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Abstract: Titanium dioxide (TiO2) is widely recognized for its photocatalytic antibacterial activity,
offering a sustainable solution for microbial control in diverse applications. TiO, nanoparticles prepared
using the solvothermal method. Titanium butoxide as a raw material in a dilute hydrochloric acid
solution at different concentrations. The parameters, such as reaction time and hydrochloric acid
amount, were used to control the size of nanoparticles and quantity. TiO, NPs were characterized using
X-ray diffraction, field emission scanning electron microscopy (FESEM), energy dispersive X-ray
spectroscopy (EDX), and Zeta potential analysis. X-ray proved a tetragonal structure in a rutile phase,
and the average crystal size decreased (41 to 20) nm when increasing the amount of HCI from 1 ml to
1.5 ml. Also, the grain size decreased (41 to 28) nm when the amount of HCI increased, as shown in
FESEM results. TiO, nanoparticles sample (H2) showed a strong antibacterial effect against both gram-
negative bacterium Escherichia coli (51 £0.2 mm) and gram-positive bacterium S. aureus (26 +0.4
mm), which proved excellent results.
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1. Introduction

Titanium dioxide (TiO2) has garnered significant attention as a potent antibacterial
agent due to its unique photocatalytic properties [1]. Under ultraviolet (UV) light, TiO-
generates reactive oxygen species (ROS) [2], such as hydroxyl radicals and superoxide anions
[3,4], which exhibit strong oxidative activity capable of destroying bacterial cell walls and
inhibiting microbial growth [5,6]. There is significant scientific interest in techniques that
reduce or eliminate bacterial growth [7]. As bacteria have become increasingly resistant to
some antibiotics, their toxicity and harm to the human body have increased [8]. The aspiration
has begun towards nanotechnology through metals, their oxides [9], and compounds which
have been distinguished by a dramatic change in their optical [10], electrical, electronic, and
mechanical properties [11]. Moreover, the nanotechnology has further enhanced the
antibacterial efficacy of TiO: by increasing its surface area [12,13] and tailoring its properties
to extend its activity under visible light. This can be achieved by reducing particle size to the
nanoscale, which in turn leads to a significant increase in the surface area-to-volume ratio [14],
a ratio on which the antibacterial effect depends [15]. The most prominent properties of
titanium oxides (TiO2) are being a transitional semiconductor [16], which has invaded the
medical, industrial, and commercial sectors due to its advantages, such as being a strong
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photocatalyst [17], chemically stable [18], relatively cheap, and environmentally friendly [19].
Moreover, it has been widely used as an antibacterial due to its good oxidation and reduction
properties [20]. Additionally, the inertness and high biocompatibility of titanium dioxide
nanoparticles with human tissues make them an interesting material for bacterial activity
compared to other metals and oxides [21]. Despite the advantages of TiO., it has some
drawbacks, such as its wide bandgap (Eg=3 eV). The exposure of TiO2 nanoparticles to
ultraviolet (UV) radiation provided the energy required to cause the electron to transfer from
the valence band to the conduction band. This condition lead to create an electron-hole pairs
[22] which lead to low visible light absorption and the fast charge recombination rates [23] that
considerably decrease the quantum yields of the photoreactions.

Furthermore, titanium dioxide exists in three crystalline forms: anatase, rutile, and
brookite [24], with band gap energies of 3.2, 3.0, and 2.96 eV, respectively [24]. The crystal
structure and morphology of titanium dioxide nanoparticles are affected by temperature and
acidity concentration, which, in turn, affect the physical and chemical properties associated
with the antibacterial effect [25]. Therefore, the physical, chemical, and antibacterial properties
of the titanium dioxide nanoparticles are influenced by the synthesis method. To obtain highly
crystalline titanium dioxide nanoparticles with small crystal size [9], a high specific surface
area, defect-free properties, and low agglomeration are required [26]. Therefore, solvothermal
method has been used for synthesis of TiO2 which involves experimental parameters such as
temperature, solvent type [14], pH of titanium precursor [25], and reaction time to control the
properties of titanium dioxide nanoparticles. Where the use of HCI in the synthesis process was
employed to tune the physicochemical properties of TiO. nanoparticles. Its role in controlling
hydrolysis and influencing crystal structure was found to be significant [27,28]. This approach
was considered novel compared to traditional synthesis methods. Moreover, this method
requires elevated temperature and pressure, which improve the solubility of the starting
material [29]. Furthermore, the main process of Titanium Oxidation is the nucleation which
consists of several stages, starting with the process of decomposition of the raw material, which
is Titanium Butoxide Ti(OBu)s, by reacting with water H>O as a solvent and HCL as catalyst
to produce titanium hydroxide (Ti(OH)a4), which in turn combines with its counterpart by the
process of dehydration after obtaining Hydrogen ion (H+) from HCL. Finally, Ti(OBu)a4 reacts
with water H>O to form TiOz nucleus with butanol alcohol (4BuOH) as end product [30].

as per chemical reaction (HCl(catalyst)), (R= Bu=C4Ho):

Hydrolysis: Ti(OR)s+4H,0 — Ti(OH)4 +4ROH (1)  Hcl
Dehydration: Ti(OH)4 + Ti(OH)4 — 2TiO; + 4H,0 (2
Ti(OH)4 + Ti(OR)s — 2TiO2 + 4ROH (3)

The entire reaction via the hydrothermal process between the TBO precursor and water
is controlled, including structure and growth [31].

Ti(OR)4 + 2H20 — TiO2 + 4ROH 4
R—~OH

OR HO OH
AN / O /o"\. N / R—0H
Ti\ + /o / \H—* /Tl\ *  R—OH
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Figure 1. Reaction mechanism of rutile growth during: (a) Hydrolysis process; (b) Dehydration process;
(c) Union and (d) formation process of the molecules[30].

In terms of antimicrobial activity, Titanium dioxide nanoparticles stimulated by photo-
induced reaction with ultraviolet light (< 385nm), leading to a chemical imbalance in the cell
wall of the bacteria. The electrons generated by the excited particles react with cellular
components such as water (H20), oxygen (O-), and hydrogen (H), leading to the production of
reactive oxygen species (ROS), including hydrogen peroxide (H20-), superoxide anion (-O2"),
and hydroxyl radical (OH). These ROS are produced at levels higher than normal and can
damage all parts of the (Gram-negative bacteria and Gram-positive bacteria) cell, including
DNA, mitochondria, cytoplasm, and proteins, as well as the cellular machinery responsible for
protein synthesis, ultimately leading to cell destruction, as illustrated in Figure 2 [32-34].
Therefore, the mechanism of antibacterial activity of nano-titania depends on its photocatalytic
reaction. The mechanism of radicals’ generation (OH and O2 ") is presented as follows [14,35]:

TiO2 + hv —»TiO2 (e_ +ht ) (5)
H20 + TiO2 (h*) — TiO, + ‘OH + H* (6)
02+TiO2 () = TiO2 + 02 )
Hz0 + -0z~ — OOH: + OH ®)
ZOOH' e 02 +H202 (9)
va-ﬁgm
Cell
o TiO2NPs m:a':‘bar;:e

7 Enzymes ' N\
/ inactivation
2 ) { Protein \"

damage

Proteins DNA

Bacterial Cell death
cell

Figure 2. Antibacterial action mechanism of TiO, nanoparticles [36].
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This study aimed to investigate the effect of hydrochloric acid (HCI) on the synthesis
of TiO: nanoparticles and to evaluate its role in tuning their structural and morphological
properties for enhanced functional performance. Also, to investigate the antibacterial efficacy
of TiO2 nanoparticles under visible light conditions against common bacterial strains, including
Escherichia coli and Staphylococcus aureus.

2. Materials and Methods

All the materials used in the present research were obtained from Sigma -Aldrich
Chemicals which are: Titanium (IV) butoxide [TBOT] (with MWt = 284.2 g mol
! purity=97%) as aTiO, precursor, Distilled water(DW), Hydrochloric Acid [HCI] from
J.T.Baker Chemicals (36.5 -38 %), and Absolute Ethanol [C2HsOH] from J.T. Baker Chemicals
(M.Wt=46.07 g mol™, purity=99.9%).

Titanium dioxide nanoparticles (TiO2-NPs ) were prepared by using a solvothermal
process in which titanium butoxide (Ti(OBu)s) was used as a precursor [37] (starting material),
hydrochloric acid (HCI) as a chelating agent, and Deionized water (DW) as a solvent.
Hydrochloride solvent was prepared by diluting the hydrochloric acid (in ratios 0.75, 1, 1.5)
ml HCI: 39ml DW) with distilled water by mixing for 5 minutes (by a magnetic stirrer device
with speed 400 rpm) as step one. Then 1 ml titanium butoxide (Ti(OBu)4) was added dropwise
(to avoid clumping) into the hydrochloric solvent. After 15 min of mixing (with a speed of 400
rpm), the formation of a transparent liquid is shown in Figure 1. After one night in laboratory
conditions (avoid the light), step three is started by heating and mixing the sample [to 75°C,
400 rpm], and after (1.5,1,0.5) hours, the change in the color from clear to white, which is
considered evidence of the emergence of TiO2 nanoparticles. From here, TiO2 nanoparticles
are separated from the solution by centrifuging (for 10 min and 4000 rpm) to produce the
required material. After that, all samples have been adjusted by (DW) to get the appropriate
PH, and this process is repeated more than once until the PH reaches neutrality (when PH=7).
Then, the sample is dried at 95°C using a heater. After that, the sample is calcified in the
electrical furnace maintained at 450°C for 2 h. Finally, the electrical furnace is left to cool
naturally to room temperature. The experimental details are listed in Table 1.

Table 1. The preparation conditions of TiO, nanorods.

Sample Structer HCI to distilled water ratio
H TiO2 39 DW:0.75 ml HCL .
HL TiO, 39 DW:1 ml HCL T'(gfggﬁqvf;‘imnflfor
H2 TiO2 39 DW:1.5 ml HCL P
DW:HCL:Ti(OBu), Ti0, souion The sample
[ ] R m _A cENTERFUGE ‘il“nil
Over night
Mlx llSmI Mix a heal I
% )
450°C at 2h E%g
' )
= =)
Electrical fumace washing

Figure 3. Schematic diagram of the steps of the synthesis of TiO; by the solvothermal method.
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2.1. Characterization of TiO, nanoparticles.

Using several techniques, titanium dioxide nanoparticles can be characterized, such as
the XRD technique, which provided the structural phases and crystal size of (TiO2-NPs). The
FESEM technique can be used to examine the surface morphology of nanoparticles and the
particle distribution of TiO2 NRs, in addition to the EDX technique, which is used to determine
the chemical composition. Finally, the technique of Zeta potential is an important technique
for calculating the surface charge of nanoparticles (TiO2 -NPs).

2.2. Antibacterial activity test.

The antibacterial potential of the prepared samples (H, H1, H2) was investigated against
Gram-negative and Gram-positive bacterial strains using the agar well diffusion assay. About
20 mL of Muller-Hinton (MH) agar was aseptically poured into sterile Petri dishes. The
bacterial species were collected from their stock cultures using a sterile wire loop [38]. After
culturing the organisms, 6 mm-diameter wells were bored on the agar plates using a sterile tip.
Into the bored wells, different concentrations of the samples (H, H1, H2) were used. The
cultured plates containing the samples (H, H1, H2) and the test organisms were incubated
overnight at 37°C before measuring and recording the average zone of inhibition diameter.
where the test was performed in five replicates for each sample, and the average diameter of
the inhibition zones was measured using Agar Diffusion assays and ImageJ/Fiji, a free and
open-source image analysis program.

3. Results and Discussion

3.1. Structural properties of TiO2 NRs.

Valuable information on structures, phases, preferred crystalline orientations, and
average crystallite/grain size of TiO2 nanoparticles can be provided using XRD technical [39].
The examination of the samples usually takes place for 26 values between 10.02° and 79.98°
with a step size of 0.046° and time exposed to radiation of about 1 sec per step. The rutile phase
of TiO2 was a tetragonal crystalline system. Figure 4 shows characteristic diffraction peaks of
H1 such as (110), (210), (111), (211), (220), (301) and (202) at 26°=27.37°, 43.97°, 41.23°,
54.32°, 56.44°, 68.96° and 76.25° those that match the standard values of (JCPDS card number
01-077.0441) In addition to a slight deviation in some peaks (200), (002), (212) Finally, the
most intense peak is (110) at 26°=27.37°. Peaks H2 sample are (110), (101), (200), (111), (210),
(211) and (220) at 26°=27.38°, 36.28°, 39.17°, 41.55° 44.38° 54.61° and 56.83° those that
match the standard values of (JCPDS card number 01-088-1172). From observing Tables 2,3,
a correlation between the maximum peak width, intensity, and crystal size was determined by:

D « peak intensity/FWHM (10)

Therefore, the FWHM had smaller values in Table 2 than the values of FWHM in Table
3. That is, the wider peaks mean that the crystal size is smaller, and the relationship is direct
between the acid concentration and the FWHM. All TiO, samples appear in the rutile phase,
where the rutile phase is grown in an acidic solvent [13] change in the behavior of rutile in
some peaks with changing the concentration of hydrochloric acid, noting a decrease in the
crystal size average from 41 nm to 20 nm when increasing the amount of HCI from 1 ml to 1.5

ml [25]. The grain size of specific peaks (110), (101), (111), and (211) of TiO2 nanostructures
https://nanobioletters.com/ 5of 14
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is reduced with an increase in the HCI concentration and a decrease in the etching time. Note
that it was not possible to conduct an XRD test on sample H due to the effect of the acid
concentration on the amount of the resulting substance, i.e., it is a small amount.

3 ——H2

Intensity [a.u]

0.5

0.0

. . . T .
0.0 0.2 04 0.6 0.8 1.0

20x100[ ° ]
Figure 4. XRD pattern for the TiO; prepared sample by using H2=1.5 ml and H1=1 ml.

Table 2. The structural analysis of TiO2 NPs (HCI=1ml).

é:gféz) HKd FWHM (deg) | 2 theta (Rad.) F("F\Q’:j';" D(nm) Matched by
2737074 110 0.413528 0.239 0.007 19.765
36.01286 101 0.407096 0.314 0.007 20512
39.3925 200 0.135792 0.344 0.002 62.115
4123354 111 0.22632 0.360 0.004 37.489
43.97615 210 0.271584 0.384 0.005 31534
54.32209 211 0.45264 0.474 0.008 19.719
56.44509 220 0.362112 0.493 0.006 24.889 01-077-0441
6280814 002 0.22632 0.548 0.004 41110
68.96941 301 0.22632 0.602 0.004 42.569
76.2534 202 0.1104 0.665 0.002 91.440
78.1729 212 0.181056 0.682 0.003 56.507
Average 41

Table 3. The structural analysis of TiO, NPs(HCI=1.5ml).

(ietgf;z‘) HKI FWHM (deg) | 2 theta (Rad.) F(‘a’;'j';" D (nm) Matched by
27.78441 110 0.63369 0.242 0.011 12.909

36.28295 101 0.271584 0.317 0.005 30.770

39.17263 200 0.90528 0.342 0.016 9.311
41.55254 111 0.271584 0.363 0.005 31.274
44.38239 210 0.45264 0.387 0.008 18.948

54.617 211 0.724224 0.477 0.013 12340 01-088-1172
56.83947 220 0.362112 0.496 0.006 24935

63.37579 002 0.362112 0.553 0.006 25.772

64.29815 310 0.602484 0.561 0.011 15.568

69.25338 301 0.543168 0.604 0.009 17.767

Average 20

The Scherrer formula was used to calculate the crystallite size, which is given in the
following equation (11) [29]:

Crystallite Size (D) = KA/Bcos® (11)
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Noting that, D is the crystallite size in nm, K is the shape factor, which is equal to 0.94,
A is the wavelength of X-ray radiation Cu kal (A = 1.5406 A), and p is the full width half
maximum.

3.2. Morphological properties of TiO, NPs.

FESEM images showed that the morphological structure and the distribution of TiO>
nanoparticles on the surface changed simultaneously with changes in the acid concentration in
the reaction medium. Where the size of the TiO. nanoparticles dropped by increasing the
concentration of the HCI, as shown in Figures 5,6. The average particle size of TiO2 was
determined using ImageJ software. The measured particle size of the samples in Table 4.

Table 4. Average particle size of TiO; for all samples.

Sample particle size (nm)
H 41
H1 35
H2 28

Figure 5. Shows the surface morphology of rutile TiO, NPs by field emission scanning electron microscopy at
the nm scale: (a) H sample; (b) H1 sample; (c) H2 sample.

Figure 6. Shows the surface morphology of rutile TiO, NPs by field emission scanning electron microscopy at
1um: (a) H sample; (b) H1 sample; (c) H2 sample.
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Figure 7. EDX results of TiO, nanoparticles.
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The chemical composition of titanium dioxide was studied by energy dispersive X-ray
(EDX) analysis. Summits confirm in EDX images the formation of high-purity titanium
dioxide nanoparticles; the obtained spectrum is shown in Figure 7, which exhibits Ti (25.19%)
and O (74.81%) peaks in the prepared rutile TiO2 NPs nanostructure.

3.3. Electrochemical properties of TiO2 NPs.

Figure 8 shows the change in zeta potential of titanium dioxide nanoparticles with
hydrochloric acid concentration. Table 2 shows the results of a Zeta potential technique for
measuring the electric charge on the surface (-0.799 to +25 mV) of TiO2 NPs in a liquid
medium. The nanoparticles of TiO repel each other and are less agglomerated due to electrical
repulsive forces. Some of these values are very close to the zeta values that indicate the stability
of nanoparticles, which are about (£30mV) [40]. From these results, we find that the relationship
between zeta potential and acid concentration is non-linear, as shown in Figure 9. Increasing
the acid concentration creates a positively charged surface, which is an important factor in the
antibacterial effect. As the concentration of HCI increases, we find a decrease in the Zeta
deviation (3.92,25.5,4.59 mV), which represents the extent of the deviation from the expected
values of the zeta potential, but the increase is irregular, meaning the presence of factors other
than the acid concentration, including temperature.

Table 5. Zeta potential results of TiO, NPs.

Sample Zeta potential(mV) Zeta deviation(mV)
H(HCI=0.75ml) -0.799 3.92
H1(HCI=1ml) +25 255
H2(HCI=1.5ml) +24.9 459
:’: :' ‘ Ewscm |
= remsuicy E=rewcl =T
(a) (b) (c)

Figure 8. Scheme Zeta potential distribution of samples TiO; NPs: (a) H; (b) H1; (c) H2.
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Figure 9. Scheme representing the relationship between the zeta potential and acid concentration of TiO2 NPs.
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3.4. Antibacterial activity.

The antibacterial activity results for 10mg/ml TiO2 NRs prepared by the solvothermal
method with different concentrations (H, H1, H2) are shown in Figure 10, and the details are
explained in Table 6, for Gram-negative bacteria (E. coli, K. pneumoniae) and Gram-positive
bacteria (S.mutans, S. aureus). The results indicate that the nanoparticles TiO. of all samples
inhibit the growth of bacteria within 24 hours. The results show a greater effect of sample H2
on inhibiting the growth of all types of bacteria than the other samples (H1, H), and a lesser
effect of sample H1. The physical and chemical properties, surface area, shape, and charge of
nanoparticles are important parameters that influence their antibacterial properties [33,41]. The
antibacterial effect depends on other variables, such as time, concentration, and size, as smaller
substances are more toxic than larger ones.

Table 6. The antibacterial activity of TiO, NRs.

Sample E.coli £0.4mm S.mutans +0.2 mm S.auerus +0.3mm K.pneumonia +0.3mm
H 35 23 235 15
H1 16 12 13 10
H2 51 24 26 25

https://nanobioletters.com/

(b)

(d)
Figure 10. Antibacterial activity of (H2, H1, H) against (a) E. coli; (b) S. mutans; (c) S. aureus; (d) K.
pneumonia at a concentration of 10 mg/mL.
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Many factors influence the bacterial cell death mechanism induced by NPs, including
size, shape, concentration, electrical charge, surface structure, solvents, and exposure time
[42].

4. Conclusion

In conclusion, our procedure uses titanium butoxide as a starting material and varying
HCI concentrations to prepare titanium oxide nanorods via the solvothermal method. The
variation of HCI concentration leads to a decrease in the preparation temperature. A stable
rutile phase structure formed in all samples due to interactions among the substances in an
acidic environment. Noting the difference in the appearance time, which caused an increase in
the size of the nanorod with a decrease in the acid concentration.
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Abbreviation | Definition
WS-Ceria-NPs | Withania somnifera-derived Cerium Oxide Nanoparticles
ROS Reactive Oxygen Species
RONS Reactive Oxygen and Nitrogen Species
SOD Superoxide Dismutase
DPPH 2,2-diphenyl-1-picrylhydrazyl
LPS Lipopolysaccharide
SAED Selected Area Electron Diffraction
FFT Fast Fourier Transform
HRTEM High-Resolution Transmission Electron Microscopy
PBS Phosphate-buffered Saline
BSA Bovine Serum Albumin
NOX Nitric Oxide Assay
XRD X-ray Diffraction
SEM Scanning Electron Microscopy
EDS/EDX Energy Dispersive X-ray Spectroscopy
FTIR Fourier Transform Infrared Spectroscopy
UV-Vis Ultraviolet-visible Spectroscopy
SD Standard Deviation
ANOVA Analysis of Variance
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