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Abstract: Water pollution is widely regarded as one of the most pressing global
challenges, exacerbated by human progress in industrial, agricultural, and technological
sectors. Wastewater often contains non-biodegradable heavy metals that accumulate in
living organisms. This accumulation poses significant risks to both environmental
ecosystems and human health. The structures and surface morphology were characterized
by FTIR, UV-vis measurements, XRD, SEM, and AFM. TiO, nanoparticles could remove
heavy metal ions (Pb*, Cd**, and Cr**) from two samples (laboratory samples and real
samples from Babylon battery factory in Al-Waziriya, Baghdad/Iraq) and measured by
AAS. The results indicated that the removal percentages of heavy metal ions by TiO,
nanoparticles from real sample ions were 91.32, 64.28 and 58.33% for Pb’*, Cd**, and
Cr**, respectively. The optimum conditions for removal were 0.1 g of TiO, nanoparticles,
10 ppm concentration of the pollutant ions, 75 min stirring time, a 100-rpm stirring rate,
and a pH level of 7. The kinetic data were related to the pseudo-second-order (R* =
0.9455), and the isotherm models were related to the Langmuir equation (R* = 0.9769).

Keywords: nanoparticles; titanium dioxide; Pb** pollutant; Cd** pollutant; Cr**
pollutant

m INTRODUCTION

Pollution, defined as any human activity degrading

thermal treatment, have been widely used but often
suffer from limitations such as high costs, inefficiency at
low contaminant concentrations, and the generation of

the quality of the natural environment, is one of
humanity's most pressing challenges. Environmental
degradation, driven by industrialization and
urbanization, has reached alarming levels, with heavy
metal contamination in water sources emerging as a
critical concern [1-2]. Heavy metals such as Cd*, Cr’*,
Pb**, Hg', and As’* are among the most persistent and
hazardous pollutants, posing severe risks to human health
and ecosystems even at trace concentrations [3].
Prolonged exposure to these metals can lead to
health

disorders, organ damage, and cancer, underscoring the

detrimental effects, including neurological

urgent need for effective remediation strategies [4].
Traditional methods for heavy metal removal, such as
chemical oxidation,

pump-and-treat systems, and

secondary pollutants [5].

Recently, nanoremediation has emerged as a
promising alternative, leveraging the unique properties
of engineered nanomaterials to address these challenges.
Nanoremediation offers a more economical, efficient,
approach  to
decontaminating polluted sites, particularly for water

and  environmentally  friendly

treatment [6]. Among the various nanomaterials,
nanoparticles (NPs) have gained significant attention
due to their high surface area, tunable surface chemistry,
and exceptional adsorption capacities, making them
ideal for the removal of heavy metals through
adsorption-based processes [7]. In particular, titanium
dioxide (TiO,) NPs have been extensively studied for
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their remarkable properties, including high chemical
stability, corrosion resistance, cost-effectiveness, and
photocatalytic activity. These attributes make TiO, a
preferred material for wastewater treatment applications
[8]. Recent studies have demonstrated the effectiveness of
TiO, NPs in adsorbing and degrading a wide range of
pollutants, including heavy metals and organic
contaminants, from aqueous solutions [9]. However,
despite these advancements, gaps remain in optimizing
the synthesis methods to enhance the adsorption capacity
and selectivity of TiO, NPs for specific heavy metals [10-
11]. Additionally, these nanomaterials' scalability and
long-term stability in real-world applications require
further investigation. In this study, we address these gaps
by synthesizing TiO, NPs via hydrothermal, a technique
known for producing highly crystalline and stable
nanomaterials. The novelty of this work lies in tailoring
TiO, NPs to efficiently adsorb heavy metal ions (Pb*,
Cd*, and Cr’) from wastewater, addressing gaps in
research  and sustainable

previous advancing

nanoremediation technologies.

m EXPERIMENTAL SECTION
Materials

Titanium tetrachloride (TiCls) was acquired from
Sigma  (Sigma-Aldrich, Germany). Lead
(Pb(NO:s),), cadmium chloride tetrahydrate
(Cd(NO:s)5-4H,0), and chromium chloride hexahydrate
(CrCls-6H,0) were acquired from BDH company.

nitrate

Instrumentation

Fourier transform-infrared (FTIR) was recorded as
KBr discs using FTIR-8400S Shimadzu in the range of
4000-400 cm ™. Ultraviolet-visible (UV-vis) single beam
spectrophotometer (UV-1100 England) was used for the
electronic transitions analysis. Atomic force microscopy
(AFM) spectra was measured using atomic force
microscopy (SPM-AA 3000). X-ray diffraction (XRD)
XRD-7000 was
Technology. Scanning electron microscope (SEM) spectra
was carried out with a SEM type TE SCAN VEGA, with
an accelerating voltage of 30 kV and a magnification of
10000.

measured in the University of
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Procedure

Preparation of TiO> NPs

TiO, NPs were prepared by the hydrothermal
method (reflux) from TiCls as a precursor [12], and a
solution consisting of ethanol/deionized water in a
volume ratio of 7:3, respectively. The reaction should be
carried out in a fume hood or in a round-bottom flask
(immersed in an ice bath) for safety purposes. As much
as 4 mL of TiCl, were added to the solution. Then,
ethanol/distilled water is added to the round-bottom
flask drop by drop over a magnetic stirrer with
continuous stirring for 20 min; the solution color
converts to white. Then the solution was transferred into
a 100 mL stainless-steel autoclave lined with Teflon. The
autoclave was sealed and heated in an oven at 200 °C for
6 h. After that, it was kept at room temperature to cool
down naturally. The white precipitate of titanium
hydroxide formation was washed several times with
distilled water, then ethanol, and collected by centrifuge.
After that, the precipitate was heated at 100 °C for 1 h to
get TiO, NPs. The reactions were occurring by following
Eq. (1-3) [13];

ice bath
TiCl, +3CH,CH,0H +H,0 Ti(OCH,CH, ), (OH
1L +5CR,;CH, 0+ Hy tirring i( 2 3)3( ) (1)
+4HCI
Ti(OCH,CHj; ), (OH) — Ti(OH), +3CH,CH, (2)
Ti(OH) , — Ti0, +2H,0 (3)

Thus, the overall reaction is shown in Eq. (4);

1. Ice bath stirring TiO
2

2. Heated at 100 °C (4)
+4HCl + 3CH,CH, +2H,0

TiCl, +3CH;CH,0H + H,0

Preparation of standard metals ions

The Pb**, Cd**, and Cr’* metal ions were prepared
in stock solution (1000 mg/L) from their salts by
dissolving 0.0160g of Pb(NO;),, 0.0274g of
Cd(NO;)5-4H,0 and 0.0512 g of CrCl;-6H,O.

Preparation of real samples

Application about the removal of heavy metal from
real sample ions (wastewater sample collection) from the
Babylon battery factory in the Al-Waziriya area in
Baghdad, Iraq. To evaluate the analytical suitability of
the proposed method and its application for the removal
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of some proposed heavy elements from wastewater using
NPs,
concentration of each metal ion and each prepared TiO,

prepared TiO; repeated calculation of the
NPs under the optimum and studied conditions by AAS
for each sample.

Applications of removal of Pb?*, Cd** and Cr3* ions

A batch method was employed to extract Pb**, Cd*,
and Cr’* ions from laboratory samples. TiO, NPs (0.1 g)
and 25 mL of each metal ion solution (separately) were
mixed and shaken in a rotary shaker at 25°C with a
stirring speed of 150 rpm. The initial concentrations of
each Pb**, Cd*, and Cr’* ion ranged from 20 to
140 mg/mL. The shaker speed ranged from 50 to 185 rpm.
The weight of TiO, NPs (0.01-0.10g), and other
parameters were examined to optimize the experimental
conditions for removing each ion. Following the
establishment of equilibrium was determined. The
residual concentration of the metal using AAS and the
removal efficiency (%R) of Pb*, Cd**, and Cr** were
determined. The best optimization conditions were
repeated to determine %R for real samples.

m RESULTS AND DISCUSSION
FTIR Spectrum for TiO, NPs

The FTIR has been widely utilized to detect the
different functional groups. Fig. 1(a) displays the
spectrum of TiO, NPs recorded in the range of 4000-
400 cm™. The bands at 3406 and 1637 cm™' relate to the
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stretching and deformation vibrations of surface
adsorbed water and hydroxyl groups on the surface of
TiO, NPs. The absence peak at 2900 cm™ in the
spectrum of TiO, NPs regarding the C-H stretching
band means all organic compounds were removed from
the samples after washing and heating. These results
agree with the reference [14]. The band between 765-
447 cm™! is related to Ti—O stretching [15].

UV-vis Spectrum for TiO2 NPs

The UV-vis or transmittance curve for the TiO,
NPs heated at 100 °C for 1h, as shown in Fig. 1(b).
Transmittance spectra were measured in the wavelength
range of 250-750 nm. The TiO, NPs spectrum exhibits
high transmittance, up to 385 nm in the UV-vis region.
This result corresponds with that for reference [16]. The
band gap was calculated using Eq. (5) [17], and found to
be 3.22 eV, at Anax equal to 386 nm;
1240
A

where 1240 is a factor to change nm to eV, and An. is the

Energy gap = (5)

max

maximum of transmission (nm) [18].
XRD for TiO2 NPs

Cu Ka radiation (A = 1.5405 A) has been employed
in the diffraction of X-rays to characterize TiO, NPs, as
shown in Fig. 2. The XRD spectrum was obtained by
scanning 20 within the 20-80° range. The diffraction
peaks of TiO, NPs heated at a temperature of 100 °C for
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Fig 1. (a) FTIR spectrum and (b) optical transmittance for TiO, NPs
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1 h, are (110), (101), (200), (111), (210), and (211) at 26 =
27.52, 36.19, 39.26, 41.33, 44.12, and 54.40° which are
indexed in the JCPDS card no. 21-1276 and appear in the
rutile form [19-20].

AFM and SEM for TiO2 NPs

Fig. 3(a) and 3(b) show a typical three-dimensional
AFM  image the
distribution chart of TiO, NPs. The average grain size was
found to be 71.35 nm. The morphological investigation of
TiO, NPs was done using SEM analysis. Fig. 3(c) displays
the SEM pictures of TiO, NPs that were heated for 1 h at
100 °C using the hydrothermal technique of preparation.

and granularity accumulation

Based on the morphology of TiO, NPs, there are
nanosphere shapes (~86 nm) [21].

=
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Fig 3. (a) 3D AFM, (b) size distribution charts, and (c) SEM image of TiO, NPs
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Fig 2. XRD of TiO, NPs

50

Effect of Adsorbent Dosage

While conducting measurements using an AAS, a
calibration curve and straight-line equation was
obtained for the ions Pb*, Cd?*", and Cr** with a
concentration range of 2, 4, 6, 8, 10, 12, and 14 mg/mL
at Amax 217, 228, and 357 of Pb*, Cd?**, and Cr*,
respectively. In adsorption dosage, the capacity of an
adsorbent for a specific starting concentration is
determined by the adsorbent dosage. Fig. 4 illustrates the
effects of a TiO, NPs adsorbent dosage on the removal
of Pb*, Cd**, and Cr’* ions at 4 mg/L. It was noted that
when the dosage was increased from 0.01 to 0.1g,
because the optimum weight used was 0.1 g in all of
these experimental studies, the removal percent of each
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Fig 4. Effect of TiO, NPs dose on Pb**, Cd*, and Cr**
adsorption

metal increased quickly, resulting in efficient and
consistent outcomes across the board.

The %R of heavy metal ions was computed by
dividing the removed heavy metal concentration by the
initial concentration value as shown in Eq. (6);

osR =| S0 =St | 1000 (6)
C0

where C is the initial heavy metal concentration (mg/mL)

and C; is the heavy metal concentration at time t (mg/mL).
C,-C

. :{#}xv %

w
Eq. (7) shows the calculation of adsorption capability,
where V is solution volume (L), w is adsorbent weight (g),
and q (mg/g) is heavy metal adsorption capability
following solution-adsorbent contact time [22].

The effect of contact time of Pb?*, Cd**, and Cr* ions

Throughout a long period of time, removal
efficiency increases at varying rates. For the removal of
Pb**, Cd**, and Cr’*, the first stage took 30, 45, 60, 75, and
90 min, respectively. The maximum removal percent
required 75 min (Fig. 5). After that, the uptake of all the
metal ions slowed down and ultimately stopped growing.
This can be explained by increasing the time; the
adsorption became the best possible at 75 min. Increasing
the time does not affect the concentration as a result of the
completion of the adsorption process.

Indones. J. Chem., 2025, 25 (5), 1350 - 1360

The effect of initial pollutant concentration

The study investigated the removal efficiency of
Pb?**, Cd*, and Cr’* ions at varying initial concentrations
(2-14 mg/mL) and found that 10 mg/mL was the optimal
concentration for maximum removal. The adsorbent
surface becomes fully saturated at this concentration,
allowing the highest percentage of metal ions to bind
effectively. However, when the concentration exceeds
10 mg/mL, the surface becomes supersaturated, leading
to competition for binding sites and causing some ions
to detach, which reduces removal efficiency (Fig. 6). This
behavior is attributed to the limited capacity of the
adsorbent, where exceeding its saturation point results
in decreased performance due to the instability of the
supersaturated surface [23].

——Pb* —a—Cd* cr*

100 -

20 4|O 6'0 8'0 1(I)O
Time (min)

Fig 5. Effect of shaking time on the removal of Pb*,

Cd**, and Cr** using TiO, NPs
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14
% 40 1
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u
0 : . . . . . .
0 2 4 6 8 10 12 14

Concentration of pollutant (mg/mL)
Fig 6. Effect of initial Pb**, Cd**, and Cr** concentrations
on their adsorption using TiO, NPs
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The effect of the shaking at different speeds

The study examined the effect of shaking speed (50,
100, 150, and 185 rpm) on the adsorption of Pb**, Cd*,
and Cr** ions over 75 min and found that 100 rpm was the
optimal speed for achieving the highest removal
efficiency. At this speed, the increased kinetic energy and
collision frequency enhance the adhesion of metal ions to
the adsorbent
However, when the shaking speed exceeds 100 rpm, the

surface, maximizing their binding.
excessive kinetic energy causes some of the adsorbed ions
to detach from the surface, reducing the overall removal
efficiency (Fig. 7). This occurs because the higher energy
disrupts the stability of the adsorbed particles, leading to
their release back into the solution. Thus, 100 rpm
represents the balance between effective adsorption and
the destabilizing effects of excessive shaking.

The effect of the solution pH

The study explored the effect of pH on the
adsorption of Pb**, Cd**, and Cr’* ions using TiO, NPs, as
pH plays a crucial role in determining the surface
properties of the adsorbent and the chemical state of the
metal ions in solution. Experiments were conducted
across a broad pH range of 3 to 13 to analyze its impact
on removal efficiency, as illustrated in Fig. 8. The results
showed that the removal efficiency for Pb**, Cd**, and Cr’*
increased with rising pH values, reaching its maximum at
pH = 7. This optimal performance at neutral pH is
attributed to the adsorbent surface being in a neutral state,
providing ideal conditions for binding metal ions.
However, beyond pH 7, the removal efficiency declined.
This decrease is likely due to the adsorbent surface
becoming more negatively charged at higher pH values,
reducing its ability to attract positively charged metal
ions. Additionally, metal ions at alkaline pH levels tend to
their
adsorption. Thus, pH 7 represents the optimal condition

form hydroxides, reducing availability ~for
for maximizing the adsorption of Pb**, Cd**, and Cr** by

TiO, NPs [24].

Application of the Removal of Heavy Metal from
Wastewater Samples

Wastewater samples were collected from the
washing process effluent of the Babylon battery factory in

1355

Al-Waziriya, Baghdad. After filtration to remove
suspended impurities, the initial Pb**, Cd*, and Cr**
concentrations were quantified using atomic absorption
spectroscopy. TiO, NPs were introduced into the
wastewater under optimized conditions (0.1 g dosage,
10 ppm concentration, 75 min stirring at 100 rpm, and
pH 7) to assess their adsorption efficiency. Fig. 9 presents
the post-treatment results, highlighting the removal
efficacy of TiO, NPs for each heavy metal (91.32% Pb*",
64.28% Cd*", and 58.33% Cr*"). These findings confirm the
practical viability of TiO, NPs for industrial wastewater
remediation, particularly in battery manufacturing
effluents laden with toxic metals. After treatment with
TiO, NPs, the adsorption process results are presented
in Fig. 9, which likely shows the effectiveness of TiO, NPs
in removing Pb**, Cd*, and Cr** from the wastewater.

9 —a— Cd>* cr

|

—+—Pb*

14
& 85 o
80 -
75 . . : .
0 50 100 150 200

Shaking speed (rpm)
Fig 7. Effect of shaking at different speeds on the
removal of Pb**, Cd*', and Cr’* using TiO, NPs
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Fig 8. Effect of the solution pH on the removal of Pb*,

Cd**, and Cr** using TiO, NPs
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Fig 9. Removal of Pb**, Cd**, and Cr’* from wastewater
sample

This step demonstrates the practical application of TiO,
NPs for heavy metal removal in industrial wastewater
treatment.

Kinetic and Isotherm Adsorption Models

Kinetic adsorption of Pb** ions

The study conducted kinetic analyses to understand
the adsorption behavior of Pb** on TiO, NPs, as the TiO,
NPs sample exhibited strong adsorption capabilities for
Pb** removal [25]. The amount of Pb** adsorbed by the
TiO, NPs sample was observed to change over time, as
shown in Fig. 10(a). Initially, the adsorption process was
rapid during the first 75 min, indicating a high rate of Pb**
uptake by the TiO, NPs surface. However, as the surface
of the TiO, NPs became increasingly saturated with
adsorbed Pb** ions, the rate of adsorption slowed down
[26]. This is typical in adsorption processes, where the
availability of active sites decreases as they become
occupied. The system reached adsorption equilibrium
after

approximately 90 min, meaning no further

significant adsorption occurred beyond this point [27].

Indones. J. Chem., 2025, 25 (5), 1350 - 1360

To further analyze the adsorption kinetics, three kinetic
models were applied to the data, i.e., pseudo-first-order,
pseudo-second-order, and Weber-Morris intraparticle
diffusion model.

Pseudo-first-order model. This model assumes that
the rate of adsorption is proportional to the number of
unoccupied adsorption sites. It is expressed by the Eq. (8);

— 8
'2.303 (®)
where q. is the amount of Pb** adsorbed at equilibrium,

log(q, —q;)=logq, —k

q: is the amount adsorbed at time t, and k; is the rate
constant of the pseudo-first-order model. The study
likely compared the experimental data with these
models to determine which one best describes the
adsorption process, providing insights into the
mechanism and rate of Pb** removal by TiO, NPs.
Pseudo-second-order model. This model assumes
that the rate of adsorption is proportional to the square
of the number of unoccupied adsorption sites. It is
expressed by Eq. (9) [28];

LI 9)
9t kzqz 9e

where k; is the equilibrium rate constant of the pseudo-

second-order model (in g/mg-min).

Weber-Morris intraparticle diffusion model. This
model describes the diffusion of adsorbate (Pb*") into the
pores of the adsorbent (TiO, NPs). It is expressed by Eq.
(10) [29];

g =kq (1) +C (10)
ky is the intraparticle diffusion rate constant (in

mg/g-min"?), and Cis a constant related to the boundary
layer effect [30].

(@)0.8 1 (b) 18 = 0.2628x +0.1585 (c)
= _0.0197x + 1.0441 y = 0.2628x +0.
¢ ! 16 1 R2= 0.9455 | y=0.055x +0.3
R2= 09417 v c 225 Lo .
7 041 r :g - 15
g E g .
L = &
g 6 4 [¢]
S o . . : 4 ] 075 °
30 %0 90 5 ]
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Fig 10. (a) pseudo-first-order, (b) pseudo-second-order, and (c) intra-particle diffusion plot for Pb** adsorption onto

T102 NPs
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The pseudo-first-order model yielded an R* value of
0.9417 (Fig. 10(a)), indicating a good fit but not the best.
The pseudo-second-order model provided a better fit
with an R* value of 0.9455 (Fig. 10(b)), suggesting that this
model more accurately describes the adsorption process.
This implies that the rate-limiting step in Pb** adsorption
is likely physisorption, involving weak interactions
between Pb** ions and the TiO, surface, which agrees with
the references [31-33].

The Weber-Morris intraparticle diffusion model
was used to investigate the diffusion mechanism. The
value of C from Eq. (10) indicated the presence of a
boundary layer effect, meaning that surface adsorption
and diffusion both play roles in the rate-controlling step.
The increase in C values (Fig. 10(c) and Table 1) suggests
that the boundary layer thickness increases during the
adsorption process [34], further the
contribution of surface adsorption in the rate control step.

supporting

Isotherm adsorption

Since the Langmuir and Freundlich equation
models describe the adsorption behavior of heavy element
ions on the surface of nano oxides, they will be used to
comprehend and assess the adsorption process. The
maximal capacity for ion adsorption on a certain surface
of a nano oxide at equilibrium is found using the
Langmuir equation, as well as being aware of the surface's
characteristics, such as its roughness and chemical
makeup, and the kind of adsorption, such as chemical or
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physical adsorption. The adsorption takes place on
homogeneous sites in a monolayer pattern if the results
match the Langmuir equation (Eq. (11)). On the other
hand, if the results match the Freundlich equation, the
nano oxide's surface is not homogeneous, and the
adsorption may be multilayer (Eq. (12)), with variations
in adsorption energies at different sites [35]. The free
energy of adsorption is calculated based on Eq. (13);

C C

AN S (11)

9e KLqmax Qmax

logq,. =logK +llogCe (12)
n

AG® =-RTIn(K) (13)

where K. is the Langmuir adsorption equilibrium
constant (L/mg). C., qc, and qma are the residual heavy
metal ion concentrations in solution (mg/L), the amount
of heavy metal ion adsorbed (mg/g) on the sorbent at
equilibrium, and the maximum amount of the heavy
metal per unit weight of sorbent (mg/g). The Freundlich
adsorption constant and the adsorption intensity are
denoted by Kr and n, respectively. R, T, and K represent
the gas constant (8.314 J/mol K), absolute temperature,
and K equilibrium constant for Freundlich or Langmuir,
respectively [36]. Based on Fig. 11(a) and 11(b), the
Langmuir model has a higher R* (0.9769) compared to
the Freundlich model (R* = 0.6925); the system likely
follows monolayer adsorption on a homogeneous surface.
This suggests that all adsorption sites are equivalent and

Table 1. Comparison of the kinetic model equations on the adsorption of Pb** from solution

Pseudo-first-order

Pseudo-second-order

Intra-particle diffusion

ki (min™)  q. calc (mg/g) R? k; (g/mg min) g, calc (mg/g) R? ky (mg/g min*?) C R?
0.04536 11.068 0.9417 0.4357 3.8051 0.9455 0.055 0.3 0.7485
10 1) 2 1)
y =2.6215x +0.6511 y = 1.3515x + 0.0291 Py
8 1 R2=0.9769 09 - R?= 06925
o6 1 Q — ././
g € 06 - °
O 4 8)
o 0.3
0+ T 0 ; : .
0 1 2 3 4 0.4 0.5 0.6 0.7
Ce (mg/L) log (q.)

Fig 11. (a) Langmuir and (b) Freundlich isotherm adsorption of TiO, NPs
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Table 2. Comparison of the Langmuir and Freundlich models on the Pb** adsorption from the solution

Langmuir Freundlich
Qmax (min™!) K (L/mg) R? AG? (kJ/mol) K (mg/g) n R? AG¢° (kJ/mol)
0.3814 4.0262 0.9769 -3.450 1.069 0.7399 0.6925 -0.165

confirms that the adsorption is physically favorable (n <
1) (Table 2). This result agrees with the references results
of [31,33,37-38].

m CONCLUSION

In this work, TiO, NPs were successfully prepared
and characterized by different methods such as XRD,
AFM, SEM, FTIR, and UV-vis spectrophotometer. The
average grain size of TiO, NPs was 71.35 nm, and the
shapes of the nanoparticles were nanoflakes. These TiO,
NPs were used to remove three types of metal ions (Pb*",
Cd*, and Cr’") from wastewater. They were shown to be
very successful adsorbents for removing these metal ions
from wastewater using AAS. The optimum conditions
were determined and found to be 0.1 g of absorbent,
10 mg/mL of pollutants, 75 min of contact time, 100 rpm
of shake speed, and pH of 7 at 25 °C. The %R and g for
Pb** were higher in all cases. The pseudo-second-order
model fit the experimental results on Pb*" adsorption, while
the Langmuir isotherm equation is a better fit than the
Freundlich isotherm model, and AG° was —3.45 kJ/mol,
which is more spontaneous than the Langmuir model.
The type of interaction is physical interaction.
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