manganese oxides, almond shell, 
kaolinite, bagasse, clay, phosphate, zeolite, resins, compost, 
and titan dioxide, that is, have been applied for the adsorp‐
tion of dyes in aqueous environments [7,8]. Activated carbon 
(AC) is widely used as an effective adsorbent in the removal 
of dyes and it is proven to be an effective adsorbent for the 
removal of a variety of organic and inorganic pollutants dis‐
solved in aqueous media or from the gaseous environment. 
But, many disadvantages are associated with this adsorbent 
including high cost, non‐renewable production source and 
difficulties with its regeneration reuse give a reduction in 
adsorptive efficiency [3]. In this study, we choose TiO2 as 
an adsorbent because it is easy to synthesize and has a rigid 
structure allowing us to study the adsorption at a molecu‐
lar dynamic scale. Moreover, TiO2 electronic properties, low 
economic cost, chemical stability, and non‐toxicity make it an 
excellent adsorbent. In recent years, several studies showed a 
good photocatalytic performance of TiO2 in the degradation 
of organic substrates [9–12].

Most of the organic molecules containing the heteroatoms 
(=N–, –O–, –S–Cl) and several bonds facilitate their adsorp‐
tion on TiO2 surface [13]. So, understanding the interaction of 
organic molecules with the TiO2 surface is important for sev‐
eral types of research in technological applications, including 
photocatalysis [14] and dye‐sensitized solar cells [15].

The important adsorption process is then controlled by 
the strength of the molecular interactions with the adsorbent 
surface. The current understanding of the interactions of 
organic molecules with TiO2 surfaces has been summarized 
in a recent review by Thomas and Syres [16]. Because of its 
scientific and practical importance, the adsorption of organic 
molecules is one of the most developing areas of research in 
the field of titanium oxide surface science.

This study aimed to understand the adsorption process 
of methylene blue on the TiO2 (110) anatase surface by Monte 
Carlo dynamic simulation (MCDS). Experimental and the‐
oretically studies of the interaction of neutral and proton‐
ated forms of MB dye with TiO2 surfaces in the presence of 
water molecules were established. Density functional theory 
(DFT) calculations at the B3LYP/LanL2DZ level were used 

to understand the electronic properties of these forms based 
on the natural bond orbital analysis (NBO). MCDS was used 
to estimate the relative adsorption strengths for different 
sites. The adsorption geometries and energies for different 
configurations were also obtained in the simulation box for 
comparison.

On the other hand, an experimental study was realized 
to evaluate the effect of certain individual parameters on 
adsorption of MB by TiO2 such as pH, temperature, dye con‐
centration and the mass of TiO2. The chemical structure of the 
MB is illustrated in Fig. 1.

2. Theoretical study

2.1. Methods

2.1.1. DFT calculation

Gaussian 09W program was used for the calculations. 
All the geometries of the MB forms were optimized using 
B3LYP/LANL2DZ basis set. The electronic properties of these 
structures were studied based on the NBO analysis. The 
most popular parameters which play a prominent role are 
involved in chemical reactivity. These involve the eigenval‐
ues of the energy of the highest occupied molecular orbital 
(EHOMO), energy of the lowest occupied molecular orbital 
(ELUMO), energy gap (ΔEgap), ionization energy (IE), electron 
affinity (EA), absolute electronegativity (χ), global hard‐
ness (η), global softness (S), global electrophilicity index (ω), 
fraction of electrons transferred (ΔN) [17].

IE HOMO= −E  (1)

EA LUMO= −E  (2)

The gap energy (Eq. (3)) is the difference between the 
energy of the lowest unoccupied molecular orbital (ELUMO) 
and the energy of the highest occupied molecular orbital 
(EHOMO).

∆E E Egap LUMO HOMO(eV) = −  (3)

The absolute chemical hardness (Eq. (4)) was calculated 
according to the equation.

η =
−

=
−I A E E

2 2
LUMO HOMO  (4)

The chemical softness, which describes the ability of an 
atom or a group of atoms to accept electrons, as shown in 
Eq. (5).

S
E E

= =
−

1 2

HOMO LUMOη
 (5)

The electronegativity of coating behavior was calculated 
according to Eq. (6).

χ =
+

=
− −( )I A E E

2 2
LUMO HOMO

 (6)
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The electronic chemical potential (Eq. (7)) can be calcu‐
lated from the molecular orbital energies and EHOMO/ELUMO 
borders as follows.

µ =
+E ELUMO HOMO

2
 (7)

Furthermore, the electrophilic character ω is a reactivity 
descriptor allowing a quantitative classification of the elec‐
trophilic nature of a compound within a relative scale. We 
proposed ω as a measure of the lowering of the maximum 
energy due to electron flows between the donor and the 
acceptor, as shown in Eq. (8).

ω
µ

= ×
2

2
S  (8)

The number of transferred electrons (Eq. (9)) was cal‐
culated according to the quantum chemical method by the 
following equation.

∆N =
− −( )

−( )
χ χ

η η
metal molecule

metal molecule2
 (9)

2.1.2. Molecular modeling and dynamics simulations

The MCDS study was adopted to compute the low 
configuration adsorption energy for adsorbate/substrate 
systems. MCDS methodology [18] using adsorption loca‐
tor code [19,20] implemented in Accelrys Materials Studio 
version 8.0 (Biovia–Dassaultsystemes) [21]. The simulation 
was performed with the anatase surface in a simulation box 
(35 × 35 × 35 Å3) with periodic boundary conditions. A vac‐
uum plate of 35 Å was introduced on the anatase (110) sur‐
face and was then enlarged to a (6 × 6 × 6) super cell. The 
TiO2 (110) crystal surface was selected for this simulation 
because this is the most stable surface. For the whole simu‐
lation procedure, the universal force field was used to opti‐
mize the structures of all components of the interest system. 
Moreover, each adsorption system also included 400 H2O 
molecules to simulate the solvent effects. This computational 
study aims to find the most stable and low‐energy adsorp‐
tion sites and investigate the preferential adsorption of MB 
forms on anatase (110) in an aqueous medium.

Adsorption energy denotes as the interaction energy 
between the isolated molecule and the metal surface is esti‐
mated as the difference between the total energy of the com‐
plex and the sum of the energies of the isolated molecule and 
isolated TiO2 may be evaluated using Eq. (10):

E E E Eads surface/molecule surface molecule= − +( )  (10)

where Emolecule, Esurface, and Emolecule–surface represents the potential 
energy of a molecule, a clean slab (surface) and the whole 
system with the molecule adsorbed on the slab, respectively. 
For the case of explicit the solution, the adsorption energy 
(Eq. (11)) is calculated by [22–24]:

E E E Eads surface/molecule/solution surface/solution molecul= − + ee/solution solution( ) + E  
 (11)

where Emolecule/solution, Esurface/solution, and Esolution represent the 
potential energy of a molecule in solution, a slab (surface) in 
solution and just the solution, respectively.

According to this definition, negative adsorption energy 
corresponds to stable adsorption on the surface. Negative Eads 
corresponds to an exothermic process and a larger absolute 
value of adsorption energy indicates stronger interaction 
between the surface and the molecule.

2.2. Results and discussion

2.2.1. DFT calculations

2.2.1.1. Electronic distribution

The chemical reactivity of an adsorbed molecule with 
solid surfaces is studied by a series of quantum‐chemical 
parameters, such as the electron distribution, in order to 
obtain global information on the localization of electrons, by 
evaluating the molecular electrostatic potential (MEP), the 
molecular HOMO and LUMO [25]. MEP analysis has been 
used to find the reactive sites of the compound. The result 
below is obtained by DFT optimization. The optimized geo‐
metric structures, as well as frontier molecular orbital distri‐
butions for neutral and protonated forms of MB, are shown 
in Fig. 2.

The results show that the HOMO’s and LUMO’s of the 
protonated at N35N36, N35N37, and N36N35N37 are strongly 

Fig. 1. Chemical structure of methylene blue (MB).
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delocalized in the aromatic rings and all N atoms. The con‐
tour plots of the HOMO and LUMO are structural depen‐
dent and the electron density of the HOMO location in the 
molecule under study is mostly distributed on the atoms 
having a delocalized character showing that these atoms are 
the favorite adsorption sites. Note that the strongest contri‐
bution for the HOMO is encountered for the N35, N36, and 
N37 atoms in MB protonated at these atoms. This suggests 
that the prospective active orbitals for donor‐acceptor inter‐
actions are distributed over the molecule of the MB proton‐
ated at all N, making them capable to donate electrons to 
the TiO2‐surface, in their chemical adsorption. The LUMOs 
showed more π-characters than the HOMOs, though surface 
reflects essentially π-orbitals. The neutral and protonated 
HOMO of MB in N35 shows the electron density contrib‐
uted from a chlorine atom, while the LUMO indicates a pre‐
dominant contribution of the aromatic rings. Some C‐atoms 
of the terminal benzene rings in MB protonated (N36) are 
also not involved in the HOMO, as the HOMO electron 

density is more concentrated around the molecule center. 
The mono‐protonation of the studied MB molecule in the 
N35 and N36, makes them less reactive, by losing their abun‐
dance of electrons, in consequence, the HOMO and LUMO 
density contour decrease around the active site. The MEPs 
contour indicates that the reactivity of the MB after proton‐
ation decrease because the reed color despairs around the 
active site.

2.2.1.2. Molecular electrostatic potentials

The electronic cloud surfaces, also known as MEPs are 
electronic cloud surfaces of the molecules. The type of reac‐
tivity in a compound was represented using this model. In 
that case, MEP indicates the color reactivity of the regions for 
being nucleophilic or electrophilic [26,27].

The MEP of neutral and protonated MB in (N36), (N35), 
(N36N35), (N36N37), and (N36N35N37) are calculated and mapped 
on the optimized geometry. They are presented in Fig. 3 

Fig. 2. HOMO, LUMO, and total distribution of electronic density of charge for the protonated and non‐protonated species of MB.
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characteristic increasing values of the electrostatic potential 
on the surface are indicated by various colors in succession 
of red (represent electrophilic reactivity) > orange > yel‐
low > green > blue (nucleophilic reactivity). The color code 
of the MEP diagram lies between –0.388 a.u. (Dark red) 
and 0.388 a.u. (Dark blue) for MB protonated (N36N35N37), 
–0.295 a.u. (Dark red) and 0.295 a.u. (Dark blue) for MB pro‐
tonated (N36N37), –0.306 a.u. (Dark red) and 0.306 a.u. (Dark 
blue) for MB protonated (N36N35), –0.238 a.u. (Dark red) and 
0.238 a.u. (Dark blue) for MB protonated (N35), –0.223 a.u. 
(Dark red) and 0.223 a.u. (Dark blue) for MB protonated (N36), 
and –0.161 a.u. (dark red) and 0.161 a.u. (dark blue) for MB 
neutral. The deep dark blue region around nitrogen atoms of 
protonated MB molecule represents their nucleophilic nature 
(electrophilic attack locale), who negatively charged. These 
electron‐rich areas would be the preferred sites for adsorp‐
tion to the TiO2 surface. Chlorine atom of neutral MB with 
deep red color is analyzed to be more electrophilic in nature 
(nucleophilic attack locale).

2.2.1.3. Quantum chemical parameters

Frontier molecular orbit theory (FMOT) has been applied 
to investigate the chemical reactivity, active sites, and kinetic 
stability of the molecule. The EHOMO is related to the elec‐
tron‐donating ability of the compound (filled state). A higher 
value of EHOMO indicates that the molecule has a higher 

tendency towards the donation of an electron to appropriate 
acceptor molecules with low energy and empty molecular 
orbital (empty state). In that, the difference in energy between 
these FMOT presents an analytical parameter in resolving 
and understanding the molecular transport properties.

The chemical reactivity of the MB molecule has been 
analyzed by the energy of the lowest unoccupied molec‐
ular orbital (ELUMO) and the highest occupied molecular 
orbital (EHOMO) and of the molecules. MB molecule having a 
higher value of EHOMO exhibits a higher capability of electron 
donation to the metal surface [28].

Hence, the protonated molecules having higher values of 
EHOMO facilitate greater adsorption and act as a good adsorbate 
to the TiO2 metal surface. It is seen from Table 1, that the EHOMO 
values increases in the order: neutral MB < protonated MB 
(N36) < protonated MB (N35) < protonated MB (N36N35) < pro‐
tonated MB (N36N37) < protonated MB (N36N35N37). This result 
shows that the ability of electron donation by the molecule 
is in the order of MB neutral < protonated MB (N36) < pro‐
tonated MB (N35) < protonated MB (N36N35) < protonated 
MB (N36N37) < protonated MB (N36N35N37). In addition, it 
can also be observed that the values of ELUMO decrease in the 
order of neutral MB > protonated MB (N36) > protonated MB 
(N35) > protonated MB (N36N35) > protonated MB (N36N35N37).

As the ΔE value decreases, there is an increase in reactiv‐
ity, which influences and increases the adsorption ability of 
the molecules on the surface of metal [28]. Table 1 reveals also 

Fig. 3. Molecular electrostatic potential contour map (MEP) for the protonated and non‐protonated forms, (Red: Strong negative elec‐
trostatic potential (EP); Blue: Strong positive (EP) and Green: Moderately positive (EP).
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that decreasing trends in ΔE with increasing protonated sites 
of MB. Furthermore, this phenomenon is illustrated by the 
fraction of electron transferred (ΔN) capability between the 
molecules and the metallic surface. For different four forms 
(protonated), it is observed that all the calculated ΔN values 
for anatase (110) surface are negative. This result indicates 
that the electron donation from the protonated molecules to 
the metal surface is no longer possible. Absolute electronega‐
tivity (χ), Global hardness (η), Global softness (S), and global 
electrophilicity index (ω) are other important parameters to 
elucidate the adsorption ability of the molecules on anatase 
surface. To better understand the chemical reactivity of the 
molecule, we can use the NBO analysis.

2.2.1.4. Protonated affinity

The presence of heteroatom like N, S in the MB mole‐
cule suggests their higher tendency of protonated in acidic 
solution. As we are discussing all the molecule issues in acid 
solution, investigation of the protonated form of MB mole‐
cule has been considered. In order to select the most desir‐
able site of protonated, the optimization of geometry was 
performed in several desirable sites and the most preferable 
site of protonated was determined by protonated affinity 
(PA) at the different active centers [29]. Most of the organic 
molecules containing the heteroatoms (=N–, –Cl–, –S–) and 
several bonds in their molecules facilitate adsorption on the 
surface. For neutral molecule, protonated reaction at a partic‐
ular donor site can be written as:

M H MH+ + +
  (12)

M is the neutral molecule and MH+ is the protonated species 
of neutral M.

This proton affinity (Eq. (13)) energy is estimated using 
the equation:

PA protonated H O non protonated H O2 3
= + − −− +E E E E  (13)

where Eprotonated is the energy of protonated MB mole‐
cule, EH2O

 is the energy of water molecule, Enon‐protonated is 
the energy of neutral MB and EH3O

+ is the energy of ion 
hydronium.

The MB is a symmetrical molecule (or admits plane of 
symmetry) and is protonated molecule in N36 and N35, the 
same observation was made for the protonated of MB in 
N36N35 and N37N35. The calculated energies of protonated are 
presented in Table 2.

The high negative of PA indicates that the sites are more 
nucleophile, in consequence, more reactive and vice versa, 
comparing the six forms (neutral and protonated) we found 
that MB protonated at all N atoms have the high negative 
PA which indicates their better reactivity than other forms. 
These results are in agreement with the other quantum chem‐
ical parameters and with the experimental data.

2.2.1.5. NBO charge distribution on protonated and 
neutral MB

Quantum‐chemical parameters such as NBO analy‐
sis were made to obtain the electronic properties of these 
structures and the interactions between different parts of 
the molecule with high accuracy. NBO plays an important 
role in explaining the chemical reactivity of a reagent. The 
atomic charges on the atoms are computed by the NBO pop‐
ulation via DFT/B3LYP methods with LanL2DZ basis level. 
The NBO charges are listed in Table 3. The NBO charges of 
active atoms contribute significantly to the strength of elec‐
trostatic interaction of an atom with others. Therefore, the 
atomic charges are always along with HOMO and LUMO 
to analyze the chemical reactivity and the interaction of a 
molecule with the surface. Whereas NBO analysis showed 
protonated transfer within the selected donor‐acceptor 
depicting large energy of stabilization for the compounds 
under study. The results show that the positive charges are 
mainly localized on hydrogen atoms and sulfur atom and 
the negative charges are localized on chlorine and nitrogen 
atoms. While the carbon atoms can be found either negative 
or positive. NBO loads of neutral BM atoms are found to be 
more negative than MB protonated in N35, N36, N37, and the 
other forms of MB (protonated).

2.2.1.5.1. Natural bond orbital analysis

The NBO calculations were performed using the NBO 
3.1 program implemented in the Gaussian 09 package [30,31] 
at the DFT/B3LYP method with LanL2DZ level basis set. 
Concerning the NBO analyses, the stabilization energy (E2) 
indicates the direct relationship between the interaction 
bonding—antibonding orbitals and the intensity of intramo‐
lecular charge transfer. These interactions are observed as 
an increase in electron density of anti‐bonding orbital that 
weakens the respective bonds. The higher the E2 value, the 
molecular interaction between electron donors and electron 
acceptors is more intensive and the greater the extent of con‐
jugation of the entire system [32].

Table 1
Quantum chemical parameters of protonated and no‐protonated MB optimized by DFT/B3LYP/LanL2DZ basis set

Dyes Forms EHOMO ELUMO ΔEgap X η S μ ω ΔN

Methylene 
blue

Neutral –5.524 –3.619 1.905 4.572 0.953 1.049 –4.572 10.970 0.044
Protonated (N36) –5.659 –4.108 1.551 4.883 0.775 1.289 –4.883 15.376 –3.148
Protonated (N35) –5.986 –4.626 1.36 5.306 0.68 1.470 –5.306 20.701 –3.901
Protonated (N36N35) –6.395 –4.979 1.416 5.687 0.708 1.412 –5.687 22.840 –4.016
Protonated (N36N37) –6.678 –4.677 2.001 5.678 1.000 0.999 –5.678 16.113 –2.837
Protonated (N36N35N37) –7.728 –5.551 2.177 6.639 1.088 0.918 –6.639 20.249 –3.049
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Table 2
Protonated affinity of protonated MB forms optimized by DFT/B3LYP/LanL2DZ basis set

System Protonated nitrogen Etotal PA (Kcal/mol)

Protonated MB (N36) –22,044.751 –9.425

Protonated MB (N35) –22,045.377 –23.861

Protonated MB (N36N35) –22,056.479 –279.884

Protonated MB (N36N37) –22,055.962 –267.961

Protonated MB (N36N35N37) –22,067.581 –22,067.581
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Delocalization of electron density between occupied 
Lewis‐type (bond or lone pair) NBO orbitals and formally 
unoccupied (antibond or Rydgberg) non‐Lewis NBO orbit‐
als correspond to a stabilizing donor‐acceptor interaction 
[33]. This donor‐acceptor interaction can be quantitatively 
defined in terms of the NBO, which is expressed by second‐ 
order perturbation in interaction energy (E2). For each donor 
(i) and acceptor (j), the stabilization energy E2 [34] associ‐
ated with the delocalization i → j is estimated according 
to Eq. (14):

E
q F

E F
i ij

j i

2

2

=
( )
−( )

 (14)

where qi is the donor orbital occupancy, Ei and Ej are diag‐
onal elements and Fij is the off‐diagonal NBO Fock matrix 
element.

The most forceful and dynamic interactions between 
the Lewis‐type occupied NBO orbital (bonding) with non‐
Lewis unoccupied NBO orbital (anti‐bonding) are calcu‐
lated, this most important donor‐acceptor interaction with 
high second‐order perturbation energies E2 are provided 
in Table 4. According to values in the table, the different 
donors and acceptors indicate that there are just two sorts 
of donor σ and π and two kinds of acceptor σ* and π*. 
Between these donors and acceptors, observation of pertur‐
bation energy E2 shows the different possible transitions for 
neutral and protonated MB. The most important electron 

transfer is from bonding orbital (BD) of tubes as a donor 
to anti‐bond orbitals (BD*). As can be seen from this table, 
NBO analysis revealed that the π (C7–C8) → π*(C12–C13) 
for neutral MB, π (C7–N36) → π*(C3– C4) for protonated 
MB (N36), π (C3–C4) → π*(C5–C6) for protonated MB (N35), 
π (C7–C8) → π*(C11–C12) for protonated MB (N36N35), 
π (C1–C2) → π*(C5–C6) for protonated MB (N36N37), π (C1–
C2) → π*(C5–C6) for protonated MB (N36N35N37), interac‐
tions give a strong stabilization to the system of the title com‐
pound by 65.09, 218.87, 49.70, 61.21, 122.62, and 122.05 kJ/
mol, respectively. The results indicate that protonated MB in 
(N36N35) and (N36N35N37) gives the greatest E2 values. As illus‐
trated in Table 4, the results of NBO analysis for protonated 
show that both lone pair (BD) donor orbital on the π (C1–
C2) atom interact with the acceptor orbital π*(C5–C6) of the 
aromatic ring of protonated MB (N36N37)/(N36N35N37) with a 
stabilization energy E2 of 122.62 and 122.05 kcal/mol, respec‐
tively. These transitions represent greater contributions from 
π-electrons having strong intramolecular hyper conjugative 
interaction.

2.2.2. Molecular dynamic simulation study

MCDS was performed to further study the adsorption 
behavior of molecules and heavy metals on the anatase (110) 
TiO2 surface. Thus, MCDS simulation reasonably predicts 
the most favorable configuration of the adsorbed neutral 
and protonated MB forms on the low adsorption energy TiO2 
surface. The Van der Waals, total, electrostatic, average total, 
and intermolecular energy for the systems under study; TiO2 

Table 3
Calculated NBO atomic charge distribution of neutral and protonated MB using DFT/B3LYP method with LanL2DZ basis set

Atoms Charges

Neutral Protonated N36 Protonated N35 Protonated N36N35 Protonated N36N37 Protonated N36N35N37

C1 0.275 0.292 0.281 0.185 0.198 0.188
C2 –0.284 –0.280 –0.239 –0.199 –0.212 –0.184
C3 –0.147 –0.159 –0.159 –0.173 –0.173 –0.177
C4 0.148 0.212 0.224 0.202 0.193 0.242
C5 –0.141 –0.141 –0.176 –0.164 –0.128 –0.168
C6 –0.253 –0.219 –0.200 –0.199 –0.216 –0.165
C7 0.148 0.156 0.203 0.269 0.193 0.242
C8 –0.147 –0.162 –0.153 –0.169 –0.173 –0.177
C9 –0.284 –0.223 –0.255 –0.264 –0.212 –0.184
C11 0.275 0.190 0.277 0.268 0.198 0.188
C12 –0.253 –0.233 –0.209 –0.154 0.216 –0.165
C13 –0.141 –0.129 –0.175 –0.189 –0.128 –0.168
C19 –0.420 –0.392 –0.421 –0.421 –0.392 –0.391
C20 –0.419 –0.392 –0.420 –0.421 –0.392 –0.392
C27 –0.420 –0.420 –0.425 –0.392 –0.392 –0.392
C28 –0.419 –0.421 –0.415 –0.393 –0.392 –0.391
N35 –0.434 –0.362 –0.449 –0.477 –0.440 –0.492
N36 –0.393 –0.437 –0.341 –0.481 –0.483 –0.482
N37 –0.393 –0.481 –0.361 –0.349 –0.482 –0.482
S38 0.415 0.544 0.443 0.654 0.721 0.816
Cl39 –0.986 –0.896 –0.915 –0.626 –0.635 –0.378
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(110)/neutral, protonated (N36), protonated (N35), protonated 
(N36N35), protonated (N36N37), or protonated (N36N35N37) with 
solvent molecules (400H2O) are calculated by optimizing 
the whole system and presented in Fig. 4. The total energy 
of configuration m is calculated according to the following 
sum [35,36]:

E E E Um m m m
A= + +AA AS  (15)

where Em
AA is the intermolecular energy between the MB 

molecules, Em
AS is the interaction energy between the MB 

molecules and the TiO2 (110), and Um
AS is the total intramo‐

lecular energy of the MB. The intramolecular energy of the 
MB forms is not included as its structure is fixed throughout 
the simulation; therefore, this energy contribution is fixed 
and vanishes, since only energy differences play a role in 
adsorption locator calculations.

The total intramolecular energy is the sum of the intra‐
molecular energy of all adsorbates of all components [35,36]:

U UA

N m

=
{ }
∑ intra  (16)

where {N} denotes the set of adsorbate loadings of all com‐
ponents in configuration m.

As the simulation starts with a clean TiO2 (110) adsor‐
bent, the first stage is to adsorb the specified number of water 
molecules and MB. This is accomplished by a random series 
of insertion steps and equilibration moves (only moves that 
do not change the loading are permitted) until the specified 
loading has been reached. During this stage, only insertion 
steps that do not create structures with intermolecular close 
contacts and that pass all adsorbate location constraints 
are accepted [36].

For neutral and protonated MB adsorption in the pres‐
ence of water molecules, it is noted that the electrostatic 
energy is zero; on the other hand, the intramolecular energy 
is different from 0 kcal/mol but admits a stable energy value. 
It is also observed that the total energy and the average 
total energy are positive, which do not exceed 600 kcal/mol, 
moreover, the energy of van der Waals admits of negative 
and positive values that do not exceed the values of average 
total energy. The van der Waals interaction has a dominant 
contribution to the MB adsorption on the titanium dioxide.

Before performing the Monte Carlo simulation, DFT is 
applied to systems comprising neutral and protonated MB 
optimized in the presence of a water solvent molecule. The 
selected neutral or protonated MB form is placed on the 
anatase (110) surface, optimized and then run adsorption 
locator module. Fig. 5 shows the low energy adsorption 
configurations of the MB (neutral and protonated forms) 

Table 4
Stabilization energy E2 (kcal/mol) of most important donor–acceptor interactions calculated by B3LYP/LanL2DZ basis set for neutral 
and protonated MB molecule

Donneurs Accepteurs E (kcal/mol)

Neutral Protonated  
N36

Protonated  
N35

Protonated  
N36N35

Protonated  
N36N37

Protonated  
N36N35N37

П(C1–C2) П*(C5–C6) 17.16 17.14 17.50 122.62 122.05
П(C1–C2) П*(C3–C4) 15.99 17.73 14.62
П(C3–C4) П*(C1–C2) 52.82 40.58 46.59 58.12
П(C3–C4) П*(C5–C6) 62.15 49.67 37.71 48.20
П(C5–C6) П*(C3–C4) 23.28 26.22 18.13 26.75
П(C5–C6) П*(C1–C2) 18.72 18.99 19.32 17.74 17.33 19.15
П(C7–C8) П*(C9–C11) 55.00 40.60 50.39 100.57 58.15
П(C9–C11) П*(C7–C8) 15.79 17.73 26.20 12.51
П(C9–C11) П*(C12–C13) 17.15 16.89 17.51
П(C12–C13) П*(C9–C11) 18.74 18.09 19.33
П(C12–C13) П*(C7–C8) 22.77 26.23 14.38 24.96 26.76
П(C7–C8) П*(C12–C13) 65.09 49.70 61.21 62.85 48.22
П(C5–C6) П*(C4–N35) 26.43 28.60
П(C7–N36) П*(C12–C13) 68.05
П(C7–N36) П*(C3–C4) 218.87
П(C4–N35) П*(C5–C6) 62.81 79.36
П(C4–N35) П*(C7–C8) 28.52
П(C7–C8) σ*(S38–Cl39) 19.76
σ(S38–Cl39) П*(C7–C8) 23.90
П(C3–C4) σ*(S39–Cl40) 18.16
П(C12–C13) П*(C7–N36) 26.29
П(S39–Cl40) П*(C3–C4) 19.70
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molecules adsorbed onto the anatase (110) surface in the 
aqueous medium. Side and top views of the most stable 
adsorption configurations for [neutral and protonated MB/
anatase (110)] interfaces are depicted in Fig. 5. The results 
show that the adsorption centers of MB and its forms (neu‐
tral and protonated) on metal oxide surface in the presence 
of the acid medium are the π-electrons of phenothiazine ring, 
nitrogen (N), sulfur (S), and chlorine (Cl) heteroatom as well 
as the possibility of hydrogen bond formation between the 
molecule and the TiO2 surface, making it possible to pro‐
vide electrons to the unoccupied orbitals of TiO2, to form 
a stable coordination bonds. From the careful observation 
of this figure, it can be said that the methylene blue forms 

studied adsorb on the titanium dioxide surface in a parallel 
mode under all circumstances, the adsorbed MB forms also 
cover a very important part of the TiO2 surface, indicating 
that the adsorption capacity for the titanium dioxide stud‐
ied is reasonable. This is mainly due to the extension of a 
high protonated effect. According to the quantum‐chemical 
parameters, it is worth noting that the charge density dis‐
tribution on protonated MB (N36N35N37) is strong than other 
forms of MB, which enhance the possibility of protonated 
MB (N36N35N37) to adsorb more strongly on TiO2 surface than 
neutral MB and other protonated MB forms. It is confirmed 
that the more negative the atomic charges of the adsorbed 
center, the more easily the atom donates its electrons to the 

Fig. 4. Total energy distributions for neutral and protonated forms (MB)/400H2O/TiO2 (110) obtained by adsorption locator module.
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unoccupied orbital of metal dioxide [33]. Therefore, these 
negative atomic charges indicated that nitrogen, sulfur, and 
chlorine atoms are the possible active adsorption sites.

The different values of the energies obtained from 
the adsorption locator module, namely the total energy, 
the adsorption energy, the rigid adsorption energy, and 
the deformation energy are collated in Table 5. In addition, 
(dEads/dNi (MB forms)) is the energy required to remove an 
adsorbate from the metal oxide surface, low deformation 
energy due to adsorbate relaxation on the surface anatase 
(110) is the most important. The parameters presented 
in Table 6 include adsorption energy, in kcal/mol−1, of the 
substrate–adsorbate configuration.

The adsorption energy is defined as the sum of the 
energies of the adsorbate components, the rigid adsorption 
energy, and the deformation energy. In addition, adsorp‐
tion energy reports energy released (or required) when the 
relaxed adsorbate components (MB forms) are adsorbed 
on the substrate. As can be seen from Table 5, neutral and 
protonated MB forms give the maximum adsorption energy 
in the negative value found during the simulation process. 

The high absolute value of the adsorption energy reflects a 
strong adsorption behavior. Each complex can be charac‐
terized by its adsorption energy, Eads, which was calculated 
from the deformation energy and rigid adsorption energy 
of the optimized geometries. Indeed, the neutral MB has 
a low value of the adsorption energy than that of the pro‐
tonated MB (N36N35N37), indicating that this last form has a 
high adsorption capacity on the titanium dioxide surface. It 
is shown from Table 5 that the adsorption energy of neu‐
tral, protonated MB (N36N35N37) molecules adsorbed onto 
the anatase are obtained as –917.155 and –948.456 kcal/mol, 
respectively, which are much stronger than protonated MB 
N36, N35, N37, N36N35, and N36N37. This decrease of adsorp‐
tion energy can be explained by structural modifications in 
the protonated site (compared to the adsorption of one MB 
neutral molecule). In parallel with the above, the order of 
the adsorption energy is confirmed by the efficiency of the 
selectivity of the reactivity sites obtained from the DFT and 
the experimental results.

Therefore, the adsorption energy may help us to rank 
protonated forms of MB. From the result of adsorption 

Fig. 5. Side (Left) and top (Right) views of stable adsorption configurations for neutral and protonated forms of MB/400H2O/ana‐
tase (110) TiO2 interface obtained by adsorption locator module. (a) Neutral MB, (b) protonated MB (N36), (c) protonated MB (N35), 
(d) protonated MB (N36N35), (e) protonated MB (N36N37), and (f) protonated MB (N36N35N37).
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energy, neutral and protonated MB sites have negative 
values of adsorption energy suggesting that MB molecule 
adsorption on anatase (110) TiO2 surface is exothermic and 
stable. As well, this result, it is quite clear that the adsorp‐
tion energies values are negative, which denotes that the 
adsorption could occur spontaneously [37].

The adsorption energy of the protonated MB (N36N35N37) 
(–948.456 kcal/mol) is the highest negative value among the 
MB forms understudy, which means that adsorption of this 
form on titanium dioxide (110) surface in water solvent mol‐
ecules is stronger than other forms. Furthermore, dEads/dNiMB 
for protonated MB (N36N35N37) is larger than neutral and 
protonated, which can say that protonated MB (N36N35N37), 
it can be said that difficult to remove on the surface of TiO2. 
Therefore, these observations are in agreement with experi‐
mental results.

So the use of theoretical methods to obtain models that can 
be used to predict and understand molecular structures, prop‐
erties, and interactions are known as “Molecular Modeling.” 
This allows providing information that is not available by 
experience and therefore plays a complementary role to that 
of experimental chemistry. So to confirm these theoretical 
results obtained, we performed out the experimental study.

3. Experimental study

3.1. Materials and methods

3.1.1. TiO2 synthesis

The titanium dioxide was prepared by dissolving the tita‐
nium isopropoxide in a solution formed from the methanol–
ethanol mixture under stirring with the molar proportion 
(1:1:10). The solution obtained is maintained at 75°C for 3 h. 
The solution was hydrolyzed by hot drip in water. After fil‐
tering with crucible having a porosity N°4, the solid obtained 
was dried at 120°C overnight in an oven and calcined at 
500°C in a muffle furnace for 4 h.

3.1.2. Adsorption tests

Adsorption experiments were carried out in beakers 
containing dye solution and continuously stirred 300 rpm 
for the desired time. A stock solution of dye at 20 mg/L was 
prepared by dissolving the required mass of the dye in dis‐
tilled water and subsequent solution concentrations were 
prepared by suitable dilution. Experiments were done by 
varying initial concentration from 5 to 20 mg/L, contact time 
from 5 to 120 min, the mass of TiO2 from 0.05 to 0.3 g/L, tem‐
perature from 25°C to 50°C and solution pH from 2 to 12. 
The solution pH was adjusted using HNO3 (0.1 N) and/or 
NaOH (0.1 N) and was measured by a sensION+ pH meter. 
At regular intervals, samples were centrifugated and the 
residual concentration was determined from its UV–vis 
absorbance characteristic with the calibration curve method 
at the wavelength of maximum absorption of MB (661 nm). 
The adsorbed amounts were calculated using the following 
equation [38,39]:

q
C C V
m

=
−( )0  (17)

where q (mg/g) is the adsorbed quantity, C0 (mg/L) is the ini‐
tial dye concentration, C (mg/L) is the dye concentration at a 
time t, V (L) the volume of solution, and m (g) is the mass of 
adsorbent.

3.2. Results and discussion

3.2.1. Characterization by X-ray diffraction, Fourier 
transform infrared spectroscopic analysis, Raman 
spectroscopy, and transmission electron microscopy 
coupled with energy dispersive X-ray analysis

In order to gain additional insights into the chemical 
composition of the TiO2 sample, the X‐ray diffraction (XRD) 

Table 5
Outputs and descriptors calculated by the Monte Carlo simulation for the adsorption of the forms neutral and protonated MB studied 
on anatase (110) (kcal/mol)

Complex Etotal Eads RAE Edef dEads/dNiMB dE dads H ONi
2

/

Neutral MB/400 H2O/TiO2 (110) –499.464 –917.155 –556.191 –360.964 –74.178 –1.772
Protonated MB (N36)/400 H2O/TiO2 (110) –491.175 –819.193 –547.694 –271.498 –72.547 –1.664
Protonated MB (N35)/400 H2O/TiO2 (110) –484.849 –831.049 –543.333 –287.716 –89.007 –1.710
Protonated MB (N36N35)/400 H2O/TiO2 (110) –487.462 –909.995 –546.815 –363.173 –74.041 –2.096
Protonated MB (N36N37)/400 H2O /TiO2 (110) –490.561 –822.348 –548.679 –273.669 –78.253 –1.542
Protonated MB (N36N35N37)/400 H2O/TiO2 (110) –497.154 –948.456 –558.034 –390.421 –111.904 –1.832

Table 6
Parameters of the pseudo‐first‐order, pseudo‐second‐order, and Elovich kinetic models together with their regression coefficients for 
the adsorption of MB

qexp

Pseudo‐first‐order Pseudo‐second‐order Elovich

qe (mg/g) k1 (1/min) R2 qe (mg/g) k2 (g/mg min) R2 α (mg/g/min) β (g/mg) R2

28.988 27.642 0.531 0.99 28.625 0.043 0.998 1,287,610 0.625 0.942



405M. Khnifira et al. / Desalination and Water Treatment 190 (2020) 393–411

pattern was recorded from 20° to 80° of 2θ values (Fig. 6a). 
The figure shows very fine lines, indicating that oxide is well 
crystallized. As can be seen, TiO2 sample exhibits practically 
identical profiles with two very fine peaks corresponding 
to 2θ = 25° and 2θ = 30.7°, which are assigned to reflections 
from the (101) and (200) planes of anatase structures, it is 
possible to observe a small shoulder (2θ = 30°) associated 
to rutile phase formation in TiO2 nanoparticle (JCPDS file 
N° 21-1276). The highest intensity of the peak at 2θ equal 
to 25° results from the anatase phase.

The FT‐IR spectra obtained for the TiO2 sample are 
shown in Fig. 6b. The figure shows a wideband located 
between 3,401 and 1,632 cm–1 attributed to the vibrations of 
elongations of linked hydroxyl groups (O–H) [40]. The sec‐
ond series of bands located in the region 653–550 cm–1 and 
in the region 495–436 cm–1 are assigned to the deformation 
modes of the Ti–OH and Ti–O–Ti bonds [41–43]. The band at 
640 cm–1 is generally attributed to the M–OH bond deforma‐
tion mode (M, Metal).

Raman spectroscopy is a non‐destructive method for 
studying the vibrational modes of a crystal lattice or mol‐
ecule. It is widely used for the evaluation of order and dis‐
order structural analysis of titanium dioxide. The Raman 
spectra obtained for the TiO2 are shown in Fig. 6c. The five 
Raman bands observed for the sample heat‐treated at 500°C 
for 5 h. These spectra of TiO2 exhibit four prominent peaks 
of 644, 522, 403, and 330 cm–1 bands are attributed to the 
anatase phase of TiO2. The band at 251 cm–1 is attributed to 
the rutile phase of titanium dioxide. The results indicate a 
good agreement with the result found by XRD and Fourier 
transform infrared spectroscopic (FT‐IR) analysis.

To get an idea of the external texture and elemental 
chemical composition of titanium dioxide, we used elemen‐
tary transmission mode microscopy coupled with energy 
dispersive X‐ray analysis (EDX). The sample is placed on a 
circular copper grid with a diameter of 3 mm. this will be 
covered before performing the analysis with a thin carbon 
film to facilitate the observation of non‐metallic elements. 

Fig. 6. (a) X‐ray diffraction diagram, (b) FT‐IR absorption spectrum, (c) Raman spectrum of TiO2 powder calcined at 500°C, and 
(d) Transmission electron microscopy image and EDX elementary composition of TiO2.
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In transmission mode, we see all the particles of our sam‐
ple located at a sufficiently small thickness to be transpar‐
ent to electrons. The atomic percentage of the elements is 
determined, either statistically on several points, or locally 
on a single zone. Generally, during the analysis, the cooling 
is provided by zone in the liquid state and zone that better 
represents our sample is chosen.

The morphological observation of titanium dioxide 
obtained by elementary transmission mode microscopy 
coupled to EDX is reported in Fig. 6d. The image shows the 
morphology of the TiO2 surface. The solid formed a regular 
distribution of grains of nanometric size.

EDX analysis was presented in Fig. 6d. The EDX anal‐
ysis of the TiO2 surface reveals the presence of the follow‐
ing elements: C, O, Cu, Si, and Ti. The energy peaks 4.5 and 
5 KeV correspond to titanium. Also, the energy peaks 0.9 and 
8.1 KeV correspond to copper (Cu). The characteristic peaks 
of the carbon and the copper are due to the dispersion grid of 
the sample. While titanium represents the majority product 
present on the surface of solid.

3.2.2. Study of methylene blue adsorption

3.2.2.1. Effect of adsorbent dosage

Fig. 7 illustrates the effect of adsorbent dosage on the 
adsorption of MB. The figure indicates that the adsorption 
yield increased from 21.37% to 36.43% for MB when the 
adsorbent dosage was increased from 0.05 to 0.3 g/L. The 
result indicates that the adsorption capacity decrease with 
the increase of TiO2 dosage. The amount of dye molecule 
in contact with a unit weight of titanium dioxide decreases 
with an increase in adsorbent dosage. From a practical view 
point, the optimum dosage of 0.1 g/L was chosen in further 
experiments.

3.2.2.2. Effect of pH on the removal of dye

The pH of aqueous solutions is an important parameter 
that controls the surface chemistry of adsorbent and ionic 
state of dye molecules. Solution pH affects the chemistry of 
both the organic molecules and the adsorbents [38]. This is a 

factor that characterizes the waters to be treated. The amount 
of MB adsorbed on TiO2 as a function of solution pH is pre‐
sented in Fig. 8. The figure indicates that the amounts of MB 
removed are higher in the pH range between 2 and 6, but 
stabilizes with a further increase of pH. There was also an 
increase in dye adsorption when the solution pH was higher 
than 8. It appears from these results that the degradation of 
MB is greater at basic pH. The maximum adsorbed amount 
of degradation of this dye is observed at pH = 12. The high 
amount of MB adsorption at pH 12 can be attributed to 
the electrostatic attraction between the adsorbent and the 
adsorbate molecule. Under these conditions, the surface of 
adsorbent has positive charges leading to an electrostatic 
attraction between MB cationic dye and TiO2, which results 
in increasing the adsorption amount. However, with a 
decrease, the solution pH, the electrostatic repulsion force 
between the protons present on the TiO2 surface and the pro‐
tonated MB molecule could be the reason for the low adsorp‐
tion amount at acidic pH. The effect of the initial pH of the 
solution on the adsorption process is very important because 
it influences the electrical charge of the particles. The effect 
of pH on MB adsorption can be interpreted by the term of 
point of zero charges (pHPZC) of the adsorbent and the pKa 
of the MB. The pHpzc of the adsorbents was determined, 
according to the procedure described by Noh and Schwarz 
[44]. The point of zero charges of the adsorbent, pHpzc, 
was determined using the following conditions: 0.1 g TiO2 
and 50 mL 0.01 mol/L NaCl solution. The pH values of the 
solutions were adjusted with HCl or NaOH to 2, 4, 6, 8, 10, 
and 12. Samples with and without adsorbent were stirred at 
300 rpm for 6 h. ΔpH values were calculated by subtracting 
the final and initial pH. The pHPZC of the TiO2 was found to 
be 7.2 the surface is positively charged for pH < 7.2, and neg‐
atively for pH > 7.2. Indeed, according to the zero points of 
load (pHPZC) of solid, the surface charge of the latter depends 
on pH. Indeed, in the basic medium, strong adsorption of 
dye on TiO2 particles is observed and which is probably due 
to the electrostatic attraction of TiO2 negative charge and the 
positive charge of dye. As can be seen, the maximum adsorp‐
tion efficiency of dye MB was obtained at pH 12 for TiO2 
adsorbent.

Fig. 7. Effect of adsorbent dosage on the adsorption of MB 
on TiO2: C0 = 10 mg/L, contact time = 180 min, initial pH, and 
T = 25°C.

Fig. 8. Effect of pH on the adsorption of MB on TiO2: C0 = 10 mg/L, 
contact time = 180 min, R = 0.1 g/L, and T = 25°C.
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3.2.2.3. Adsorption kinetics of methylene blue

Kinetics of adsorption is desirable as it provides informa‐
tion about the dynamic of the reaction in terms of order and 
of the rate constant, which is important for the efficiency of 
the process. Fig. 9 shows that the adsorbed amount increases 
with the stirring time to reach until equilibrium is reached 
after about 60 min. This time indicates that the adsorption 
balance is reached.

The adsorption amount of the adsorbate during the 
early minutes of the experiment was much lower than that 
of the late minutes, meaning that the adsorption capacity of 
adsorbate increases during the late minutes. This phenome‐
non may be attributed to the presence of unsaturated active 
sites on the outer surface of TiO2. Beyond 120 min, almost no 
noticeable changes were observed in the adsorption capacity.

Kinetic modeling not only allows estimation of adsorp‐
tion rates but also leads to suitable rate expressions charac‐
teristic of possible reaction mechanisms. Adsorption kinetics 
data were analyzed using two kinetic models, the pseudo‐ 
second‐order model [45], the pseudo‐first‐order model [46], 
and the Elovich model [47].

The pseudo‐second‐order model can be expressed as 
follows:

q
k q t
k q t
e

e

=
+
2

21

2

 (18)

where k2 (g/mg min) is the rate constant of pseudo‐second‐ 
order adsorption.

The first‐order rate expression of Lagergren based on 
solid capacity is generally expressed as follows:

q q ee
k t= −( )−1 1  (19)

where qe and q (both in mg/g) are, respectively, the amounts 
of dye adsorbed at equilibrium and at any time t (min) and 
k1 (1/min) is the rate constant of adsorption.

The Elovich model has been widely used in adsorption 
kinetics, which describes the chemisorption (chemical reac‐
tion) mechanism in nature. This model is suitable for systems 
with heterogeneous adsorbing surfaces, which is given by 
Eq. (20):

q tt = × +
1 ln( ) 1 ln( )
β

α β
β

 (20)

where α is the adsorption rate constant (mg/g/min) and β is 
the desorption rate constant (g/mg).

The obtained data and the correlation coefficients, R2 
are given in Table 6. The table shows that the calculated 
equilibrium values from the pseudo‐second‐order model 
were close to the experimental values than the others calcu‐
lated from the pseudo‐first‐order kinetic model. Moreover, 
the correlation coefficients were closer to 1 in the case of 
pseudo‐ second‐order than of pseudo‐first‐order and Elovich 
models. This result shows that the adsorption of MB onto 
TiO2 is better described by the pseudo‐second‐order model.

Therefore, these observations are in agreement with the 
experimental results presented in Fig. 9, the equilibrium 
adsorption capacities (qe) calculated were slightly more rea‐
sonable than those of the pseudo‐first‐order when compared 
to the experimental values (qe,exp). The MB adsorption pro‐
cess may involve anion exchange, chemical bonding, and 
electrostatic attraction. For the interpretation of experimen‐
tal kinetic data, from the point of view, the pedicure of the 
speed limitation stage is important. So adsorption sites are 
uniformly energetic the amount adsorbed can be controlled 
largely by the chemisorption process, in conjunction with 
the chemical characteristics of titanium dioxide and MB mol‐
ecule. The distance between the surface and the adsorbed 
molecule is shorter, which suggests that the adsorption type 
is a monolayer. These results show that chemical interaction 
between the blue molecule methylene and the surface of the 
titanium dioxide by one or more covalent or ionic chemical 
bonds. The experimental results are in agreement with the 
theoretical results.

3.2.2.4. Adsorption isotherms

Adsorption isotherms are another important tool that 
helps in understanding the mechanism of the adsorption 
process. Also, they provide qualitative information on the 
capacity of the adsorbent as well as the nature of the sol‐
ute‐surface interaction. Moreover, it gives information 
about the distribution of the solute between the liquid and 
solid phases at various equilibrium concentrations. The 
adsorption isotherms are illustrated in Fig. 10. The figure 
indicates that as the initial dye concentration increases, the 
amount adsorbed increases to a limit value corresponding 
to the maximum amount adsorbed. Also, the shape of the 
isotherms revealed L‐behavior according to Giles et al. [52]. 
In fact, dye removal is highly concentration‐dependent.

Equilibrium data obtained were analyzed using 
Freundlich, Langmuir, Dubinin–Radushkevich, and Temkin 
isotherm models. The Freundlich isotherm is an empirical 
model of heterogeneous surface sorption with non‐uniform 
distribution of heat sorption and affinities [48]. The form of 
the Freundlich equation can be stated as follows:

q K Ce F e
n= 1/  (21)

where KF (mg1–1/n g–1 L1/n) is the Freundlich constant and 
n is the heterogeneity factor. The KF value is related to 
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Fig. 9. Kinetics of MB adsorption on TiO2: C0 = 10 mg/L, 
R = 0.1 g/L, initial pH, and T = 25°C.
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the adsorption capacity; while 1/n value is related to the 
adsorption intensity.

The Langmuir isotherm theory assumes monolayer 
coverage of adsorbate over a homogeneous adsorbent sur‐
face [49]. The Langmuir model is the most frequently used in 
many sorption processes to evaluate the maximum sorption 
capacity. The linear form of Langmuir isotherm (Eq. (22)) is 
represented as follows:

q
q K C
K Ce

m L e

L e

=
+1

 (22)

where qm (mg/g) is the maximum monolayer adsorption 
capacity, KL (L/mg) is the Langmuir equilibrium constant 
related to the adsorption affinity, and Ce is the equilibrium 
concentration.

Temkin isotherm model suggests a uniform distribution 
of binding energies and assumes the effects of the interaction of 
the adsorbing species and the adsorbate [50]. This isotherm 
has been expressed mathematically as:

q B K Ce T e= ( )ln  (23)

where B = RT/b, R is the universal gas constant (8.314 J/
mol) and T (K) is the absolute temperature. KT empirical 
Temkin constant related to the equilibrium binding con‐
stant related to the maximum binding energy (L/mg) and 
B is the Temkin constant related to the heat of adsorption 
(kJ/mol).

The Dubinin–Radushkevich isotherm model does not 
assume a constant sorption potential or a homogenous sur‐
face, as other isotherm models do. It can be noted that this 
isotherm model is more general than the Langmuir model 
[51]. The Dubinin–Radushkevich model has been written by 
the following equation:

q q ee m= −² 2ε  (24)

where qm is the theoretical saturation capacity, β is a constant 
related to the adsorption energy and ε is the Polanyi potential.

The calculated parameters for Freundlich, Langmuir, 
Dubinin–Radushkevich, and Temkin models are presented 

in Table 7. This table shows that the higher values of R2 
accused the applicability of the Langmuir model for MB 
dye sorption onto the TiO2. The adsorption isotherm of MB 
shows significant adsorption at low concentrations in solu‐
tion. It is an L‐type isotherm in the classification of Giles et 
al. [52]. The best correlation of the experimental results is 
obtained with the Langmuir model (R2~0.998). This result 
suggests that MB is adsorbed on the surface of titanium 
dioxide in various ways. Therefore, the Langmuir isotherm 
assumes that sorption comes from the monolayer coverage of 
the adsorbate over a homogeneous TiO2 surface. Generally, 
this type of adsorption isotherms results from the predomi‐
nance of strong ionic interactions between the adsorbent and 
the adsorbate [53–55]. Chemical adsorption of positively 
charged amine groups of the MB molecule on the negatively 
charged groups on the surface of the proposed titanium 
dioxide. The theoretical results also show that the interac‐
tion between the MB and TiO2 surface and chemical type, 
indicating that these results are probably in accord with the 
experimental results. The maximum Langmuir adsorption 
capacity was 34.473 mg/g. These results suggest that the 
MB adsorption process by TiO2 is a monolayer.

Maximum adsorption capacity obtained from the 
removal of MB and onto TiO2 was compared with the previ‐
ous records of various low‐cost adsorbent as summarized in 
Table 8. It can be observed that the experimental data of the 
present study were found to be higher than those of some 
corresponding adsorbents in the literature.

3.2.2.5. Effect of temperature and thermodynamic parameter

The effect of the increase in the temperature on the adsorp‐
tion efficiency of MB onto the TiO2 was studied at various 
temperatures (i.e., 25°C, 30°C, 40°C, and 50°C) and the results 
are shown in Fig. 11. The adsorption of MB is less influenced 
by the temperature, the adsorbed amounts slightly decrease 
with the increase of solution temperature from 25°C to 50°C. 
From these results, thermodynamic parameters including 
the change in free energy (ΔG°), enthalpy (ΔH°), and entropy 
(ΔS°) were used to describe thermodynamic behavior of the 
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Fig. 10. Isotherms of MB adsorption on TiO2: contact 
time = 180 min, R = 0.1 g/L, initial pH, and T = 25°C.

Table 7
Isotherm constants and correlation coefficients for adsorption of 
MB on TiO2

Isotherms Parameters

Langmuir qm (mg/g) 34.473
KL (L/mg) 0.388
R2 0.998

Freundlich KF (mg1–1/n g–1 L1/n) 16.659
n 4.839
R2 0.995

Temkin Kt (L/mg) 11.635
B (kJ/mol) 437.17
R2 0.929

Dubinin–Radushkevich qm (mg/g) 30.582
B (mol/J) 0.003
R2 0.990
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adsorption of the dye. These parameters were calculated by 
considering the following reversible process:

Dye in solution  adsorbed dye ⇔  (25)

For such equilibrium reactions, KD, the distribution con‐
stant (Eq. (26)), can be expressed as follows:

K
q
CD
e

e

=  (26)

The Gibbs free energy is as follows [56]:

∆G RT KD° = − ( )ln  (27)

where G is the universal gas constant (8.314 Jmol/K) and T is 
solution temperature in K.

ΔH° and ΔS° of adsorption were estimated from 
the slope and intercept of the plot of lnKD vs. 1/T yields, 
respectively [56].

lnK G
RT

H
RT

S
RD = −

°
= −

°
+

°∆ ∆ ∆  (28)

The thermodynamic parameters calculated from the 
values of the intercepts and the slopes are illustrated in 
Table 9. The negative values of ΔG° at different tempera‐
tures indicate that the adsorption is thermodynamically 
feasible and is a spontaneous process. The increase in ΔG° 
values with an increase in temperature from 25°C to 50°C 
shows a decrease in the feasibility of adsorption at higher 
temperatures. Also, the magnitude of ΔH° gives information 
on the type of adsorption, which can be either physical or 
chemical. The enthalpy of adsorption (ΔH°) was found to be 
–8.917 kJ/mol. The negative ΔH° is an indicator of the exo‐
thermic nature of the adsorption. The ΔS° values were found 
to be negative which suggests a decreased randomness at the 
solid‐solution interface with the loading of species onto the 
surface of TiO2. From all these results, it could be concluded 
that the adsorption of MB was more favorable by the change 
in solution temperature.

4. Conclusions

In the present study, the TiO2 adsorbent was synthe‐
sized and structurally characterized by analysis methods 
such as XRD, FT‐IR, Raman spectroscopy, and transmis‐
sion electron microscopy coupled with EDX, it was pre‐
pared in good yield. This adsorbent was successfully 
synthesized and characterized. Moreover, experimental 
results show that adsorption was found to be pH‐depen‐
dent, with strong adsorption of MB (cationic) at high pH. 
Equilibrium adsorption increases with increasing initial 
MB concentration in solution. Adsorption isotherms for 
MB were best fitted with the Langmuir model. The ther‐
modynamic parameters indicated that the adsorption 
process is exothermic and spontaneous. Our previous 
experimental results for adsorption of MB on TiO2 were 
supported, in the present work, with that obtained by DFT 
at the B3LYP level and Monte Carlo simulation. Based on 
the DFT B3LYP/LANL2DZ method, the optimized struc‐
tures, the electronic parameters, that is, ΔEgap, IE, EA, χ, 
η, S, ω, ΔN, NBO, and the MEPs are theoretically deter‐
mined. Hence, the calculated HOMO and LUMO energies 
showed that charge transfer had occurred within the mole‐
cule. MEPs diagram shows that the negative potential sites 
are in electronegative atoms (denoted as red color) while 
the positive potential sites are around the hydrogen atoms 
(denoted as blue color), the small ΔEgap value shows that 
the molecule has high reactivity. MCDS was further per‐
formed to simulate the adsorption of MB neutral and pro‐
tonated on TiO2 (110) surface in the presence of molecules 
of water and the result shows that MB protonated in all 

Table 9
Thermodynamic parameters calculated for the adsorption of MB 
by TiO2

T (K) KD ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (KJ/K.mol)

298 1.710 –4.236
–8.917 –0.016303 1.651 –4.158

313 1.538 –4.001
323 1.431 –3.844

Fig. 11. Effect of temperature on the adsorption of MB onto TiO2: 
C0 = 10 mg/L, contact time = 180 min, initial pH, and R = 0.1 g/L.

Table 8
Comparison of maximum adsorption capacity of MB on TiO2 
based on the Langmuir isotherm model should be compared 
with other studies

Adsorbent qm (mg/g) References

Bagasse 17.54 [55]
Cu2O NPs 2.08 [56]
Natural sand of Morocco 1.185 [7]
Graphene oxide nanosheets (GO) 
at 25°C

03.57 [7]

Activated lignin–chitosan extruded 36.25 [7]
Kaolinite 102.04 [7]
Raw KT3B kaolin 52.76 [7]
Nanoporous activated carbon 154.8 [7]
TiO2 34.473 This study
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nitrogen atoms has the strongest interaction with TiO2 sur‐
face. Then, the molecular dynamics descriptors show that 
MB adsorption is chemical and spontaneous. The combi‐
nation of DFT with MCDS parameters provides an effec‐
tive means of understanding the interaction mechanism 
of MB dye with TiO2. So these results are in agreement 
with the experimental results, finally, we can conclude 
that molecular modeling is a method able to predict and 
understand molecular structures, properties, and interac‐
tions mechanisms.
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