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KEYWORDS Abstract Herein, a novel and stable Tb-Co-O nanocomposite photocatalyst is fabricated through
TbCoO3/ThO, g, Nanocom- a one-pot microwave route for 2 min (600 W, 20 s On, 60 s Off), which is introduced as UV/Visible
posites; light active catalysts in wastewater treatment. Employing various combined parameters of Tb:Co
Microwave Synthesis; ratio, pH adjustment agents, chemical and natural templates, the resulting nanostructures displayed
Photodegradation; the intrinsic structure nature, narrow size distribution, good optical properties, and excellent pho-
Hazardous pollutant; tocatalytic efficiency. The formation of Tb-Co-O nanostructures and their features were verified via
Nano-photocatalyst; X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), field-emission scanning
Nanostructures electron microscopy (FE-SEM), transmission electron microscopy (TEM), and ultraviolet—visible

diffuse reflection spectroscopy (DRS) technologies. Detailed physic-chemical measurements exhib-
ited that all as-prepared nano-photocatalysts possesses both cubic (TbO,g;) and orthorhombic
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(TbCoO3) crystal structures. Furthermore, optical characterization by DRS developed light-
sensitive channelization with band-gap energies at approximately 2.95 and 3.20 eV for Tb-Co-O
nanocomposites. Finally, the photocatalytic studies of the resulting nanocomposites were compared
by determining the elimination of Erythrosine (EY), Acid Violet 7 (AV7), and Acid Black 1(ABI1)
under UV and Visble light illumination. As a results, the TbCoO3/TbO,; g; nanocomposties with
molar ratio of 1:3 (Tb:Co), valerian distillate as natural directing agent and ethylenediamine (en)
as alkaline template yielded the optimum degradation percentage of 88 % for EY dye under the
reaction condition of 10 ppm dye concentration in the presence UV light toward other pathways.
Also, we proposed a mechanistic insight of photodegradation based on the radical scavengers,
which revealed that h™ did the important role, and OHe and eO; represented an irrelevant role
in the degradation of EY. The current study offer an effective way for development of a high-
efficiency Tb-Co-O photocatalyst in eliminating dyes from contaminant water.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The quality of the surface water has a significant impact on the ecosys-
tem and a variety of energetic and environmental issues. With increas-
ing human population and industrial advances, concerns for
environmental protection, waste management, pollution control, and
safe supply of drinking water have been increased. In developing coun-
tries as well as industrialized countries, the amount of pollution enter-
ing the water as a result of human activities is constantly increasing
(Lee and Park, 2013; Zhang et al., 2013; Yahya et al., 2018). Dyes
are one of the most dangerous water-soluble pollutants that their
removal from aquatic environments has received much attention due
to their toxicity, high durability and degradation-resistant (Jusoh
et al., 2013). For example, Erythrosine (EY) as a water-soluble xan-
thenes dye is widely used in drugs, cosmetics and food productions.
However, it is well know that high level of this dye can exert various
types of thyroid activities, allergies, DNA damage behavior, carcino-
genic in nature (Mittal et al., 2006; Kaur and Gupta, 2012). Notably,
a number of studies have also been reported on the decomposition of
Azo dyes, namely, Acid Violet 7 (AV7) and Acid Black 1(AB1), which
are most difficult to degrade. These compounds with -N=—N- bonds in
association with complex aromatic structures and sulfonic acid groups
are regarded as the highly recalcitrant and genotoxic types in compar-
ison with other azo dyes (Paprocki et al., 2010; Gonzalez-Casamachin
et al., 2019). Textiles, dyeing and printing industries are one of the lar-
gest consumers of water and consequently are the main producers of
dye contaminants in wastewater (Malathi and Madhavan, 2017;
Malathi et al., 2018). The discharge of untreated industrial effluents
into aqueous environments has worsened the situation of water
resources around the world. Advanced oxidation processes (AOPs)
have been discovered as the most effective method for the removal
of resistant organic pollutants (Miranda-Garcia et al., 2010). The main
characteristics of AOPs are in produced oxidant species like hydroxyl
radicals. Hydroxyl radicals with unique advantages like high oxidation
power and a potential of 2.8 V have a significant responsibility in the
destruction of organic compounds (Wang and Xu, 2012). In AOPs, dif-
ferent methods are involved to form highly potential active oxidants.
Given these aims, four general categories such as (i) primary oxidants
(hydrogen peroxide (H,0O,), ozone (O3)), (ii) energy sources (UV light,
heat and ultrasonic waves), (iii) catalysts and (iv) Fenton’s reagent
have been proposed (Leong et al., 2014; Ong et al., 2018). Meanwhile,
photocatalytic oxidation technology as an environmentally friendly
route can oxidize diverse organic pollutants such as dyes and antibi-
otics into inorganic ions without causing secondary pollution. Follow-
ing these discovery, a series of metal oxide semiconductors (e.g., ZnO
(Singhal et al., 2022), TiO, (Nur et al., 2022), CdO (Saravanakumar
et al., 2018), MnO, (Chiam et al., 2020), Fe,O5 (Zhang et al., 2010)
and etc.) have been applied to address the demands of photo-

degradation process. However, since 1972, TiO, semiconductors have
been considered to be the most popular photocatalysts because of their
high stability, low cost, and non-toxic properties (Fujishima and
Honda, 1972; Upadhyay et al., 2014). But, the wide energy gap
(Eg ~ 3.2 eV) of TiO; nanostructures limits their performance in the
visible region and increases a positive effect in the near UV region
(about 5 % of the total solar radiation) (Meng et al., 2019; Xu
et al., 2019). To address these drawbacks, significant efforts has been
performed on the development of the nano-photocatalysts with narrow
band gaps, for example; ZnIn,S,; (He et al., 2019; Wang et al., 2019), g-
C3Ny (Wen et al., 2017; Teng et al., 2019; Xia et al., 2020), Fe,O3/
EuVO,/g-C3Ny (Monsef et al., 2021a), PrVO,4/CdO (Monsef et al.,
2021b), and LaCoO; (Wang et al., 2015). Among recent researches,
perovskite-type structures formulated by LnCoO; (Ln = La-Y, RE)
are introduced as a superior semiconductor for advance photocatalytic
activity (Jung and Hong, 2013; Wang et al., 2015; Guo et al., 2019;
Michel et al., 2019; Salavati-Niasari, 2006). In fact, these ceramic sys-
tems with the involvement of both the 3d- and 4f-cations exhibit con-
siderable properties like magneto-electronic phase separation (Wang
et al., 2016; Gavrikov et al., 2020). Based on these properties, the
applicability of Ln cobaltite in diverse fields such as solid state oxide
fuel cells (SOFCs) (Enrico and Costamagna, 2014), thermoelectric
(Moon et al., 2000; Jiamprasertboon et al., 2014), gas sensors
(Mochinaga and Arakawa, 2001), oxidation of CO (Alvarez-Galvan
et al., 2011), and photocatalysis (Wang et al., 2020; Salavati-Niasari,
2009) gains remarkable attention. However, TbCoO; as a member of
the rare-earth perovskites in different photocatalysis directions has
recently received less attention. The preparation way of perovskite
structures plays a vital role in yielding quality of the final products
in terms of dimension size and structural stability. Microwave heating
route has the advantages of spontaneous reaction time, cleaner envi-
ronment and lower manufacturing costs (Gerbec et al., 2005) com-
pared to other wet chemical methods such as hydrothermal
(Megarajan et al., 2015), combustion (Tugova and Karpov, 2021)
and sol-gel pechini routes (Wu et al., 2018). However, the controlled
morphology of nano-products can be realized in template materials
and correlation of green nanoreactors for the crystal growth and nucle-
ation process. To date, the chemical and natural precursors have been
adopted as surface-active stabilizers for the fabrication of nano-sized
mesoporous material. Template materials have a pivotal role in reduc-
ing the condensation reaction and preventing particle agglomeration.
In this study, novel nanocomposites based on Tb-Co-O (TbCoOs;/
TbO; g;) nanostructures is fabricated through a one-pot microwave
route, which is introduced as UV/Visible light active catalysts in
wastewater treatment. Also, various combined parameters of Tb:Co
ratio, pH adjustment agents, chemical and natural templates were
employed to evaluate the structural, morphogical and optical
properties. This configuration of the perovskite-type based on
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Tb-Co-O illustrated a comparison study of photodegradation effi-
ciency under UV and visible light illumination by investigating Ery-
throsine (EY), Acid Violet 7 (AV7), and Acid Black 1(ABl) as
pollutant models.

2. Experimental

2.1. Materials and characterization equipment

The starting chemicals used in preparing the samples, includ-
ing terbium nitrate hexahydrate (Tb(NO3);-6H,0), cobalt(II)
acetate tetrahydrate (Co(CH;CO»),-4H,0), polyvinylpyrroli-
done (PVP), and tetraethylenepentamine (TEPA) were pro-
cured from Sigma-Aldrich Company. Also, ethylene glycol
(EG), poly vinyl alcohol (PVA), ethylenediamine (en), and
ammonia (NH;) were obtained from Merck and utilized as
received without further purification. Crystalline phase of the
nanostructured composites were recorded by a Philips-
X’pertpro, X-ray diffraction was performed using Ni-filtered
Cu Ka radiation. Scanning electron microscopy (SEM) images
were obtained on an LEO-1455VP system equipped with
energy-dispersive X-ray spectroscopy. EDX analysis with
20 kV accelerated voltage was administered. Fourier-
transform infrared (FT-IR) spectra were recorded on a Nicolet
Magna-550 spectrometer using KBr pellets. Transmission elec-
tron microscopy (TEM) images were obtained on a Philips
EM208 transmission electron microscope with an accelerating
voltage of 200 kV. The N, adsorption/desorption analysis
(BET) was performed at — 196 °C using an automated gas
adsorption analyzer (Tristar 3000, Micromeritics). The pore-
size distribution was calculated by using the desorption branch
of the isotherm according to the Barrett, Joyner, and Halenda
(BJH) method. The light absorbance attribute of the Tb-Co-O
nanostructures was investigated with a UV-vis spectropho-
tometer (Shimadzu, UV-2550, Japan). Magnetic properties
were measured using a vibrating sample magnetometer 60
(VSM, Meghnatis Kavir Kashan Co., Kashan, Iran).

2.2. Fabrication of Th-Co-O nanocomposites

The magnetic TbCoO3/TbO; g3; nanostructures were synthe-
sized via a facile microwave-assisted method. In the beginning,
the stoichiometric amounts of terbium nitrate (0.54 g,
1.2 mmol) and cobalt acetate (1.0 g, 3.6 mmol) were separately
dissolved in 40 mL of EG solvent and then well mixed under
vigorous stirring. Then, 2 mL of valerian distillate as natural
complexing agent was dropped into the mixture solution.

The suspension was stirred for 10 min and then treated with
microwave radiation for 2 min (600 W, 20 s On, 60 s Off),
while 1.25 mL of en as both precipitating and pH adjustment
agent was dropwise blended to the above reaction. After that,
the resulting products were centrifuged at 8000 rpm, washed
frequently by H,O and dried at 80 °C. Finally, to remove
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Fig. 1 XRD patterns of microwave synthesized Tb-Co-O
nanocomposites in various molar ratios of Tb:Co (a-c) sample
nos. 1-3.
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Fig. 2 XRD patterns of as-prepared Tb-Co-O nanocomposites
synthesized at different conditions, namely, different directing
templates and pH adjustment agents (a-f) sample nos. 4-9.

Table 1 Preparation conditions of Tb-Co-O nanocomposites.
Sample No Tb:Co molar ratio Type of capping agent pH adjustment agent D.ye. /XRD (nm)
Chemical Natural

1 1:1 - — en 19.58
2 1:3 - - en 22.74
3 1:5 - en 27.24
4 1:3 PVA - en 19.41
5 1:3 PVP - en 23.05
6 1:3 - Valerian en 21.56
7 1:3 - Orange blossom en 22.03
8 1:3 - Valerian TEPA 21.26
9 1:3 - Valerian NH; 20.38




4

P. Mehdizadeh et al.

any organic compound, the Tb-Co-O powders were calcined at
800 °C for 4 h. The impact of various combined parameters
such as Tb:Co ratio, pH adjustment agents, chemical and nat-
ural templates on the structure nature and size distribution of
the photocatalyst composites are illustrated in Table 1.

2.3. Photocatalytic experiments

The photocatalytic process of Tb-Co-O nanocomposites was
conducted by decolorization of three different organic contam-
inants namely, EY, AV7, and ABI in a photoreactor (Pyrex
glass) at room temperature. Typically, approximately 100 mg
of catalyst powders was dispersed into 100 mL of pollutant
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solution (with pH = 6.0, 10 ppm), while subjected to air bub-
bles, and continuous magnetic stirring. Before illumination
tests, the suspension was treated in the dark medium for
0.5 h to assess the adsorption — desorption equilibrium
between dye molecules and catalysts. At different time inter-
vals of irradiation, 3 mL of the reaction solution was extracted
to determine the concentration of organic pollutant using a
UV-vis spectrophotometer. Experiments were checked under
UV (Osram ULTRA-VITALUX 400 W) and visible lights
(Osram 150 W) at approximately distance of 30 cm. To remove
the catalyst particles, the samples were centrifuged at
15000 rpm for five minutes. The A™ of 530 nm, 520 nm,
and 495 nm were employed for measuring the concentration
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of EY, AV7, and ABI, respectively. The photodegradation
efficiency (%) of nano-catalysts can be calculated using the fol-
lowing equation:

%H = [(Py — P)/Py] * 100 (1)

Where H is the percentage of photo-degradation, Py is the
initial absorbency of pollutant solution and P is the final
absorbency of solution after UV—vis illumination.

3. Result and discussions

3.1. XRD patterns

The crystalline phase and composition nature of the products
prepared under different operational circumstances were inves-
tigated via XRD measurements. Fig. 1 displays the effect of
different Tb:Co molar ratios of 1:1 (sample no. 1), 1:3 (sample
no. 2), and 1:5 (sample no. 3) on the purity and crystalline
structure of the final products. As shown in Fig. 1, the XRD
patterns follow the binary systems containing the TbCoOj3
(JCPDS No. 01-073-1196) and TbO,g; structures (JCPDS
No. 01-075-0275). Notably, introduction of different metal
ratios provide a variation in the relative peaks intensity along
with clear crystalline phase. It should be noted that the sample
no. 2 could potentially result in the strong crystallinity with the
lowest crystallite size compared with other samples. It contains
six diffraction peaks at 29.2°, 33.8°, 48.5°, 57.6°, 60.4° and
71.2°, corresponding to the diffraction planes (111), (200),
(220), (311), (222), and (400) of cubic TbO;g; phase with
the space group of Fm-3 m, respectively. However, five over-
lapping peaks at 33.8°, 48.5°, 57.5°, 60.5° and 71.1° can be well
indexed to the (112), (220), (311), (024) and (224) of
orthorhombic TbCoO; phase with the space group of Pbnm,
respectively, suggesting successful preparation of final prod-
ucts. Besides, additional peaks near 23.8°, 26.6°, 33.1°, 55.3°
and 61.4° in sample no. 3 deliver the crystal formation of
TbCoO3 phase, which can be assigned to the (110), (111),
(020), (114) and (312) faces, respectively. By changing the
natural and chemical templates, the structural results in
Fig. 2 show the same composition of orthorhombic TbCoO;
(JCPDS No. 01-073-1196) and cubic TbO;g; (JCPDS No.
01-075-0275) structures. With considering the simple and mas-
sive bases, namely, NH; and TEPA, crystalline structure is

extremely matched with the composite patterns including
TbCoOj3 and TbOy g; phases (Fig. 2(e, f)). The average crystal-
lite sizes of the resulting nanocompostires were obtained from
peak broadening of XRD pattern at its half maximum height
in radians (FWHM) according to the Debye-Scherer equation
(Eq. (2)) (Monsef and Salavati-Niasari, 2021) and have been
summarized in Table 1.

D :0.94/BcosO 2

Where D, A, B, and 6 are crystallite size of nano-sized sam-
ples, the X-ray wavelength of radiation (nm), FWHM, and
diffraction angle, respectively.

3.2. EDS and FT-IR studies

The elemental composition of the resulting nanocomposites
(sample nos. 4-9) was evaluated via EDS technique. Fig. 3(a-
f) provides a signal observation of Tb, Co, and O elements
for designed composites, describing formation of Tb-Co-O
arrangements without any impurity. Furthermore, FT-IR
analysis was used to examine the chemical groups and surface
modifications of the TbCoO3/TbO, g; nanocomposites. From
Fig. 4, the FT-IR spectrum of Tb-Co-O nanostructures pre-
pared with valerian as natural directing agent (sample no. 6)
illustrate the appearance of two peaks at 3433 cm™' and
1650 cm™', which may be attributed to the stretching and
bending vibrational modes of O—H molecules, respectively
(Salavati-Niasari et al., 2008). Also, some absorption peaks
in the range of 400-850 cm™" correspond to the overlapping
vibrations for metal-oxygen and oxygen—metal-oxygen bands
of perovskite Tb-Co-O nanocomposites, similar to other
perovskite-type lanthanide cobaltite structures (Wang et al.,
2020).

3.3. Morphology investigations

In this study, various chemical and natural surfactants as well
as different types of alkaline agents were employed to examine
the impact of active functional groups on particle size and
shape of the final products. Fig. 5 displays the SEM images
of the Tb-Co-O nanocomposites prepared with polymeric
and natural templates. When polymeric templates (PVP and
PVA) were used as surfactant, agglomerated structures were

Transmittance %

4000 3000

T T
2000 1000

Wavenumbers (cm!)

Fig. 4

FT-IR spectrum of sample no.6.
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created. It can be seen that the templating environment of
PVA show a dependent compact of particles in the range of
13.7-188.8 nm (sample no. 4). However, with considering
PVP as soft polymeric template (sample no. 5), small irregular
particles with diverse diameters from 13.6 to 155.6 nm were
formed. But, by employing organic and natural templates like
valerian extracts (sample no. 6), the uniformity arrangement of
individual nanoparticles with mean nanosized diameter of
20.2 nm was organized, while another natural template like
orange blossom extract offered microstructures consisting of
non-uniform nanoparticles within the wide window from

SEM IV 100 KV W 4.90 mm
Det: nBoamn

kx| Datogmudy}: 120820

SEM MV 10.0 KV WOk 4.70 mm
View T 1.8 pom Det: inBeam
SEA MAG: 70.0 kx| Dateimisy): 120820

WO 478 mn waly
Det: nBoam 700 mm
SEM MAG: 100.0 kx| Dite(midy): 120820

SEM 1O 10.0 RV
Viow fieid: 1.38 pm

13.5 to 125.5 nm (sample no. 7). The particle size histograms
of the products (sample nos. 4, 5, 6, and 7) estimated from
their FESEM images have been plotted in Fig. 5. As shown
in this figure, sample no. 6 has a monodisperse diameter distri-
bution of particles in the range of 10.4-32.0 nm. Therefore, the
optimal template for in-situ synthesis of TbCoO3/TbO, g,
nanocomposites was valerian extracts. Valerian extract is one
of the most widely consumed plants for medicinal purposes,
which act as a collection of bioactive components such as alka-
loids, isovaleramide, gamma aminobutyric acid, isovaleric
acid, iridoids, sesquiterpenes, hydroxyvalerenic acid and ace-
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Fig. 5 The SEM images and corresponding particle size distribution of Tb-Co-O nanocomposites prepared with different chemical and
natural surfactants (a-c) sample no.4, (d-f) sample no.5, (g-i) sample no.6, and (j-n) sample no.7.
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toxyvalerenic acid, flavanones and linarin (Yeganeh-Faal
et al., 2017). In fact, this extract along with hydroxyl groups
of amine template show a kinetic control over nucleation
and growth of formed crystals, thus prevent nano-product
agglomeration by creating spatial barrier around the metal
cations. Fig. 6 shows the influence of simple (NH;) and mas-
sive bases (TEPA) on the morphology and size distribution
of Tb-Co-O nanocomposites. By considering NH3, en and
TEPA as the alkaline agents, the SEM observation illustrates
that en as pH adjustment agent can greatly produce the posi-
tive role on size of composite materials. When TEPA was
applied to act as alkaline template, connected structure were
created with wide ranging size of 19.9-161.7 nm (sample no.
8). Although, another simple alkaline agent (NH3) resulted
in the formation of agglomerated particles with particle size
distribution of 14.7-138.8 nm (sample no. 9). TEM images
were also used to examine exact details of morphological char-
acteristics for samples produced in the presence of both vale-
rian extracts and en as directing agents. Fig. 7 depicts the
TEM images of optimized nanocomposites in two different
scales (40 and 100 nm). Similarly to the SEM image, tiny
nanoparticles with regular-shaped crystalline are formed.

3.4. BET analysis

In order to determine the surface characteristics of the Tb-Co-
O nanocomposites prepared with valerian extract as natural
chelating agent (sample no. 6), BET calculation was per-
formed. Fig. 8 illustrates the nitrogen adsorption—desorption
isotherms and corresponding pore size distribution plots of
perovskite nanocomposites based on TbCoO3-TbO;g; at

o

S
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View fieid: 1.98 pm
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77 K. As a result, the obtained plots was organized in type
1V isotherm with the hysteresis type H3, matching to IUPAC
classification. The specific surface area, total pore volume and
average pore size of the resulting nanocomposites in ideal cir-
cumstances was calculated to be 27.4 m* g~', 6.29 cm® g~' and
33.85 nm, respectively. These data provide new way for photo-
catalytic abilities of mesoporous materials in environmental
cleaning.

3.5. Magnetic properties

The magnetic measurements of binary Tb-Co-O nanocompos-
ites were further investigated within an applied field from
—15,000 to 15,000 Oe. As shown in Fig. 9, the optimized sam-
ples possess the ferromagnetic nature by the hysteresis loop.
The magnetic parameters of sample no.6 such as saturation
magnetization (Ms), residual magnetization (Mr), and coerciv-
ity (Hc) values were 0.085 emu/g, 0.014 emu/g, and 150 Oe,
respectively. High magnetic behavior of these binary
nanocomposites offers their easy cycling performance during
photo-degradation reaction tests.

3.6. UV — Vis DRS characterization

The DRS analysis was utilized to determine the photon recep-
tive behavior for binary TbCoO3/TbO;g; nanocomposties.
Fig. 10 provides the initial information on the electronic struc-
ture and optical characteristics of Tb-Co-O photocatalysts.
This data offer the typical absorption peaks at around 300-
400 nm. The intensive absorption thresholds in the energy
gap quantity of binary nanostructures are seen at nearly 386
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0 20 40 60 80 100 120 140 160

Particle Size (nm)

Fig. 6 The SEM images and corresponding particle size distribution of Tb-Co—O nanocomposites with various pH adjustment agents (a-

¢) sample no. 8 and (d-f) sample no.9.
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Fig. 7 TEM images of Tb-Co—O nanocomposites for different
magnifications (sample no.6).

and 344 nm, which are related to the band gap (B.G.) energies
of 2.95 and 3.20 eV, respectively, as estimated from the Tauc’s
equation: (¢hv)'”” = B(hv-B.G.) (3); where o, hv, B, and B.G.
means absorption coefficient, photon energy, a material con-
stant parameter, and the energy of the optical bandgap, respec-
tively. n is 2 or 1/2 for indirect and direct allowed transitions
(Monsef et al., 2021b; Salavati-Niasari, 2005). It is worth not-
ing that narrow band gap energy of the TbCoO3/TbO, g,
nanostructures may markedly provide by the defect level in
oxygen-related positions of perovskite structures (Wu et al.,
2017).

3.7. Photocatalytic performance

The dependency rate of the photocatalytic decolorization of
TbCo0O3-TbO; g; nanocomposites synthesized in the presence
of valerian (sample no. 6) was examined by diverse concentra-
tions of AB 1 dye under UV light, as shown in Fig. 11. Accord-
ing to the results, it can be seen that a further increase in dye
concentration up to 15 ppm lead to a reduced efficiency of
photodegradation after 120 min of irradiation. With varying
dye concentration from 10 to 15 ppm, the degradation percent-

age could be decreased form 63 % to 53 %. The main reason
behind this fact is that by increasing AB 1 concentration, the
photo-reaction probability between generated oxidizing agents
and dye molecules will be induced in molecular level, which is
related to the lowering of light penetrating power on the cata-
lyst surface (Abdullah and Chong, 2010).

The photo-degradation efficacy of binary Tb-Co-O
nanocomposites was recorded by employing three different
toxic pollutants, namely EY, AV7, and AB1, and the changes
in their light sources. Fig. 12 shows a comparison study of
these organic colorants over the hetero-structured materials
under UV light illumination. The UV-photoreaction of the
Tb-Co-O semiconductors was conducted for 120 min. The
decolorization percentages of EY molecules for sample nos.2
and 4-7 were calculated to be 66.0 %, 72.0 %, 84.0 %,
88.0 % and 80.0 %, respectively, as shown in Fig. 12a. From
Fig. 12b, it can be seen that the photodegradation rates
achieved using AV7 as organic pollutant were around
55.0 %, 60.0 %, 70.0 %, 72.0 %, and 75.0 % for sample
nos.2 and 4-7, respectively. Also, the effects of the presence
of ABI molecules on the photocatalytic reaction of Tb-Co-O
nanocomposites (sample nos.2 and 4-7 (Fig. 12¢)) were found
to be the decolorization percentages of 43.0 %, 46.0 %,
53.0 %, 63.0 %, and 59.0 %, respectively. Comparatively,
the photo-catalytic compounds were also tested under visible
light illumination. Fig. 13a shows an evaluation of the degra-
dation ability of EY by the following decreasing trend: sample
no. 4 (45.0 %) < sample no. 2 (50.0 %) < sample no. 5 (58.
0 %) < sample no. 7 (66.0 %) < sample no. 6 (70.0 %). It can
be observed that sample no. 6 has a higher photocatalytic out-
put compared to other counterparts. However, the photocat-
alytic efficiencies of this product (sample no. 6) for ABI
(Fig. 13c) and AV7 (Fig. 13b) were calculated to be 48.0 %,
and 58.0 % respectively. The blank experiments for degrada-
tion of EY, AV7 and ABI were conducted under UV and vis-
ible lights without as-formed catalysts. According to the
Figs. 12 and 13, the degradation percentages of EY, AV7
and AB1 were 20 %, 12 % and 14 % in the presence of UV
light, while in the visible light were found to be 12 %, 11 %
and 22 %, respectively. Based on the mentioned results, we
believe that binary Tb-Co-O nanocomposites synthesized by
coupled templates of valerian extract and en can act as a novel
photosensitizer for water treatment operation. This sample
with narrow particle distribution and higher surface area lead
to the production of numerous active sites over the target
material surface, which has a positive effect in enlarging active
radicals and then higher photocatalytic activity. Table 2 sum-
marizes the photodegradation efficiency of different perovskite
compounds under visible and UV light. As demonstrated in
this table, the TbCoO3;/TbO, g; nanocomposites can compete
with other materials as a photocatalyst.

3.8. Mechanism of the photocatalytic reactions.

The ability of light-harvesting for nano-catalysts based on Tb-
Co-O structures can be examined under the irradiation of vis-
ible and UV light sources. It is known that the produced
electron — hole pairs of binary semiconductor play a vital role
in the catalytic process, when light illumination is switch on
(hv 3= 2.95, 3.20 eV). According to the inner electric structure,
the photo-induced electrons (¢") in the valence band (VB) can
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and (c) BJH plot of Tb-Co—O nanocomposites (sample no.6).

be excited slowly on the surface of conduction band (CB),
making the aggregated holes (h ") in VB. Specifically, the car-
rier transfer of e can be trapped easily by dissolved O, mole-
cules on the surface of catalyst to produce O,e~ radicals. On
the other hand, the active holes provide a suitable background
for direct reaction with the adsorbed hydroxyl or H,O mole-
cules to form the OHe radicals, leading to the oxidation of
organic dyes during photodegrdation process. These multiple
active species such as *O5, OHe, and h " radicals together with
peroxide radicals can greatly affect the oxidation and /or
reduction reactions during photocatalytic tests. The mechanis-
tic insight of photocatalytic degradation for binary Tb-Co-O
nanostructure was evaluated via employing the trapping exper-
iments of active species including radicals of hydroxyl, holes
and anions of superoxide. Here, the edetate disodium
(EDTA-2Na), benzoic acid (BA), and 1,4-benzoquinone
(BQ) were introduced into the reaction progress for scavenging
h™, OHe, and *O3, respectively. The potential effect of these
radical components in percent of dye removal has been illus-
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Fig. 11 Study the photocatalytic performance of Tb-Co-O
nanocomposites (sample no.6) in diverse pollutant concentrations
(AB1) under UV light.

trated in Fig. 14. It is clearly seen that the addition of EDTA-
2Na play an important role in photocatalytic efficiency of EY
with a significant reduction from 88.0 % to 49 %. However, in
the presence of BA and BQ in the reaction solution, less than
8.0 % removal of EY was observed, suggesting that the OHe,
and *O, were not responsible species in direction mechanism.
Based on the previous research, the probable mechanism for
the photocatalytic efficiency of organic dyes can be represented
as follows (Guo et al., 2011):

UV light
100
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Fig. 12 Photocatalysis performance of Tb-Co—O nano-photo-
catalysts for removal of (a) EY, (b) AV7, and (c) AB 1 under UV
light for 120 min.

nano-photocatalyst + hv(Visible or UV light)
— nano-photocatalyst (ecg™ + hyp™) 4)

nano-photocatalyst (hygt) + OH™

—nano-photocatalyst + OHe (5)
hygt + H,O — H" + OHe (6)
2 OHe—H,0, (7)
2H* + 0, + 2ecy” —H,0, (8)
2hyst + 2H,0 — H,0, + 2H* (9)
H,0, + hv — 20He (10)
O, + ecg” —e0; (11)
00, + ecy (+2H") — H,0, (12)
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Fig. 13  Photocatalysis performance of Tb-Co—O nano-photo-
catalysts for removal of (a) EY, (b) AV 7, and (c) ABI1 under
visible light for 240 min.
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Fig. 14 Radical trapping experiment of active species including
BQ, BA, and EDTA in the photocatalytic degradation of EY over
the Tb-Co—O nano-photocatalysts.

002_ + H202 — OHe + OH7+02 (13)

e0,” + H" —HO,e (14)
e0,~ + hy" —'0, (15)
HOOe + ¢0,~ + H*—0, + H,0,
EY + hv — EY*

EY* + nano-photocatalyst

— EYe" + nano-photocatalyst (¢™) (18)
EY++ O, — EY + !0, (19)
EY + nano-photocatalyst (e7) — EYe™ (20)

EY + hygt —EYe"—decompositon products (e.g., H,0,CO,) (21)

Table 2 Comparison of the photodegradation performances of our synthesized Tb-Co-O products with other materials reported in

previous works.

Catalyst type  Fabrication method Light source Irradiation time  Photodegradation Ref.
(min) efficiency (%)
LaCoO; Sol-gel method 150 W visible light lamp 150 min 63 % (MB") (Mocwana et al., 2022)
LaFeO;3 Hydrothermal process 150 W high pressure 180 min 76.81 % (RhB") (Thirumalairajan
nanocubes mercury lamp et al., 2013)
LaCoO;3 Metal citrate complex 300 W Xe lamp 40 min 15.06 % (BPA®) (Guo et al., 2017)
method
NaTaO; Hydrothermal process A 500 W Xe lamp 200 min 60 % (MB) (Su et al., 2012)
La,Ti,O; Polymeric complex 4 W UV lamps 90 min 55 % (MOY) (Li et al., 2006)
LaNiOj3 Sol-gel combustion 400 W xenon lamp Sh 74.9 % (MO) (Li et al., 2010)
method
Tb-Co-O Microwave method 400 W UV 120 min 88.0 % (EY) This study

# Methylene Blue.
® Rhodamine B.
¢ Bisphenol A.

4 Methyl Orange.
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4. Conclusions

The present work demonstrates a fast microwave synthesis of novel
monodisperse TbCoO;/TbO; g; nanocomposites via employing the
valerian distillate as natural surfactants and en as alkaline agent.
The impact of a variety of chemical and natural directing agents as well
as base groups on particle size and shape of nanostructures was inves-
tigated. Also, to evaluate the textural, morphological, mesoporosity,
and magnetic properties of nanoparticles, a series of physic-chemical
analyses were employed. According to the results, the optimized
nanostructures with the average grain size of 21.5 nm could be pro-
vided optical band-gaps of approximately 2.95 and 3.20 eV for
nanocomposite, suggesting good photostability for degradation of
organic pollutants such as EY, AV7, and ABI under visible and UV
light treatments. This configuration of the Tb-Co-O nano-
photocatalysts had a comparison study of photodegradation efficiency
under UV and visible light illumination. The photocatalysis yield of
TbCoO;/TbO; g; nanocomposites prepared by both natural template
of valerian distillate and alkaline template of en (sample no. 6) was
very much than those of other counterparts (with a high efficiency of
88 % for EY removal). Such studies confirmed that the geometric
coordination for natural extract along with hydroxyl groups of amine
template lead to a kinetic control over nucleation stage and growth
mechanism of formed crystals. It is hoped that our current research
may provide the potential of new nanocomposites based on Tb-Co-
O nanostructures as an efficient semiconductor in environmental
cleaning.
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