A Available online at BCREC website: https://bcrec.id e —
BOREC
CREC - Bulletin of Chemical Reaction Engineering & Catalysis, 17 (3) 2022, 486-496 E——

Research Article

Enhancement in Photocatalytic Efficiency of
Commercial TiO2 Nanoparticles by Calcination: A Case of
Doxycycline Removal

Nguyen Thi Cam Tien, Chau Hong Nhut, Vo Thi Thanh Thuy, Trinh Thi Bich Huyen, Lam
Pham Thanh Hien, Nguyen Nhat Huy*

1Faculty of Environment and Natural Resources, Ho Chi Minh City University of Technology (HCMUT),
268 Ly Thuong Kiet St., Dist. 10, Ho Chi Minh City, Vietnam.
2Vietnam National University Ho Chi Minh City, Linh Trung Ward, Thu Duc City, Ho Chi Minh City,

Vietnam.
Received: 29 March 2022; Revised: 17" June 2022; Accepted: 20th June 2022 '.)
Available online: 227 June 2022; Published regularly: September 2022 heck for
Abstract

In this study, the pure and calcined forms of Degussa TiO2 were applied for photocatalytic removal of doxycycline -
a broad-spectrum tetracycline antibiotic. The calcination of TiO2 at 500 °C enhanced the photocatalytic efficiency
of the TiOz under optimal operational conditions of 5 ppm of doxycycline, 0.25 g/L of TiOz, pH 6.5, 120 min, and
room temperature. In addition, the changes in morphology, crystal structure, and optical properties of the materi-
als before and after calcination were observed by scanning electron microscopy, X-ray diffraction, and UV-Visible
spectroscopy. The reaction kinetics of the doxycycline removal was also investigated based on the Langmuir-
Hinshelwood model with a correlation coefficient R2 of >80%. Results showed that the photocatalytic ability of TiO2
is stable and enhanced after being calcined at a suitable temperature of 500 °C. This opens up the potential appli-
cation of TiOz2 in the treatment of emerging organic pollutants in water.
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1. Introduction material in the past 50 years. The commonly
used commercial nanoscale TiO2 material is
very popularly known as Degussa P25. In addi-
tion to its photochemical properties, TiO2 has
many other advantages such as stability, non-
toxicity, chemical stability, availability, and low
cost [2]. Although it is not a novel nanomaterial,
the multidisciplinary applications of TiOz have
been discovered more and more.

Besides, the material synthesis method is
one of the key ways to bring the outstanding
features of TiO2 into practice with high photo-

Titanium dioxide is the most commercially
available nanomaterial and has a wide range of
applications such as in biology, medicine, sci-
ence, technology, and the environment. It is
easy to come across products containing TiOg,
from products like sunscreen and waterproof
tiles to water filters, air conditioners, bio-sensor
applications, and drug delivery [1]. The photo-
catalytic ability is the most prominent feature
that has brought TiO2 to an important nano-
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materials synthesis, such as hydrothermal, sol-
gel, solvothermal, sonochemical, direct oxida-
tion, chemical vapor deposition, electrodeposi-
tion, and microwave methods [2]. In addition to
the synthesis, the modification of TiO2 nano-
materials has also been proposed, including
surface deposition, doping, hybridization, and
combining with metals, metal oxides, and non-
metals [3]. Based on the synthesis and modifi-
cation methods, different morphologies of TiO2
have also been reported. TiOz is very diverse in
surface morphology in forms of 0D (e.g. nano-
particles and nanospheres), 1D (e.g. nanorods,
nanotubes, and nanowires), 2D (e.g. nanosheets
and nanoplates), and 3D (e.g. hollow spheres,
nanoporous, and mesoporous). In environmen-
tal remediation, TiO2 is known as an effective
and popular photocatalyst that enhances the
decomposition of most organics to inorganic
products in the air, water, soil, and sediments,
especially emerging organic pollution.

Nowadays, the problem of environmental
pollution is becoming more and more serious,
especially the emerging organic contaminants
(EOCs) with low concentrations, difficult to de-
tect, difficult to decompose, and potentially
dangerous to humans and ecosystems. EOCs
include several organic or inorganic compounds
with complex structural formulas such as by-
products of metabolic processes, pesticides,
plasticizers, hormones, antimicrobials, surfac-
tants, pharmaceuticals, and personal care prod-
ucts. Among them, the presence of antibiotic
residues in the aquatic environment has be-
come a significant concern for the ecological
balance and safety of human health globally
[4]. In Vietnam, some reports have shown that
antibiotic residues appear in surface water and
wastewater in some areas [5—8].

Doxycycline (DOX) is a group of broad-
spectrum antibiotics belonging to the tetracy-
clines. It has an antibacterial effect on both
gram-negative and positive bacteria. Some re-
ports indicated that DOX occurs in the aquatic
environment with residues ranging from 0.11
to 39.5 pg/L at farms in Jiangsu Province, Chi-
na [9], and <0.05 ug/L in Nigeria [10], 13.62
ng/L in Huangpu River, Shanghai, China [11].
DOX, like some other antibiotics, is stable in
the environment and difficult to be biodegrad-
ed. The methods to remove DOX in water are
mainly adsorption [12,13], photocatalysis
[14,15], Fenton processes [16—18], and electro-
chemical oxidation [19]. Some studies on the
synthesis and modification of TiOz as photo-
catalytic materials to remove DOX from water
have recently been reported, such as C,S-doped
TiO2 [20], or C-containing TiO2 [21]. However,

the use of commercial TiO2 material modified
by calcination, a simple and economical solu-
tion, for photocatalytic removal of DOX has not
been published yet.

In this study, the commercial TiO2 nanopar-
ticle was modified by calcination and employed
as a photocatalyst for the removal of DOX in
water. The DOX removal was investigated for
TiOz calcined at temperatures from 200 to 800
°C. The change in morphology, crystal struc-
ture, and optical properties of the material was
examined by various surface analyses. The ef-
fects of operating conditions such as solution
pH, material dosage, and DOX concentration
on the DOX removal efficiency were investigat-
ed and the decomposition kinetics model was
also studied.

2. Materials and Methods
2.1 Materials

Degussa P25 TiO2 nanomaterial was from
Merck, Germany with some properties de-
scribed in Table 1. HNO3 and NaOH are pure
chemicals bought from Xilong, China. Doxycy-
cline (DOX, purity of >99%) was produced by
Kunsan Chemical & Pharmaceutical Co., Ltd,
China. Double-distilled water used in the test
was taken from a water machine in the labora-
tory.

After calcination, the properties of TiO2 (e.g.
P25-500) were analyzed for exploring the
changes in morphology and crystal structure
through scanning electron microscopy (SEM,
JSM-IT200, JEOL, Japan) and X-ray diffrac-
tion (XRD, model D2 Phaser, Bruker, Germa-
ny), respectively. In addition, the UV-Vis dif-
fuse reflectance spectroscopy (UV-Vis DRS)
was used to determine the optical properties
and calculate the band gap energy of the TiO2
nanoparticles using a spectrophotometer (U-
4100 Spectrophotometer, Hitachi, Japan). For
comparison, titania nanotubes calcined at 500
°C (i.e. TNT-500) were also prepared by hydro-
thermal method and used as referenced photo-
catalyst [22].

Table 1. Some properties of commercial TiOz
nanoparticles.

Properties Unit Value
BET surface area m2/g 52.8
Pore volume cm3/g 0.13
Pore diameter nm 9.6
Particle size nm 10-30
Pore size range nm 2-127
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The isoelectric point of the TiOz photocata-
lyst was determined via the titration method
[283]. Accordingly, 0.025 g of the material was
added to 25 mL of 0.1 M NaCl solution. The ini-
tial pHi was adjusted from 3 to 11 using 0.1 M
HCI or 0.1 M NaOH solutions. The mixture was
covered and shaken for 48 h, after centrifuga-
tion, the final pH of the supernatant was meas-
ured (pHy). In the graph showing the difference
between the initial and final pH values (ApH =
pH: — pH;) against the pH;, the pH value at
ApH = 0 gives the isoelectric pH value.

2.2 Photocatalytic removal of doxycycline

The photocatalytic experiment on DOX
treatment in water using TiO2 nanomaterials
was carried out at room temperature for 120
min. A certain amount of TiOz was added to the
water with a DOX concentration of 5 ppm. Af-
ter 30 min of placing the mixture in the dark
under magnetically stirring for adsorption-
desorption equilibrium, the UVA lamp (365
nm, Panasonic, Japan) was then turned on for
photocatalytic reaction. The water sample was

Figure 1. SEM images of commercial P25 and
P25 calcined at 500 °C.

then periodically taken and centrifuged at
3000 rpm for 10 min to separate the catalyst
particles and the supernatant was then sent
for DOX measurement. DOX concentrations be-
fore and after treatment were analyzed using a
spectrophotometer (DR6000, Hach, USA) at a
wavelength of A = 281 nm.

The removal efficiency of the DOX (H, %) is
calculated by the following equation.

—hl(%\] = kobs x1 (1)
0

The pseudo-first-order kinetic equation was
used to describe the reaction kinetics of DOX.

H%=(l—%}x100% Q)

0
The Langmuir-Hinshelwood model is the most
popular model used to describe the kinetics of
heterogeneous photocatalysis [24,25], which is
written as follows:

dC _k xK xC, _p

dt 1+K,xC, ™
where, r represents the reaction rate, k, is the
apparent reaction rate constant, and K; (or
Ki-g) is the equilibrium adsorption constant. Co

and C; are the initial concentration and concen-
tration at time ¢, respectively.

xt 3)

3. Results and Discussion

3.1 Changes in Morphology and Crystalline
Structure of TiO2 Nanoparticles

Figure 1 showed the SEM images of TiO2 in
its commercial form (P25) and after being cal-
cined at 500 °C (P25-500). These TiO2 nano-
materials had a morphology of particles at the
nanoscale, which tends to be clustered togeth-
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Figure 2. XRD patterns of the pure and cal-
cined P25 TiOa.
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er. The calcination at 500 °C did not signifi-
cantly change the morphology of the TiO2 nano-
particles. However, this temperature causes
the surface of the particles tending to be frag-
mented, leading to the rough surface of the
grain. Besides, several tiny particles appear on
the surface of the large particles, thereby in-
creasing the surface area and pore volume
[26,27].

The XRD patterns of P25 before and after
calcination are plotted in Figure 2. The P25
TiO2 nanomaterial exhibits a combined phase
of anatase and rutile [22]. The anatase is the
main structure due to its higher peak intensi-
ties and occupies the majority of XRD patterns
at 20 of 25.24, 37.72, 38.53, 48.00, 54.98, 62.62,
68.92, 69.04, 70.2, and 75.02°, corresponding to
the lattice faces of (101), (004), (112), (020),
(121), (204), (301), (112), (220), and (215), re-
spectively (JCPDS, card. 21-1272). In addition,
the rutile peaks are also observed at 20 of 27.4
(110), 35.82 (101), and 41.22 (111) (JCPDS,
card 21-1276). For the P25 calcined at 500 °C,
the characteristic peak of rutile disappeared,
while the peak intensity and width of the ana-
tase peaks increased significantly. These re-
sults showed a significant improvement in crys-
tallization and growth of the anatase phase af-
ter calcination [26]. With a further increase in
the calcination temperature, both the height
and the sharpness of the anatase peaks tend to
decrease. Notably, at 800 °C, the characteristic
peaks for the anatase crystalline phase were
significantly low and almost disappeared. It
demonstrates the destruction of the anatase
crystalline structure of TiO2 at high tempera-
tures.

E, (P25) =324 eV —P25
E, (P25-500) = 3.19 eV
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Figure 3. UV-Vis DRS results of P25 and P25-
500 materials.

Figure 3 described the results of UV-Vis
DRS analysis of P25 and P25-500 materials.
Accordingly, P25-500 material has an absorp-
tion edge of 383 nm, which was shorter than
that of pure P25 (389.1 nm). The bandgap en-
ergies of P25 and P25-500 materials were then
calculated to be 3.24 and 3.19 eV, respectively.
Thus, the calcination process slightly reduced
the band gap energy of the P25 material. The
reduced bandgap value means that the photon
energy level required for an electron to move
from the valence band to the conduction band
decreases, thus the photocatalytic efficiency
could be slightly increased.

3.2 Effect of Calcination on the Photocatalytic
Activity

Generally, the calcination temperature of
the material significantly affected the struc-
ture and material morphology of TiO2
[22,28,29], thus significantly influencing the
photocatalytic removal efficiency. In this study,
the effect of calcination on the photocatalytic
ability of P25 was investigated in the range of
200-800 °C. The original anatase/rutile ratio of
the crystal structure in commercial P25 is
about 80:20 [22]. At low calcination tempera-
tures, the crystalline phase component mainly
existed in the anatase form since the high acti-
vation energy prevents the phase transition of
TiOz [30]. In some works, the rise of calcination
temperature led to the gradual transformation
of the anatase to the rutile phase, and the com-
plete change to the rutile form at the calcina-
tion temperature of 750 °C [31,32]. As shown in
Figure 4, the ability to degrade DOX in water
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Figure 4. DOX removal by different types of
TiO2 nanomaterial (Conditions: 5 ppm DOX,
0.25 g TiOo/ L, pH 6.5, UVA irradiation, 120
min).
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gradually rose with the increase in the calcina-
tion temperature from 200 to 500 °C, but de-
clined from 600 to 800 °C, which could be due
to the decrease of anatase crystalline structure,
as evidenced in XRD results and reported in
the literature [33,34]. This study used the light
source from a UVA lamp with the highest in-
tensity at a wavelength of 365 nm. The UV-Vis
DRS results of P25-500 show that it has a re-
duced energy level of the absorbed light to the
ultraviolet region, so it may be more efficient in
decomposing DOX than P25. The maximum re-
moval efficiency was 81.29% at 500 °C, which
was higher than P25 in its original form. When
the calcination temperature gradually went up
to 800 °C, the removal efficiency rapidly de-
crease. At high temperatures, there is a growth
in crystal size and the agglomeration of parti-
cles as well as the low anatase phase. This is
not beneficial for photocatalytic activity [32],
thus reducing the DOX removal efficiency.

In some works, the combination of both ana-
tase and rutile phases at a certain ratio is the
most influential factor in the photocatalytic for
TiOz [35,36]. However, in this study, it was
found that the anatase phase seems to be more
effective in photocatalytic DOX removal in wa-
ter. In fact, Yaemsunthorn et al. [37] confirmed
that anatase acts as a better oxidant while ru-
tile 1s a better reducer. Therefore, in this case,
P25-500 with its anatase crystalline phase
could be more beneficial for DOX removal un-
der UV light irradiation. Besides, P25 calcined
at 500 °C and TNT-500 [22] gave stable DOX
removal efficiencies, which were better than
other TiO2 types. Previous studies showed that
TNTs calcined at 400—500 °C had a higher pho-
tocatalytic ability than P25 TiOz [26]. In addi-
tion, a report by He et al. showed that TiO2 hol-
low nanoparticles calcined at 250 °C also have
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Figure 5. (a) Effect of initial pH on DOX removal and (b) pHpz of P25-500 material.

a higher photocatalytic ability than P25
[22,27,28]. However, the photocatalytic ability
depends on the target pollutants. In this study,
P25 calcined at 500 °C was more suitable to de-
grade DOX than TNT-500 since it provided bet-
ter removal efficiency, which is consistent with
some other reports [38,39]. Therefore, P25 cal-
cined at 500 °C was chosen as a suitable photo-
catalyst for further investigation.

3.3 Effects of Operational Conditions on DOX
Removal

The effect of initial pH on the DOX removal
efficiency is demonstrated in Figure 5(a). The
pH value played an important role in photoca-
talysis since it directly affects the surface
charge of the catalytic material and the exist-
ing forms of the pollutants in the solution. In
this work, the effect of initial pH from 3 to 9
was investigated to determine the role of pH in
the photocatalytic removal of DOX in water. In
Figure 5(a), when the pH rose from 3 to 6.5,
the removal efficiency gradually went up, and
then declined with a further increase in pH
from 6.5 to 9. The DOX removal efficiency of
P25-500 reached the highest value of 81.3% at
pH 6.5 (unadjusted pH value).

DOX had three pKavalues of 3.5, 7.07, and
9.13, respectively, corresponding to three exist-
ing forms of cationic, zwitterionic, and anionic
in acidic, weak to neutral, and alkaline condi-
tions, respectively [17]. Meanwhile, the isoelec-
tric point (pHp.) of the P25-500 was deter-
mined at 6.35 (Figure 5(b)). When the solution
pH < pHp., the material surface carries a posi-
tive charge, whereas DOX carried a negative or
neutral charge. The negatively charged DOX
exists in the solution at a weakly acidic to neu-
tral medium (pH >4) [14], which explains the
increase in removal efficiency when increasing

4

b
L

o pHpe=635

ApH
o

pHi
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the pH from 3 to 6.5. The electrostatic interac-
tion between the material surface and the pol-
lutant is strong for these two opposite charges,
thus enhancing the adsorption of DOX on the
material surface and leading to an increase in
DOX removal efficiency. In contrast, at pH 7,
both P25-500 material and DOX exist in nega-
tively charged forms, thus the electrostatic re-
pulsion leads to a decrease in removal efficien-
cy. DOX removal was preferred in the neutral
pH range and the unadjusted pH value when
DOX was completely dissolved in water. There-
fore, in this study, the solution pH was not ad-
justed for further experiments.

The dosage of material used in the photo-
catalytic processes should be sufficient for
demonstrating a high removal efficiency but
not exceed the required dosage for ensuring the
economic aspect due to the material cost. Fig-
ure 6 depicts the effect of material dosage on
the photocatalytic removal of DOX with P25-

100

90 A

80 A

70 A

60 A

50 A

40 |

30 A

Removal efficiency (%)

0.25 0.5 1
TiO, dosage (g/L)

Figure 6. Effect of TiO2 dosage on DOX treat-
ment efficiency.
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Figure 7. Pseudo-first-order kinetic for differ-
ent DOX concentrations.

500 dosage in the range of 0.1-1.0 g/L. With a
DOX concentration of 5 ppm, the DOX removal
reached the highest removal efficiency at the
dosage of 0.25 g/L. Usually, as the amount of
material increased, the removal efficiency had
the same trend. However, in this case, where
the contaminant concentration remained un-
changed, larger dosages of the material parti-
cles increased the degree of disturbance in the
aqueous solution, thus preventing the exposure
of the material to the light and reducing the
generation of reactive oxygen species (ROS)
(e.g. hydroxyl radical) during the photocataly-
sis. Therefore, determining an optimal dosage
of materials was one of the essential stages for
extending this process for practical applica-
tions. In this study, the optimal dosage of P25-
500 was determined to be 0.25 g/L.

The effect of DOX concentration on photo-
catalytic removal was carried out with a con-
centration range of 2—15 ppm. As shown in Fig-
ure 7, the removal efficiency decreases with the
increase in the pollutant concentration. Under
the same operating conditions, high concentra-
tions of DOX required more time and ROS to
be degraded and further mineralized. In gen-
eral, the photocatalytic removal of DOX at dif-
ferent concentrations follows the pseudo-first-
order kinetic model with high correlation coef-
ficients of R2 >0.94 (Table 2). The removal rate

120
100 3
--"O
80 - Lo T
2 o0l -7 y-2em+se
= o R2=0.8012
40 -
20 -
0 . . .
0 5 10 15 20

DOX concentration (ppm)

Figure 8. The linear relationship of 1/k.s value
and initial concentration.

Table 2. Pseudo-first-order kinetic apparent
constants of different initial DOX concentra-
tions.

Co (ppm) FRobs R2
2 0.0186 0.9623
5 0.0131 0.9659
7 0.0122 0.9425
10 0.0120 0.9433
15 0.0108 0.9493
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constant was inversely proportional to the DOX
concentration.

The Langmuir-Hinshelwood model was one
of the models that well describes the heteroge-
neous photocatalytic process. Figure 8 depicted
the suitability of this model for describing the
photocatalytic removal of DOX in water using
P25-500 material with a correlation coefficient
R2 of 0.8012. Accordingly, the rate constants K;
and Ki-gcalculated according to the equation
are 0.382 mg/(L.min) and 0.046 L/mg, respec-
tively.

3.4 Comparison with Other Studies

There have been many reports related to the
synthesis and application of nanomaterials for
the photocatalytic removal of DOX. The remov-
al efficiency and reaction rate for each photo-
catalyst are different since they depend on both
the material properties and reaction conditions.
Some common materials in this field are ZnO,
TiOg2, and Bi2Os (Table 3), where most studies
showed the DOX removal efficiency of >80%
within 2 h under irradiation. In this study, the

use of commercial TiOz calcined at 500 °C was
able to decompose DOX in water under UVA ir-
radiation and does not require the addition of
oxidants. Therefore, it reduces the cost of mate-
rial synthesis and saves chemicals, equipment,
and operating costs, leading to the high feasi-
bility of this study as compared to other re-
ports.

3.5 Proposed DOX Degradation Pathway

During the photocatalytic process, many
ROS (e.g. hydroxyl radical, singlet oxygen, pho-
to-excited hole, and superoxide) with strong ox-
idizing properties may play major roles in the
degradation of DOX in water. The LC/MS anal-
ysis was carried out to determine the fragmen-
tation of DOX during photocatalysis using P25-
500 material (Figure 9). Specifically, the DOX
molecule is attacked by ROS at the fragile site
of N—(CH3)2, and the opening in the benzene
ring forms the intermediate of DOX1 (m/z =
362) [42]. After that, the decomposition of this
intermediate forms some products with shorter
carbon chains such as DOX2 (m/z = 149) and

Table 3. Photocatalytic decomposition of DOX in the water of some different materials.

Materials Conditions

Results Ref.

[DOX] = 0.01 g/L

[Material] = 0.5 g/LL

a-Bi203/g-C3Ny

polymer-ZnO composite

Removal of 79.1% DOX

C,S-Doped TiO2

MWCNTs/a-Bi2Os

BiOBr/FeWO,

P25-500

[H202] = 10 mM . [40]
Unadjusted pH after 30 min

Xe lamp (150W)

[DOX] = 50 pg/mL

[Material] = 0.25 g/Li Removal of 92.7% DOX [14]
pH="7 in6h

UV-C lamp (30 W)

[DOX] = 6.5x105 M Highest removal rate

[Material] = 1 g/LL constant: [20]
26W Delux UV lamp and 8 W kuv = 9.0x10-3.min-!

Maxus visible light lamp kvis = 7.7x10-3. min-!

[DOX] = 10 mg/L

[Material] = 1 g/LL Removal of 91% DOX [41]
150 W Xe lamp with a UV cut- after 120 min

off filter

[Material] = 1 g/L Removal of 90.1% DOX [15]
300 W Xenon lamp after 60 min

[DOX] =5 ppm

[Material] = 0.25 g/LL Removal of 81.29% DOX This stud
Unadjusted pH after 120 min s study
UVA lamp
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DOX5 (m/z = 100). These products were then
decomposed into simple organic acids such as
DOX3 (m/z = 118), DOX6 (m/z = 84), DOX4
(m/z = 102), phenol, ketone, and finally to min-
eralized products of CO2 and H20 [43].

4. Conclusions

In this work, the calcination at 500 °C effec-
tively enhanced the photocatalytic ability of
commercial P25 TiO2 nanoparticles for DOX re-
moval in water. Over 80% DOX at an initial
concentration of 5 ppm was removed after 120

min under optimal operating conditions of 0.25
gTiO2/L, pH 6.5, UVA irradiation, and room
temperature. Its removal efficiency was higher
than the referenced material of commercial
TiO2 and titania nanotubes. In the reaction,
neutral pH was the most effective condition for
DOX removal due to the electrostatic attraction
of the material surface and the pollutant. The
kinetics of DOX decomposition in water by pho-
tocatalysis using TiO2 nanomaterials follows
the pseudo-first-order kinetics and Langmuir-
Hinshelwood model with high confidence. The
ks and Ki-g values calculated by the model are

0}
OH OH (0] (0]
OH
NH,
Doxycycline
OH m/z = 445
OH
CHj OH N
AN
HsC CH;
OH (0] OH (0]
OH
DOX1
m/z=362
OH
CH;3 o]

<

0 0 Q
J o+ on -
HO HO
DOX2 o 5 i

m/z=102

DOX3
m/z=118 DOX4
m/z=149
0
CHQA
KIH :
o
DOX5 DOX6 DOX7
m/z=84 m/z=72 m/z=121

Figure 9. The pathway of DOX degradation during the photocatalysis using P25-500 material.
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0.382 mg/(L.min) and 0.046 L/mg, respectively.
Future works should focus on evaluating the
mineralization and toxicity of the products af-
ter the photocatalytic treatment.
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