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a b s t r a c t
In this work, pure rutile titanium dioxide (TiO2) nanosheets are synthesized by the electrochemical 
deposition method using a rectangular titanium plate (4 cm × 2 cm × 0.1 cm) as both cathode and 
anode with a current density of 9.2 × 10–3 mA/cm2 for 3 h. The rutile TiO2 nanosheets are investigated 
by both scanning electron microscopy and transmission electron microscopy measurements, and 
their crystal structure is obtained using the X-ray diffraction technique. The Brunauer–Emmett–
Teller analysis was shown the surface area of the rutile phase was 52 m2/g. The electrochemical 
synthesized rutile TiO2 nanosheets behave as an attractive adsorbent for Se4+ ions from their aqueous 
solutions. We examined the impact of contact time, pH, adsorbent mass, temperature and initial 
concentration of Se4+ ions. The Se4+ ions isotherm adsorption showed a good fit with Freundlich 
isotherm and Langmuir models. The thermodynamic study was done to calculate the ΔS, ΔH and 
ΔG parameters, which obtained 7.39 kJ/mol, 39.32 J/mol K, and –4.32 kJ/mol, respectively. Moreover, 
the kinetic study showed the adsorption behaved as pseudo-second-order.
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1. Introduction

Currently, titanium dioxide (TiO2) is an interesting mate-
rial, as it has outstanding optical, electrical, photocatalytic 
and thermal characteristics, especially as adsorbent, catalytic, 
supercapacitors, lithium-ion batteries and gas sensor [1–7]. 
The color of pure TiO2 is close to being white. However, 
it shows in other colors such as yellow, brown, etc. due to 
the existence of other metals [8].

TiO2 crystals can generally be described as three primary 
phases: anatase (tetragonal), rutile (tetragonal) or brookite 
(orthorhombic) [9,10]. The distinct physical characteris-
tics of each polymorph are diverse. The rutile phase is the 

most stable stage under environmental conditions among 
the three polymorphs, while anatase and brookite can be 
metastatic at all temperature degrees and become rutile with 
increasing temperature. Several studies have been shown 
that different TiO2 phases are stable that depend on the scale 
size of their particles. When the nanoparticles are lower than 
11 nm, anatase is thermodynamically stable. Nevertheless, 
rutile and brookite nanoparticles have stable phases at 
a size of 35 and 11–35 nm, respectively [8,11].

TiO2 material is stable, noncorrosive, eco-friendly, abun-
dant and cost-effective. It shows to be more promising 
and most widely used [12–14]. It has been categorized as 
non-hazardous that has no major adverse health impacts 
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[15]. Therefore, many researchers have used TiO2 as the 
removal of heavy metals from aqueous solutions [16–22]. 
Selenium is a metalloid element, which intermediates to 
metals and non-metals [23], and it is a major health micro-
nutrient, but selenium toxicity is a problem at high concen-
trations [24]. Due to its participation in several industries, 
selenium is increasingly being removed from the water. 
The high capability, easy and fast adsorption was shown 
with nanomaterials. The first study of the selenium adsorp-
tion from aqueous solution using nano-TiO2 material was 
done by Zhang et al. [21] that showed high adsorption 
capacity to remove selenium at a percentage of 96% in the 
pH between 2 and 6.

According to our knowledge, no methodical data on 
the adsorption behavior of Se4+ have been studied using 
the rutile TiO2 nanosheets. Due to their interesting dimen-
sions of the rutile TiO2 nanosheets that were synthesized 
by the electrochemical method, they were used to separate 
Se4+ from their aqueous solutions. The mass of adsorbent, 
the period of surface touch, pH, temperature and initial 
concentration of Se4+ ions were considered in this study.

2. Experimental setup

2.1. Materials

Titanium plate, NaOH, HCl, SeCl4 and ethanol were 
purchased and used as received from Sigma-Aldrich (UK). 
The deionized water was used throughout the purification 
of the final product.

2.2. Synthesis of rutile TiO2 nanosheets

Pure rutile TiO2 nanosheets were synthesized by the 
electrolysis using 120 mL of 0.1 M NaOH at 20°C as the elec-
trolyte. A rectangular titanium plate (4 cm × 2 cm × 0.1 cm) 
was used as an anode and the same dimensions of rectangu-
lar titanium plate were used as a cathode. Before mounting 
the substrates in the cell, they were cleaned by a bath soni-
cation with using aqueous and organic cleaner solvent (eth-
anol and deionized water) sequentially and each cleaning 
step duration was 10 min. The applied D.C. voltage between 
the electrodes was set to be 3 V under a current density of 
9.2 × 10–3 mA/cm2 for 3 h. A white precipitate was obtained 
and the yielding material was purified using deionized 
water and then it was dried for overnight to subsequent 
analysis.

The electro deposition reaction pathway suggestion to 
form TiO2 was:

Ti → Ti+4 + 4e–  (at anode) (1)

Ti+4 + 4e– → Ti*  (at cathode) (2)

Here (Ti*) is an active form of (Ti).

Ti+4 + 4OH– → Ti(OH)4 (3)

Ti OH TiO nanosheets H O all of them at pHTi*( )  → ( ) ( )+ =
4 2 22 12

 
 (4)

2.3. Characterization

The rutile TiO2 nanosheets were characterized by X-ray 
diffraction (XRD-6000) that was operated at 30 mA and 
40 kV to generate radiation at a wavelength of 1.5406 Å. 
JEOL JEM-2100 (Japan) transmission electron microscopy 
(TEM) measurement was utilized to study the morphology 
of nanosheets. JEOL JEM-6510 LV scanning electron micros-
copy (SEM) was used to determine the dimensions of TiO2 
flakes. Shimadzu 4800S (USA) Fourier-transform infrared 
spectroscopy (FTIR) spectrophotometer was shown the 
spectrum of TiO2 nanosheets. The surface area of nanosheets 
was measured using Micromeritics’ Gemini VII 2390 (USA) 
Series of surface area analyzers.

2.4. Adsorption of selenium on rutile TiO2 nanosheets

Thirty-milliliter solutions were prepared from the stock 
solution (500 ppm) of Se4+ ions at different concentra-
tions between 60 and 110 ppm by dissolving SeCl4 in 
deionized water. 0.01 g of TiO2 nanosheets were added to 
these solutions and shackled for about 40 min at selected 
temperatures 15°C, 25°C, 35°C, 45°C, and 55°C. These 
solutions were filtered and used in an atomic absorption 
spectro meter to identify the concentration of Se4+ ions in 
the filtrate and applied the following equation [22,25]:

Q
C C V

Me
e=

−( )0 sol  (5)

where Qe (mg/g) is the equilibrium capacity of adsorption, 
C0 and Ce are Se4+ ions concentrations (mg/L) initially and 
at equilibrium, Vsol is the volume of liquid (L) and M is the 
mass of the TiO2 nanosheets (g).

3. Results and discussion

3.1. Characterization of TiO2 nanosheets

All samples were subject to XRD to diagnosis the 
nature of produced powders. The XRD peaks at angles 
from 20° to 80° of the TiO2 crystal-style structure is shown 
in Fig. 1. According to the standard patterns of rutile TiO2, 
the high peaks at 27.46°, 36.09°, and 54.34° which are corre-
sponding to 110, 101, and 211 Müller values, respectively. 
The crystallite dimensions were determined using the 
Scherrer formula [26,27].

S k = λ
β θcos

 (6)

where k = 0.9 which is Scherrer constant, λ is the wave
length of the CuKα radiation, β corresponds to line broad-
ening in radians (the full width at half maximum) and θ 
is Bragg angle. The crystal size was calculated to be about 
24.6 nm.

The FTIR spectrum of TiO2 nanosheets is shown in 
Fig. 2. The band at 500–600 cm–1 belongs to the bending 
vibration (Ti–O–Ti) bonds in the TiO2 lattice [28]. The peak 
at 1,653 cm–1 relating to bending modes of water Ti–OH. 
The broadest band, which is observed at 3,373–3,500 cm–1, 
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corresponds to the stretching vibration of the hydroxyl 
group O–H on the surface TiO2 nanosheets [29].

The form and size of the primary nanosheets were 
assessed by SEM as shown in Fig. 3. The assessment demon-
strates that the nanosheets were crystallized well, and they 
were shown to have clear two dimensions. They show to 
be close to the rectangular shape with nanoscale thickness. 
Besides the structure of nanosheets, the figures also show 
a few amounts of TiO2 as the shape of nanoparticles. Their 
average size was determined at about 13 nm. In addition, 
TEM analysis was carried out on synthesized powders. 
Fig. 4 shows that aggregation occurs during the process 
of nanosheet formation. The flakes are shown to have a 
small thickness at the nanoscale. The Brunauer–Emmett–
Teller specific surface area of the rutile phase was found to 
be 52 m2/g. This proof is that the specific surface area had 
a good agreement with a reference TiO2 nanomaterial p25 
(50 m2/g). The high surface area of the nanosheets gives 
attention to study their adsorption behavior.

3.2. Adsorption isotherms

The most significant step in the adsorption study was 
to fit isotherm adsorption with adsorption results to define 
how adsorbent and Se4+ ions interact. In this work, Freundlich 
and Langmuir’s isotherms were considered. The correla-
tion factor R2 shows that both Freundlich and Langmuir 
isotherm equations fit very close to the adsorption results 
as shown in Fig. 5. The linearized form of the Freundlich 
adsorption was expressed in the following equation [30,31]:

log log logQ k
n

Ce f e( ) ( ) 







 ( )= +

1  (7)

where kf and n, which are called the Freundlich constants, 
are the indicators of adsorption capacity and adsorption 
intensity, respectively. The kf is gotten from the intercept 
and the n is obtained from the slope.

In this project, the Freundlich isotherm for TiO2 was 
calculated 1/n which was 0.358. This result agreed with 
demonstrating favorable physical adsorption [32].

As shown in the below equation, the data were also 
fitted with the Langmuir adsorption isotherm [33]:

C
Q q

K
C
q

e

e
L

e= +
1

max max

 (8)

where KL (mg/L) represents the Langmuir constant regarding 
the adsorption energy, qmax (mg/g) is the highest amount of 
Se4+ ions adsorbed per gram of adsorbent.

The dimensionless constant (RL), which is also called 
the separating factor, exhibits vital characteristics of the 
Langmuir isotherm and is described as:

R
K CL
L i

=
+( )

1
1  

 (9)

where Ci (mg/L) is the initial concentration of Se4+ 
ions, the RL values are all within (0–1) that indicate the 
adsorption of Se4+ ions on the TiO2 nanosheets is preferable.

3.3. Effect of contact time

To achieve a balanced time, the time of contact was 
determined by mixing 0.01 g of TiO2 nanosheets with 30 mL 
of Se4+ ions (80 ppm) in a sequence of tests. The mixture 
was shaken at 200 rpm under 298 K temperature. Fig. 6 
shows the adsorption was extremely rapid at the beginning 
of 10–20 min. The fast adsorption came from a strong link 
between active TiO2 and Se4+ ions. Because of the occupancy 
on the TiO2 surface nanosheets, the adsorption rate of 
Se4+ ions became constant after 40 min.

3.4. Effect of pH

The pH of the Se4+ ion solution was a fundamental of the 
adsorption procedure. In this work, the adsorption impact 
of pH was determined between 2 and 12. The collected data 
were plotted as the capacity of adsorption vs. pH as seen 
in Fig. 7. The graph shows that Se4+ ion adsorption in acidic 

Fig. 1. XRD graph of the rutile TiO2 nanosheets.

Fig. 2. FTIR spectrum of TiO2 nanosheets.
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 Fig. 3. SEM micrographs of the rutile TiO2 nanosheets.

Fig. 4. TEM micrographs of the rutile TiO2 nanosheets.

(a) (b)

Fig. 5. Adsorption curves of (a) Freundlich isotherm and (b) Langmuir isotherm at 298 K.
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mediums was extremely absorbed. At isoelectric point (IEP) 
[34], the charge on the TiO2 surface nanosheets was neutral 
with a pHIEP value of 6.8 for TiO2 nanosheets. Sorbent sur-
face had a pH value lower than IEP with positive charges. 
This improves an electrostatic attraction with Se4+ ions.  
The repulsion of negative charge in the sorbent was observed 
at the highest pHIEP that was a result of the release of adsorbed 
selenium by TiO2 nanosheets. The maximum adsorption of 
selenium was shown at pH range from 2 to 6, and the selec-
tion of pH value at 5.5 was carried out for Se4+ ions in the 
experiment.

3.5. Effect of adsorbent mass

The adsorbent mass influence was determined after 
adding different amounts of titanium nanosheets starting 

from 0.01 to 0.06 g to 300 ppm of Se4+ ions. The mixture was 
shaken at 200 rpm under 298 K temperature. The amount of 
adsorbed as a function of mass is shown in Fig. 8. At first, 
the adsorption rate is rapid owing to the increased amount of 
active site of TiO2 nanosheets. Increased adsorption of Se4+ ions 
was shown by increasing the amount of adsorbent mass.

3.6. Temperature effect and thermodynamic parameter calculation

The temperature influence of selenium adsorption on 
the surface of TiO2 nanosheets was studied at selected tem-
peratures 15°C, 25°C, 35°C, 45°C, and 55°C. The amount of 
adsorption solution of Se4+ ions increased with increasing 
temperature. This means the process was endothermic, 
and the mean of ΔH was positive. This was proof of both 
absorption and adsorption processes. When the tempera-
ture increased, diffusion molecules were absorbed into the 
pores and rose diffusion rates as well as the strong bond 
that connects between the adsorbate and the adsorbent [35].

The thermodynamic parameters provide detailed data 
about the intrinsic energy modifications connected with 
adsorption and should, therefore, be correctly assessed. 
In this research, the following variations were calculated 
to forecast the process of adsorption using the free energy 
of the adsorption (∆G°), enthalpy (∆H°) and entropy (∆S°), 
depending on the following equations:

ln K H
RT

S
Re( ) = − +

∆ ∆  (10)

�K
Q
Ce
e

e

=  (11)

∆ ∆ ∆G H T S= −  (12)

where Ke is an equilibrium constant, R is a gas constant 
(8.314 J/mol K) and T is the temperature (K). From the slope Fig. 6. Effect of time on adsorption of Se4+ ions onto TiO2 

nanosheets.

Fig. 7. Effect of pH on adsorption of Se4+ ions onto TiO2 
nanosheets.

Fig. 8. Effect of adsorbent mass on adsorption of Se4+ ions onto 
TiO2 nanosheets.
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and interception of the plots of van’t Hoff, ΔH and ∆S were 
identified [36] as shown in Fig. 9.

The corresponding ΔH from the slope was 7.39 kJ/mol, 
which indicated the process was endothermic. The ΔS from 
the intercept was 39.32 J/(mol K) that indicated the adsorbed 
molecules were still in constant motion on the surface, and 
they were attributable to absorption as well as adsorption. 
A higher temperature facilitated the adsorption of Se4+ ions. 
The ΔG for adsorbing was determined to be –4.32 kJ/mol at 
298 K, which means spontaneous adsorption.

3.7. Dynamics

The adsorption dynamics of Se4+ ions on the surface 
adsorbents of TiO2 nanosheets are crucial in the adsor-
bent applications. In the study of Se4+ ions was found the 

adsorption equilibrium time was around 40 min for 0.01 g 
of TiO2 nanosheets adsorbents.

Furthermore, classical and kinetic models in this 
study were used to portray the information of adsorption 
mentioned above as follows:

Pseudo-first-order model [37]:

ln(qe − qt) = ln(qe) – k1t (13)

Pseudo-second-order model [38]:

1 1

2q k q
t
qt e e

= +
 (14)

where qe and qt represent the number of adsorbent Se4+ 
ions (mg/g) at equilibrium and time, respectively, and 
the k1 and k2 values are the kinetic rate constants. The 
pseudo- second-order model with an elevated correlation 
coefficient (R2 > 0.9622) can correctly describe the kinetic 
information, Fig. 10.

4. Conclusion

The electrochemical method showed to produce high 
quality of the rutile TiO2 nanosheets according to the XRD, 
SEM, and TEM characterizations. All the characterization 
techniques gave identical results to prove that the synthe-
sized nano-TiO2 was rutile sheets and their average crystal 
size was calculated to be 24.6 nm. The nanosheets proved 
to have excellent adsorption properties for removing Se4+ 
from aqueous solutions. Both kinetic and dynamic stud-
ies were shown the efficiency of the rutile TiO2 nanosheets 
adsorption. The results were fitted well with Freundlich 
and Langmuir isotherm models. The calculations of the 
thermodynamic parameters gave the adsorption values 
for ΔH, ΔS, and ΔG equal to 7.39 kJ/mol, 39.32 J/mol K, 
and –4.32 kJ/mol, respectively. These results prove that 
the adsorption is an endothermic spontaneous process 
and it behaves as pseudo-second-order with R2 = 0.9622.

Fig. 9. Relation between ln(Ke) and 1/T for the adsorption of 
Se4+ ions.

(a) (b)

Fig. 10. Dynamic of adsorption of Se4+ ions: (a) pseudo-first-order and (b) pseudo-second-order.
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