
J Nanostruct 15(4): 2447-2455, Autumn 2025

 RESEARCH PAPER

Thermodynamic Study of TiO2 Nanoparticles Synthesized Using 
Sol-Gel Decomposition to Remove Pesticide from a Liquid Medium
Khawla Kareem 1, Basma Esam Jasim 2 *, Nibras Abdul-Ameer Aboud 2,Shaimaa B. AL-baghdadi 3 

1 Ministry of Education, Directorate Education of Rusafa-2, Baghdad, Iraq
2 Department of Chemical Industrial, Institute of Technology, Baghdad, Middle Technical University, Iraq
3 Energy and Renewable Energies Technology Center, University of Technology, Iraq

* Corresponding Author Email: basmaisam@mtu.edu.iqbasmaisam@mtu.edu.iq

ARTICLE  INFO 

Article History:
Received 09 June 2025
Accepted 28 September 2025
Published 01 October 2025

Keywords:
Nanoparticles
Pentachlorophenol (PCP)
TEM
TiO2

Thermodynamics

ABSTRACT

How to cite this article
Kareem K., Jasim B., Aboud N., AL-baghdadi S. Thermodynamic Study of TiO2 Nanoparticles Synthesized Using Sol-Gel Decomposition 
to Remove Pesticide from a Liquid Medium. J Nanostruct, 2025; 15(4):2447-2455. DOI: 10.22052/JNS.2025.04.081

                           This work is licensed under the Creative Commons Attribution 4.0 International License.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

A method for generating high-quality titanium dioxide nanoparticles 
with a narrow size distribution at the nanometer scale is described. The 
TiO2 nanostructures are produced using the sol-gel process. Scanning 
electron microscopy and transmission electron microscopy reveal small, 
uniform spherical nanocrystals arranged in a reticular lattice pattern, with 
an average grain size of approximately 56 nm. The purity of the spherical 
crystal structure of all prepared metal sulfides is demonstrated by X-ray 
diffraction (XRD), which indicates an average crystal size of 40 nm. The 
ability of the nanomaterial to remove the pesticide pentachlorophenol 
(PCP) from aqueous solution was then evaluated, showing an impressive 
nanoparticle production efficiency of 80 %. The adsorption equilibria are 
consistent with the Langmuir and Freundlich models. Since adsorption 
is an endothermic physical process, a correlation coefficient (R = 0.98) 
indicates that the Freundlich model is the most suitable for experimental 
conditions, these results confirm the surface play a good role for pollutants 
removal.

INTRODUCTION
Due to their unusual features, metal oxides have 

garnered considerable interest in numerous fields 
since the mid-twentieth century [1]. Particularly at 
the nanoscale, metal oxides become increasingly 
useful and successful in virtually all domains, 
including antibacterial activities, optoelectronics, 
photocatalysis [2], and adsorption treatment [3-
5]. Numerous techniques, including hydrothermal, 
chemical precipitation, pyrolysis, and sol-gel. 

One of several environmental contaminants is 
confrontation, which refers to resistant organic 
materials in wastewater from various industries 

[6], including the chemical and petrochemical 
sectors [7]. These substances change water’s 
physical and chemical properties in aquatic 
environments [8-11]. Pentachlorophenol (PCP) 
is an organic molecule that contains a significant 
amount of chlorine on the benzene ring. This 
pesticide is frequently used in the production 
of herbicides and insecticides, as well as in the 
preservation of timber structures [12,13]. In 
addition to its high toxicity, PCP is a precursor to 
pollutants that adversely affect humans, animals, 
and plants [14]. Short-term exposure to PCP can 
lead to liver damage and cirrhosis, stomach upset, 
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nervous system damage, and more [15,16].
Due to the severe toxicity of PCP, it is vital to 

develop a treatment strategy for its complete 
removal from water and wastewater [17]. 
Currently, numerous disposal techniques for 
PCBs are standard in conventional adsorption 
and oxidation procedures; however, combining 
adsorption and photolysis may be a promising 
approach for water purification and treating 
PCP-contaminated wastewater [18]. Many 
researchers currently focus on applications of 
nanotechnology that aim to reduce pollutants, 
especially organic ones [19-21]. In this context, 
nanomaterials are more effective than standard 
materials and catalysts. The emphasis now lies 
on materials with the following characteristics: 
environmental sustainability, low production and 
utility costs, high manufacturing speed, and ease 
of compound separation. This is why the research 
intends to explore various methods for producing 
nanoparticles and using TiO2 nanomaterials to 
eliminate PCP.

MATERIALS AND METHODS
Without additional purification, nitric acid 

[HNO3], isopropanol [CH3)2CHOH, Sigma-
Aldrich, 99.7%], and titanium tetraisopropoxide 
[Ti(OCH(CH3)2)]4 were used. With constant stirring 
at 80 °C, 40 mL of [Ti(OCH(CH3)2)]4 solution was 
added dropwise to 44 mL of a solution that 
contained 20 mL of isopropanol and 24 mL of 
deionized water in a round-bottom flask. After two 
hours, a high-viscosity gel was produced by adding 

0.8 mL of concentrated HNO3 and deionized water 
to the solution and stirring continuously for five 
hours at 60 °C. The produced gel was heated in 
an open atmosphere to 300 °C. A nanocrystalline 
titanium dioxide powder was made [22].

RESULTS AND DISCUSSION
X-ray diffraction

Fig. 1 displays the XRD diffraction pattern of 
TiO2. According to the XRD card (JCPDS) no. (00-
01-0562) [23][24], the crystalline structure of NPs 
was demonstrated. It contains prominent peaks 
at 2Ө = 23.89°, 37.18°, and 43. 90°, 54.21°, and 
62. 98°, which are classified as (101), (004), (200), 
(105), and (204). Based on these XRD patterns, it 
was inferred that the other inclusions exhibited 
no identifiable peaks. In addition, the average 
crystallographic dimension (D) was determined 
based on the Scherer equation from the full width 
at half the maximum (FWHM) for the primary 
peak in radians for XRD pattern diffraction plots. 
D = (k)/ (cos), where = line expansion in radians, 
= Bragg angle, and k = form factor, which typically 
has a value of about 0.9, corresponding to the 
wavelength of X-rays. After determining the 
mean grain size, it was 40 nm. Furthermore, the 
XRD diffraction pattern of TiO2, shown in Fig. 1, 
aligns with the anatase phase, as confirmed by 
comparison with JCPDS card no. 00-01-0562. The 
prominent peaks at 2θ = 23.89°, 37.18°, 43.90°, 
54.21°, and 62.98°, corresponding to the (101), 
(004), (200), (105), and (204) planes, respectively, 
indicate a tetragonal crystal structure typical of 
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Fig. 1. XRD of TiO2 nanoparticle.
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anatase TiO2. The absence of identifiable peaks 
from other phases (e.g., rutile or brookite) or 
impurities suggests a high phase purity. This 
is critical for applications requiring consistent 
photocatalytic or adsorption properties, such 
as dye degradation in wastewater treatment. 
The average crystallographic dimension (D) was 
calculated using the Scherrer equation:

                                                                                         (1)D = kλ
βcosθ 

  where:
k=0.9 k = 0.9 k=0.9 (shape factor),
λ \lambda λ is the X-ray wavelength (typically 

1.5406 Å for Cu Kα radiation),
β \beta β is the full width at half maximum 

(FWHM) in radians,
θ \theta θ is the Bragg angle.
The reported mean grain size of 40 nm, 

derived from the primary (101) peak, indicates 
nanoscale crystallinity. This size is consistent with 
the expected dimensions of TiO2 NPs synthesized 
for environmental applications, where smaller 
crystallite sizes enhance surface area and 
reactivity. However, the lack of reported β \beta β 
and θ \theta θ values limits a precise recalculation 
here. Assuming typical synthesis conditions, this 
size suggests a well-controlled process minimizing 
excessive grain growth, which is advantageous for 
integrating TiO2 into polysaccharide matrices for 

photocatalytic or adsorption enhancements.
TEM and FE-SEM

The TEM images (Fig. 2) reveal homogeneous 
spherical TiO2 nanostructures with an average 
diameter of 35 nm. This size is slightly smaller than 
the 40 nm estimated by XRD, which is expected 
since TEM measures the physical particle size, 
while XRD reflects the coherent crystallographic 
domain size. The difference (5 nm) is within 
acceptable bounds and may arise from:

Polycrystallinity: Individual particles may 
consist of multiple smaller crystallites, reducing 
the effective XRD domain size.

Surface Amorphicity: A thin amorphous layer 
on the particle surface, undetectable by XRD, 
could slightly increase the TEM-measured size.

Spherical morphology and uniformity are 
significant for environmental applications. 
Spherical NPs maximize surface area-to-volume 
ratios, enhancing adsorption capacity (e.g., 
for dyes or heavy metals) and photocatalytic 
efficiency when embedded in 3D polysaccharide 
hydrogels. The nanoscale size (35 nm) aligns with 
prior studies on TiO2 NPs for water remediation, 
where sizes below 50 nm are optimal for balancing 
reactivity and stability.

The FE-SEM images (Fig. 3) show aggregated 
spherical TiO2 particles with an average size of 56 
nm, significantly larger than the TEM (35 nm) and 
XRD (40 nm) estimates. This discrepancy is not 
uncommon and can be attributed to:

Aggregation: FE-SEM captures surface 

 

 

 

 

 

 

 

 

 

  

  

Fig. 2. TEM of TiO2 nanoparticle.
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morphology and often includes agglomerates 
formed during sample preparation or drying, 
inflating the apparent size. The 56 nm likely 
represents clusters rather than individual particles.

Resolution and Perspective: TEM provides a 
2D projection of dispersed particles, while FE-
SEM images surface features of bulk samples, 
potentially overestimating size due to overlapping 
particles.

The high crystallinity observed in FE-SEM aligns 
with XRD findings, as the well-defined spherical 
shapes and homogeneous surface regions suggest 
minimal defects or amorphous content. This is 
advantageous for environmental applications, as 
crystalline TiO2 exhibits superior photocatalytic 
performance under UV light, which is critical 
for degrading organic pollutants in water when 
combined with responsive polysaccharides like 
chitosan-TiO2 composites.

 
Synthesis and Characterization Discrepancies

The size variation across techniques (XRD: 40 
nm, TEM: 35 nm, FE-SEM: 56 nm) highlights the 
importance of multi-technique characterization in 
nanomaterials research:

XRD (40 nm): Reflects crystallite size, unaffected 
by aggregation.

TEM (35 nm): Measures individual particle size, 
ideal for dispersed samples.

FE-SEM (56 nm): Indicates aggregated size, 
relevant to real-world bulk behavior.

For environmental applications, the TEM size (35 
nm) represents the active NPs in a dispersed state 

(e.g., within a hydrogel matrix). In comparison, the 
FE-SEM size (56 nm) may reflect behavior in dried 
or aggregated forms, such as in filter scaffolds. 
The synthesis method (not specified here) likely 
influences these outcomes; for example, sol-gel or 
hydrothermal methods typically yield sizes in this 
range with varying aggregation tendencies.

Adsorption analysis
Using a batch technique, the effects of contact 

duration (0-80 min), adsorbent dosage (0.001-
0.1), and temperature (10-50 °C) on PCP pesticide 
removal were investigated. A spectrophotometer 
with a maximum absorption wavelength of 540 nm 
was used to assess dye removal. The percentage of 
dye that was taken out and the amount of dye that 
was taken up by the adsorbent (qe) were found by: 

qe= (C0 - Ce) V sol / M 

  

                                                 (2)

Where q e is the equilibrium quantity of PCP 
adsorbed on the adsorbent (mg∕g), C0, Ce represent 
the initial and equilibrium PCP concentrations 
(mgL) in solution, and V represents the volume 
of solution. L and M represent the mass of an 
adsorbent (g).

The TiO2 NPs, characterized by XRD (40 nm 
crystallite size), TEM (35 nm particle size), and 
FE-SEM (56 nm aggregated size), are evaluated 
as potential adsorbents for environmental 
applications. The adsorption study investigates 

 

  

  

Fig. 3. FE-SEM of nanoparticles.
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the effects of contact time, adsorbent dosage, and 
temperature on PCP removal, offering insights into 
practical performance.

The batch adsorption experiments assessed 
PCP pesticide removal using TiO2 NPs with the 
following parameters:

Contact Duration: 0–80 minutes, Adsorbent 
Dosage: 0.001–0.1 g, Temperature: 10–50 °C.

The PCP concentration was measured via 
spectrophotometry at 540 nm (though this 
wavelength is more typical for dyes like methylene 
blue; PCP typically absorbs around 300–320 nm, 
suggesting a possible typo or dye-proxy method). 
The removal efficiency (%) and adsorption capacity 
(qe mg/g) were calculated using:

qe= (C0 - Ce) V sol / M  

  

                                                (3)

Where:
qe: Equilibrium adsorption capacity (mg/g),
C0​: Initial PCP concentration (mg/L),
Ce: Equilibrium PCP concentration (mg/L),
V: Solution volume (L),
M: Adsorbent mass (g).
While specific numerical values for qe ​ and 

removal percentages were not provided, the 
experimental design allows for a qualitative and 
interpretive analysis linking TiO2 properties to 
adsorption behavior.

The time range suggests a kinetic study to 
determine equilibrium adsorption. For TiO2 NPs:

Initial Rapid Adsorption: The nanoscale size 
(35–40 nm) and spherical shape likely enable fast 

initial PCP uptake (e.g., within 10–20 minutes) 
due to abundant surface sites. This is consistent 
with Langmuir-type adsorption, where monolayer 
coverage occurs rapidly on high-surface-area 
nanomaterials.

Equilibrium: As sites saturate, adsorption will 
likely reach a plateau by 80 minutes. The absence 
of specific qe values prevents precise modeling 
(e.g., pseudo-second-order kinetics), but TiO2 
typically achieves equilibrium within 60–120 
minutes for organic pollutants.

However, increasing dosage typically enhances 
removal percentage but may decrease qe due to 
site saturation:

Low Dosage (0.001 g): Limited adsorbent mass 
relative to PCP concentration likely yields high 
qe​ (mg/g) but low total removal (%), reflecting 
underutilized capacity.

High Dosage (0.1 g): Greater removal (%) is 
expected as more TiO2 surface area becomes 
available, though qe​ may drop due to excess sites. 
The 35 nm size ensures high site density, but 
aggregation (56 nm) could reduce efficiency at 
higher dosages unless dispersed.

On the other hand, temperature influences 
adsorption thermodynamics:

Endothermic Behavior: If qe ​ increases with 
temperature, adsorption is endothermic, driven 
by enhanced PCP diffusion to TiO2 surfaces or 
increased site activation. Anatase TiO2 often shows 
this trend for organic pollutants.

Exothermic Behavior: A decrease in qe would 
indicate physisorption dominance, where higher 
temperatures disrupt weak interactions (e.g., van 
der Waals forces).
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Fig. 4. Effects of time on PCP adsorption onto TiO2.
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Effect of contact time on adsorption
TiO2 is used to assess PCP uptake at different 

time intervals, and the results are illustrated in Fig. 
4. During the first 50 minutes of the experiment, 
an increase in the concentration of PCP uptake 
on TiO2 was observed from 20 to 30 minutes, 
and there was no discernible change in the 
concentration of TiO2 compact. The results show 
that adsorption establishes equilibrium after about 
30 minutes. Similarly, the TiO2 adsorption on PCP 
results show that TiO2 adsorption occurs rapidly, 
with 80 percent of adsorption occurring within 
the first 30 min. A large surface area facilitates the 
rapid removal of initially adsorbed species, but the 
limited number of active sites on the adsorbate 
surfaces quickly saturates it.

Effect of temperature on adsorption
Fig. 5 illustrates the effect of temperature 

increase on the amount of pesticide adsorption 
solution required to adsorb phenylpyrrole (PCP) 
onto a titanium dioxide surface. The resulting 
endothermic reaction represents the adsorption/
dissolution process. Increasing temperature 
increases the diffusion rate, bonding between the 
adsorbent and the particles, and adsorption of the 
particles through the pores [25]. 

Impact of weight on adsorption:
At 298 K, sorbent efficacy was measured by 

mixing 10 ppm of PCP with varying quantities of 
cadmium (0.1-0.01 g) while stirring. Mass and 
adsorption quantity are shown to be correlated 
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in Fig. 6. Because of their nanoscale dimensions, 
adsorption is rapid, and an increase in TiO2 yields 
a corresponding rise in dye adsorption height [26].

Effects of PCP concentration 
The adsorption of TiO2 is proportional 

to the concentration of PCP.  
To experiment, the pesticide concentration was 
changed from 5 ppm to 25 ppm with the pH, 
contact duration, and intensity of observation kept 
constant. Fig. 7 presents the results, which reveal 
that with the increase of PCP, the effectiveness 
of Ti(II) adsorption increases. Because there are 
more ion exchange sites available when there are 
more pesticides in the solution, more PCP can be 
absorbed from the solution on the TiO2 [27].

 
Adsorption isotherms 

The primary objective of an adsorption 
experiment is to assess the efficiency of the 
adsorption and pesticide by comparing the 
adsorption isotherm to the adsorption outcomes, 
as seen in Fig. 8. Both the Freundlich and Langmuir 
models were analyzed in this study. The following 
formula represents a linear Freundlich adsorption 
process.

log(Qe) = log(kf) + log(Ce)            

  

                                    (4)

Adsorption capacity and adsorption intensity 
are denoted by the Freundlich constants kf and n. 

Adsorption according to the Freundlich isotherm 
model (R2=0.98). The result fits the adsorption 
isotherm of Langmuir as illustrated by the 
following expression:

                                                                                           (5)
Ce
Qe

= 1
qmax  KL

  + Ce
qmax

  

  
The Langmuir constant is denoted as KL (mg/L), 

while the maximum amount of PCP is denoted 
as q max (mg/g). Observe how this is shown in 
Fig. 8. Both kf and n were calculated from the 
interception, whereas n was estimated to use 
the slope (0.88). This result aligns with the notion 
that Freundlich provides a superior fit for physical 
adsorption.

Thermodynamic parameters
Adsorbent inherent energy fluctuations 

can be accurately characterized by studying 
thermodynamic characteristics. The adsorption 
mechanism was predicted by calculating the free 
energy of adsorption ΔG0, the entropy ΔS0 and the 
enthalpy ΔH0.

ln(ke) = −ΔHRT +  ΔS R  
  

                                     (6)

Ke = Qe / Ce    
  

                                                                  (7)
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ΔG =  ΔH − T ΔS  
 

                                                       (8)

T is the temperature in Kelvin, R is the gas 
constant (8.314 J/mol K), and Ke and T are the 
equilibrium constant and the temperature, 
respectively. Fig. 9 depicts a van’t Hoff plot of ln 
K vs 1/T.

The results of the endothermic nature of PCP 
adsorption onto TiO2 are presented in Table 1. In 
the presence of a positive value for either G or 
H, an energy barrier is present throughout the 
adsorption process. Adsorption is endothermic, 
and physical adsorption is conceivable when H is 
positive. Regarding physical adsorption, a more 
significant value of S indicates more chaos and 
randomness at the solid-solution interface of the 
adsorbent.

CONCLUSION
 This study introduced the simple process of 

extracting PCP from industrial effluents in aqueous 
media. Utilizing a nanoscale TiO2 catalyst was key to 
this technique. They use X-ray powder Diffraction 
(XRD), transmission electron microscopy (TEM), 

and scanning electron microscopy (SEM) in their 
production. We found an average grain size from 
transmission electron microscope size (35 nm) 
represents the active nanoparticles in a dispersed 
state. In comparison, the size in the scanning 
electron microscope (56 nm) represents and 
crystal size of 40 nm. The produced nanoparticles’ 
pesticide adsorption and removal rates of 80 % 
efficiency were relatively high. The adsorption 
isotherms agreed with those of Langmuir and 
Freundlich. This method worked better than those 
given before regarding maximum adsorption 
capacity, right contact time, removal ratio, and 
adsorbent dose. 
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