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ABSTRACT

The presence of azo dyes in aqueous environments poses numerous environmental threats
that require effective and sustainable decontamination methods. Herein, commercial TiO»
photocatalysts were co-doped with N and one metal dopant (including Al, Zn, Cr, Fe, Ni, or
Cu) for the advanced degradation of Direct Blue 71 (DB71), a typical representative of azo
dye, under simulated solar conditions. Nitrogen is hypothesized to trap photogenerated holes,
while the metal dopant may serve as a sink for excited electrons. All co-doped TiO> samples
exhibited an improvement in DB71 adsorption capability compared to pristine TiO2 owing to
the increased surface area. Meanwhile, their photocatalytic performances were promoted in
different manners, highlighting the importance of the dopant content and the alignment
between the impurity energy level and the band structure of TiO2. Among synthesized samples,
Fe/N-doped TiO2 displayed the superior photodegradation efficiency of DB71, with
approximately 93% of dye being removed in 2 h, due to its highest visible-light absorption
capacity and suppressed recombination rate of electron-hole pairs. The DB71 photodegradation
of Fe,N-TiO2 sample was primarily attributed to the photogenerated holes, followed by singlet
oxygen radicals. Photogenerated holes and singlet oxygen radicals played pivotal roles in
degrading DB71 by Fe,N-TiO> under solar-irradiated conditions. The optimal photocatalytic
removal of DB71 of Fe,N-TiO occurred at neutral pH, highlighting the unnecessary chemical

additions for pH adjustment in actual wastewater systems.

Keywords: Co-doped TiO2; DB71 photocatalytic degradation, visible-light excitation.
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1. INTRODUCTION

The extensive use of freshwater for dyeing and finishing textile products places
considerable strain on water resources and environmental concerns. Among the dye residues
that contaminate the environment, azo dyes with a poorly biodegradable nature are discharged
in large amounts directly into water bodies, primarily due to the inefficient textile dyeing
process. This poses dire ecotoxicological threats and harmful effects on living creatures. [1, 2]
Despite the low acute toxicity of azo dyes, this chemical class and its decomposed products,
particularly aromatic amines, tend to induce high levels of mutagenicity and carcinogenicity
chronically. [1-4] Thus, addressing wastewater treatment with dye residues, especially those of

azo dyes, is a pressing concern that requires immediate attention.

Various techniques have been employed to decontaminate azo dyes from the
environment, including adsorption, coagulation, flocculation, membrane filtration, biological
methods, and photocatalysis. Adsorption and membrane filtration processes are unable to
degrade pollutants, as they can only be transferred from the liquid to the solid interface.
Coagulation-flocculation and biological treatment approaches raise concerns about harmful
secondary sludge. Meanwhile, advanced oxidation process using photocatalysts is an attractive,
destructive approach to treat polluted organic dye compounds, with preeminence. Of note,
photocatalysis can occur under mild operating conditions and utilize solar energy as an
excitation source, rapidly degrading and mineralizing pollutants with minimal chemical use

through in-situ radical formation. [1, 5, 6]

Metal oxides (TiO2, ZnO, In,03, Co304, etc.), metal sulfides (CdS, MoS,, ZnS, etc.),
ternary compounds (perovskites, tungstate, titanates), and non-metal semiconductors (g-C3Na,
graphene oxide, covalent organic framework, etc.) have been successfully synthesized and
applied for dye photodegradation in aqueous environments. [7-17] TiO; is among the most
commonly utilized photocatalytic materials, especially for the degradation of organic
pollutants, by virtue of its affordability, abundance, non-toxicity, strong oxidizing capability of
photoinduced holes, and resistance to corrosion and chemical degradation. [18, 19] However,
the large-scale application of the commercially available TiO> products is curbed by its wide
band gap (~3.2 eV), which necessitates the stimulation of ultraviolet light, as well as the rapid
recombination rate of photogenerated electrons and holes. [20] Hence, modification of pure

TiO, material toward the improvement in its visible light photoactivity is needful.



Doping with impurities is one of the potential strategies to effectively conquer the
drawbacks of TiO> to improve its photocatalytic performance. [18, 21, 22] Indeed, the band
gap of TiO: is expected to be narrowed, possibly because of either the electronic coupling effect
between doping ions and TiO: or the introduction of discrete energy states within the band gap
(i.e., beyond the VB or beneath the CB of TiO,), thereby enhancing the visible light absorption
capacity. A variety of dopants have been studied, including nonmetals (C, N, F, S, etc.),
transition metals (Fe, Cu, Mo, Ru, Co, V, etc.), noble metals (Au, Ag, Pt, etc.), and rare earth
metals (La, Er, Y, Eu, etc.). [18, 21-23] Of which, non-metal dopants have captured great
attention since they constrict the band gap of TiO» through introducing new electronic states
between the valence and conduction bands, thus extending the visible light harvesting capacity.
[24] Specifically, nitrogen, with its stability and low ionization energy, is considered a
promising dopant for effectively red-shifting the absorption edge of TiO; by the hybridization
between doped N 2p orbitals and O 2p orbitals. [9, 25] Nevertheless, TiO2 photocatalysts doped
with non-metal elements still exhibit a high recombination rate of photogenerated charge
carriers. [9, 26] Co-doping TiO> with N and another dopant, such as metals, is expected to
prevent the quick recombination of these photo-induced charges, inducing the synergistic
effects of superiorly enhancing optical efficiency and boosting photocatalytic activity
compared to TiO2 modified with single components. [22, 27] In essence, the non-metal dopant
is expected to trap excited holes, while the metal dopant may operate as a sink for
photogenerated electrons. [27-29] Metal dopants with varying electronic structures would exert
different effects on the photocatalytic behaviors of TiO,. Thus, this study focused on
investigating the photocatalytic activity of commercial TiO2 co-doped with N and one metallic
dopant (i.e., Al, Zn, Cr, Fe, Ni, or Cu) under simulated solar conditions for the degradation of
azo dyes in the aqueous environment. DB71, which finds wide applications in the textile, paper,
and plastic industries [30], is representative of azo dyes in its class; therefore, we chose it as a
model for the photocatalytic degradation process. Besides, the concentration of DB71 can be
simply calculated using UV—Vis spectroscopy at its maximum absorbance wavelength of A =

586 nm.



2. BACKGROUND

2.1. Overview of dye pollution
2.1.1. Dye definition, composition, and classification

Dyes are substances that lend color to various materials, including textiles, plastics, paper,
cosmetics, and so on. Dyes are generally organic compounds comprising two primary
components: chromophore and auxochrome. Chromophore is a covalently bonded chemical
group, such as -N=0, —C=0, —C=N, —C=N, and -N=N-, accounting for the dye color owing
to its ability to absorb specific wavelengths in the visible light region, while an auxochrome
acts as a color-modifying functional group attached to the chromophore structure (e.g., —OH,
—NH», -COOH, —Cl, etc.). [31] Dyes can be classified into natural and synthetic categories

based on their origin. The latter is subdivided into other groups, as partly shown in Table 2.1.

Table 2.1. Classification of synthetic dyes. [1, 31, 32]

Dye type Properties

o Contain sulphonic acid (-SO3H) and carboxylic acid (-COOH) groups

o Anionic, water-soluble dyes

Acid dye
o Neutral to acidic dye solutions are used to color the fiber from these
dyes
o Contain amino or dialkylamino groups
Basic dye
o Cationic, water-soluble dyes
o Water-soluble compounds
Direct or

_ o Offer good brightness and intense color
substantive dye

o Can be applied directly to the fiber

o Water-insoluble compounds

Disperse dye | o Applied to the fabric in a dispersed form with the aid of stabilizing

agents like phenol, cresol, or benzoic acid.

o Most permanent dyes, creating long-lasting colors

Reactive dye | o Contain a reactive group that directly reacts with the hydroxyl or

amino groups of the fiber.




o They do not bind directly but require a mordant (i.e., binding agent)
Mordant dye | to dye the fiber; different mordants bring about varying final fiber colors

o Most of the natural dyes are mordant dyes

o Insoluble in water and incapable of dyeing fabrics directly

Vat dye o Solubilize when being reduced via alkaline solutions and transform to

insoluble dye after consecutive oxidation

Besides that, dyes are also classified based on the functional group that determines their color
— azo dyes, nitro dyes, nitroso dyes, triphenylmethane dyes, quinone-imine dyes, and
indophenol dyes, to name a few. Notably, azo dyes, characterized by azo groups (—N=N-),
constitute the highest portion of dye production and represent about 70% of all dyes used in

industry as well, mostly in textiles, food, printing, and paper manufacturing. [1, 4, 31]
2.1.2. Dye pollution and corresponding environmental risks

Over 7 X 10° metric tons of synthetic dyes are produced each year worldwide, with the
textile industry being the most significant consumer, accounting for over 10* metric tons. [1,
32, 33] However, the extensive use of freshwater for dyeing and finishing textile products
places considerable strain on water resources and environmental concerns. [32, 34] Moreover,
the large volumes of effluent-containing dye residues discharged during these processes
account for roughly 20% of industrial water pollution worldwide and make the textile industry
the second largest contributor to polluting clean water bodies (following agricultural activities).
[32, 35] According to the literature, outflow dye concentrations vary from 10 to 7000 mg/L,
depending upon the dye categories and application fields, with more typical values being below

1000 mg/L. [36, 37]

Dye suspension in wastewater appears as light-scattering particles, thus increasing
turbidity. This blocks sunlight penetration, which disrupts the photosynthesis of aquatic
organisms and the self-purification of water due to reduced dissolved oxygen. [32, 38] Among
the dye residues that contaminate the environment, azo dyes with a poorly biodegradable nature
are discharged in large amounts directly into water bodies, mainly due to the inefficient textile
dyeing process. This poses dire ecotoxicological threats and harmful effects on living creatures.
[1, 2] Despite the low acute toxicity of azo dyes, this chemical class and its decomposed

products, particularly aromatic amines, tend to induce high levels of mutagenicity and



carcinogenicity chronically. [1-4] Therefore, addressing wastewater treatment with dye

residues, especially those of azo dyes, is an urgent issue that requires immediate attention.
2.1.3. Treatment methods of dye residues in aqueous media

Various techniques have been investigated to decontaminate dye residues from the
environment. Adsorption has been commonly used for the removal of a diverse range of target
contaminants. It is technically straightforward and highly effective, with fast kinetics, yet a
non-selective and non-destructive process in which pollutants can only be transferred from the
liquid to the solid phase. In addition, coagulation and flocculation are potent methods for
removing various organic compounds and suspended particles; however, the resultant harmful
secondary sludge requires further treatment. Biological treatment methods, despite their
affordability and eco-friendliness, also encounter similar challenges besides sluggish
transformation kinetics. Meanwhile, membrane filtration has great potential to separate
pollutants, even at high concentration, from the aqueous environment with low generation of
solid waste. Despite that, this method is limited by high investment and operational costs, high
energy demand, and low throughput. Currently, advanced oxidation process using
photocatalysts is an attractive, destructive approach to treat polluted organic dye compounds,
with preeminence. Notably, photocatalysis can occur under mild operating conditions and
utilize solar energy as an excitation source, rapidly degrading and mineralizing pollutants with
minimal chemical use through in-situ radical formation. [1, 5, 6] The merits and demerits of

treatment methods of dye residues in aqueous media are summarized in Table 2.2.

Table 2.2. Merits and demerits of dye treatment methods. [1, 5, 6]

Method Main Merits Demerits Ref.

characteristics

Adsorption | Adsorbed molecules, | * Technologically * Nondestructive [39-
ions, or particles are | simple = Non-selective 42]

attracted to a solid | * Wide variety of |, Rapid saturation

adsorbent surface. target contaminants and clogging of the

= Effective process | ,isorbent

with fast kinetics




Coagulation

These two processes

Effective process in

* High operational

43-

and are often employed |removing various costs [45]
flocculation | together. Coagulation |organic compounds as | Generate harmful

is the initial step that | well as suspended sludge that needs

involves the addition |particles further treatment

of  chemicals to

neutralize  particle

charges and

destabilize the

particle colloids.

Flocculation follows

coagulation and is

used to promote the

growth of larger flocs

for easier removal

from water.
Membrane | Membrane filtration | ®* Minimal space | * High investment [46-
filtration separates particles in | needed costs,  particularly 48]

liquid solutions or |*= No chemicals are | for small and

gas mixtures | needed medium-sized

according to their | = Simple, rapid, and | industries

size charge. It | efficient, even at high | = High maintenance

employs a semi- | concentrations and operation costs

permeable membrane |®* Low solid waste | = High energy

to eliminate | generation demand

unwanted = Nondestructive

contaminants and = Low throughput

particles. * Membrane

fouling

Biological | Microorganisms are | * More easily = Sluggish process [49-
methods employed to degrade | applicable = Need to create 51]

organic pollutants

= Require fewer

chemical reagents

favorable conditions

—6—




= Less expensive
= Energy-saving
= Environmentally

safe

= [Incorruptible with
persistent substances
(e.g., azo dyes)

= Generation of
biological sludge
and uncontrolled

degradation products

Photo-

catalysis

Photocatalysis
employs
semiconductor

photocatalysts  and

light as  energy
sources to break
down organic
pollutants.

= In-situ production
of reactive radicals

= Rapid degradation
with minimal use of
chemicals.

= Efficient for
persistent molecules
= No production of
sludge

= Ability to
mineralize pollutants
®= Only mild
temperature and
pressure conditions

are required.

* Formation of
byproducts

= Limited
applicability at an
industrial scale

= Not economically
viable for small and
medium-sized

industries

53]

2.2. Overview of photocatalysis

2.2.1. Definition of photocatalysis

Photocatalysis, or a photocatalytic reaction, refers to a chemical reaction stimulated by

the light absorption of a photocatalyst that remains unchanged during the reaction. [54, 55]

Basically, photocatalytic reactions are classified into two types: homogeneous and

heterogeneous processes. Homogeneous photocatalysis occurs when the catalyst is in the same

phase as the reactant(s), while heterogeneous photocatalysis occurs when the catalyst and

reactant(s) are in different phases. [56, 57] Particularly, heterogeneous photocatalysis has

gained significant attention due to its potential for environmental remediation, water

purification, energy applications, organic synthesis, and health self-sterilization. [56, 58]
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2.2.2. Mechanism of photocatalysis
a. Band energy structure:
Photocatalysts are fundamentally semiconductor materials that consist of:

* Valence band (VB), a continuous band of energy where orbitals are filled with
electrons. This is the region where the electron is strongly bonded to the atom, inflexible, and

has the lowest energy on the energy scale.

* Conduction band (CB), the region with the highest energy level where orbitals are
not filled with electrons. When the semiconductor is excited, the valence electrons can move
up to the conduction band and reside there, and the electrons in the conduction band behave

like free electrons.

* The zone between the valence and conduction bands is referred to as the forbidden
region (Figure 2.1), where no electrons can occupy due to the nonexistence of orbitals. The
width of the forbidden region is called the band gap, representing the minimum energy

necessitated to excite an electron from the valence band to the conduction band. [56, 57]

Energy

Conduction band

(CB)
I -—.

Forbidden
region

Band gap

¥

Valence band

(VB)

Figure 2.1. Energy band structure of a semiconductor.
b. Mechanism of contaminant photodegradation:

The heterogeneous photocatalytic process includes six stages (Figure 2.2), which can be
divided into four primary processes: light absorption (stage 1), charge stimulation (stage 2),
charge separation and transfer (stages 3 and 4), and surface electrocatalytic reactions (stages 5

and 6). [59]
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Figure 2.2. Mechanism of the heterogeneous photocatalysis process. [56, 57, 59]

The light-harvesting capacity of a photocatalyst is known to be strongly dependent on its
surface morphology and structure. When the semiconductor is excited by light photons with
energy greater than or equal to its band gap energy (Ej), electrons in the VB can absorb energy
and jump onto the conduction band, leaving corresponding positively charged holes (h") in the

VB (stage 2).
Photocatalyst + hv — ecg + hyg (2.1

Since the difference between the potentials of the VB and the CB is relatively large, if electrons
and holes do not react with other substances immediately or are not stored by an intermediate,
they will quickly recombine in bulk and/or on the surface (stage 4) and then release energy in
the form of heat or light. Only sufficient energetic electrons and holes that migrate to the
semiconductor surface without recombination can be trapped by the surface-active sites and
further stimulate the electro-catalytic reduction (stage 5) and oxidation (stage 6) reactions of
the reactants adsorbed on the semiconductor, respectively. As a result, free radicals (*OH, *Oy"
, etc.) are formed and continue to decompose, and ideally mineralize pollutants into CO2 and
H>O. It should be noted that the possibility of surface reactions occurring when the reduction
and oxidation potentials are more positive and negative, respectively, than the CB and VB

levels.
e+02 — ‘O (2.2)

2°02y+2H,O0O — H;02+2HO + O (2.3)

—9_



*‘Oy+h" — 10, (2.4)

e +H0, — °*OH+HO (2.5)
h*+H,0 — °*OH+H' (2.6)
h*+HO" — °*OH (2.7)
(*OH, '05, h*, e"...) + Pollutant — CO, + H0 (2.8)

Basically, effective photodegradation of contaminants requires light sources with
sufficient energy, a long charge carrier lifetime (i.e., low recombination rate), and proper redox
potentials. Besides, it is also governed by operating conditions, including pH, temperature,

photocatalyst content, light intensity, and others.
2.2.3. Photocatalysts employed for dye degradation in the water environment

Table 2.3 lists some examples of the most studied and innovative semiconductor
materials, whether in standalone or composite forms, for photocatalytic wastewater.

purification.

Table 2.3. Common and novel photocatalysts employed for dye degradation in the water

environment.

Photocatalyst type Examples References
Metal oxides TiO2, ZnO, WO3, CeO2, In203, Co3z04 [53, 60-63]
Metal sulfides CdS, MoS,, ZnS, CusS, Bi,S3 [10, 12, 64]

Ternary compounds Perovskites [ABX3] (NdFeOs, SrZn0O3) [13, 65]

Tungstate (CuWOs, BixWOe) [11, 15]

Titanates (BaTiOs, LaxTi207) [8, 14]

Non-metal semiconductors | g-C3Ny, graphene oxide, covalent organic
[7, 16, 66, 67]
framework, carbon quantum dots

Metal oxides, metal sulfides, ternary compounds as well as non-metal semiconductors
have been successfully synthesized and applied for dye photodegradation in aqueous
environments. [11, 13, 14, 41, 42, 61, 62, 64, 65, 68] Saleh synthesized ZnO nanospheres with
hierarchical structures through the ethylene glycol solvent hydrothermal method for the

—10 -



photodegradation of methyl orange (MO) in aqueous medium. [69] The resultant material
displayed efficient MO degradation without observable disturbance from the co-existing anions
(i.e., COs*, HCOs", SO4*, and NO5") and cations (K*, Na®, Ca%*, Sr**, and Ba*"); however, with
the need for UV light excitation. Meanwhile, solvent-exfoliated Bi>S3 nanosheets could
decompose roughly 77% of MO in 4 h under visible light irradiation. The relatively slow
degradation kinetics might be due to the low redox potentials induced by its narrow band gap
of ~1.1 eV. [12] Kumar et al. developed CuWO4 nanoparticles through a combustion method,
utilizing Butea monosperma leaves as an alternative reducing and capping agent. This approach
presents a promising photocatalyst with enhanced light absorption for degrading rose Bengal
(RB) dye under visible light irradiation. Indeed, the degradation efficiency of RB by the
synthesized CuWWO4 sample was beyond 96% in 150 min and decreased by only 7% after four
testing cycles. [15] Besides, Sainin et al. presented the outstanding sunlight-promoted
decomposition of a mixture of MO and metanil yellow dyes by carbon dots modified with
nitrogen-sulfur-phosphorus. Notably, this material was easily obtained by microwaving a
mixture of polyethylene glycol (as a C matrix), phosphoric acid, and L-cysteine (as P, N, and
S impurity sources), resulting in surface defects that significantly extend the light-harvesting

capability. [70]
2.3. Overview of TiO2
2.3.1. TiO: crystalline phases

In nature, TiO> occurs in three polymorphs: anatase, rutile, and brookite (Figure 2.3).
Brookite is seldom reported as a photocatalyst due to synthesis challenges. [71] Rutile is a
thermodynamically stable phase, while the anatase phase is metastable. The experimental band
gap of rutile is lower than that of anatase (i.e., ~3.0 eV vs. ~3.2 eV), thereby exhibiting better
visible-light response. [19, 71, 72] Meanwhile, anatase is typical of higher photocatalytic
activity owing to its finer grain size (i.e., higher surface area), slower recombination rate of
photoactivated charge carriers, and higher electron mobility. [19, 73] In addition, anatase
dominates the low-temperature form of pure titania, found within the range of 300-550 °C, and

it gradually transforms into rutile when heated. [73]

—11 -



Anatase Rutile Brookite

Figure 2.3. Crystalline phases of TiO». [74]

It is uncommon to obtain sole polymorphs as TiO» syntheses usually yield various
mixtures of anatase and rutile. TiO> photocatalysts with mixed anatase/rutile phases also
perform higher photocatalytic activity than single-phase titania due to synergistic effects that
promote spatial separation of charge carriers, broaden the light absorption range, and diversify
redox potential. [73, 75] In addition to the surface area, the proportions of anatase and rutile in

TiO> have a significant influence on its photocatalytic activity. [76, 77]
2.3.2. Advantages and disadvantages of TiO: photocatalyst

TiO2 is among the most widely utilized photocatalysts, especially for environmental
applications, by virtue of its affordability, abundance, non-toxicity, strong oxidizing capability
of photoinduced holes, and resistance to corrosion and chemical degradation. [18, 19]
Nonetheless, the wide band gap (~3.2 eV) of the commercially available TiO> products
necessitates excitation from a light source with a wavelength 4 < 385 nm, limiting the
utilization of sunlight as less than 5% of the solar spectrum falls within the UV range (Figure
2.4). [20] Furthermore, the photocatalytic activity of TiO2 is negatively impacted by the rapid
recombination rate of photogenerated electrons and holes. [18, 63] Hence, modifying pure TiO>
material to narrow its band gap and promote the charge carrier separation to improve its

photocatalytic performance is needed.
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Figure 2.4. Spectrum of solar irradiation. [20]
2.3.3. TiO:doping strategies

Doping with impurities has been widely employed to conquer these drawbacks of TiO>
toward the improvement in its visible light photoactivity. [18, 21, 22] Indeed, the band gap of
TiO> is expected to be narrowed, possibly because of either the electronic coupling effect
between doping ions and TiOz or the introduction of discrete energy states within the band gap
(i.e., beyond the VB or beneath the CB of TiOz), thereby enhancing the visible light absorption
capacity. Besides, the impurity energy levels created by an adequate dopant dose can serve as
a trapping center for photogenerated electrons to efficiently separate the photogenerated hole-

electron pairs, deferring their recombination. [22, 23]

Of which, non-metal dopants have captured great attention since they constrict the band
gap of TiO» through introducing new electronic states between the valence and conduction
bands, thus extending the visible light harvesting capacity. [24] Specifically, nitrogen, with its
stability and low ionization energy, is considered a promising dopant for effectively red-
shifting the absorption edge of TiO2 by the hybridization between doped N 2p orbitals and O
2p orbitals. [9, 25] Nevertheless, TiO> photocatalysts doped with non-metal elements still
exhibit a high recombination rate of photogenerated charge carriers. [9, 26] Co-doping TiO>
with N and another dopant, such as metals, is expected to prevent the quick recombination of
these photo-induced charges, inducing the synergistic effects of superiorly enhancing optical
efficiency and boosting photocatalytic activity compared to TiO> modified with single
components. [22, 27] In essence, the non-metal dopant is expected to trap photogenerated
holes, while the metal dopant may operate as a sink for excited electrons. [27-29] Noticeably,

the photoreactivity of TiO2 co-doped with metals and nonmetals complicatedly depends on
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several dopant-related factors, including their amount, energy level and distribution within the
TiO, lattice, electronic configuration of the outer shell, and so on. [22, 78] Thus, this study
focused on investigating the photocatalytic activity of commercial TiO> co-doped with N and
one metallic dopant (i.e., Al, Zn, Cr, Fe, Ni, or Cu) under simulated solar conditions for the

degradation of azo dye in the aqueous environment.
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3. EXPERIMENTAL METHODS

3.1. Materials and chemicals

The chemicals used in this study, with corresponding manufacturer sources and functions,

are listed in Table 3.1.

Table 3.1. List of chemicals used in this study.

Chemical

Manufacturer source

Function

Titanium dioxide powder (TiO2, = 99%,

~20 nm), anatase:rutile ratio = 80:20

US Research

Nanomaterials Inc.

Photocatalyst

Aluminum nitrate nonahydrate

(NaOH, > 97.0%, pellets)

Sigma Aldrich Metallic dopant
(AI(NO3)3.9H20, = 98%)
Zinc nitrate hexahydrate ‘ ‘ '
Sigma Aldrich Metallic dopant
(Zn(NO3)2.6H20, 98%)
Chromium(III) nitrate nonahydrate . . .
Sigma Aldrich Metallic dopant
(Cr(NO3)3.9H20, 99%)
Iron(III) nitrate nonahydrate )
Sigma Aldrich Metallic dopant
(Fe(NO3)3.9H20, = 98%)
Nickel(IT) nitrate hexahydrate )
Sigma Aldrich Metallic dopant
(Ni(NOs3)2.6H20)
Copper(Il) nitrate trihydrate )
Sigma Aldrich Metallic dopant
(Cu(NO3)2.3H0)
Triethylamine (TEA, (C2Hs)3N, = 99%) Sigma Aldrich Non-metallic dopant
Direct Blue 71
Sigma Aldrich Dye
(DB71, C40H23N7013S4-4Na)
Nitric acid (HNO3, 70%) Sigma Aldrich pH adjustment
Sodium hydroxide )
Sigma Aldrich pH adjustment
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Isopropyl alcohol / 2-Propanol

Sigma Aldrich Radical scavenger
(IPA, > 99.5%)

Ethylenediaminetetraacetic acid

o ) Sigma Aldrich Radical scavenger
disodium salt dihydrate (EDTA-2Na)
L-Ascorbic acid (L-AA, 99%) Sigma Aldrich Radical scavenger
Dimethyl sulfoxide (DMSO, = 99.9%) Sigma Aldrich Radical scavenger
Deionized water (DI water) Milli-Q EQ 7000 system

3.2. Direct Blue 71

Direct Blue 71 (DB71) is an anionic, water-soluble tri-azo dye composed of four

naphthalene rings and sulfonate groups. Its chemical structure is described in Figure 3.1.

ONa
OSO
dqwfw NN
NH»
OSO N

Figure 3.1. Chemical structure of DB71. [79]
3.3. Synthesis of doped TiO2 photocatalysts

Metallic  salts, including Al(NO3)3.9H,0, Zn(NO3)2.6H20, Cr(NO3)3.9H>0,
Fe(NO3)3.9H20, Ni(NO3)2.6H>0, and Cu(NO3)2.3H20 were used as the sources of Al, Zn, Cr,
Fe, Ni, and Cu dopants in TiO», respectively.

1 g of TiO2 was added to 20 mL of DI water, pre-sonicated for 1 min, and well stirred for
30 min. Two aqueous solutions containing 10 mL of TEA at 3 at. % (relative to Ti at.%) and 15
mL of each metallic salt at 2 at.% were separately prepared in two glass vials. These solutions
were then thoroughly mixed with TiO: suspension for 30 min. The resultant mixture was
subsequently dried in an oven at 80 °C before being calcined at 350 °C for 2 h. The final product
is denoted as M,N-TiO> (where M = Al, Zn, Cr, Fe, Ni, or Cu).

—16 —



To deconvolve the role of each dopant of the photocatalyst exhibiting the superior
performance (i.e., Fe,N-TiO2) on dye photodegradation, samples composed of TiO» and either
Fe(NO3)3.9H>O (Fe-TiO2) or TEA (N-TiOz) were prepared following the aforementioned
synthesis procedure. For comparison, pristine TiO2 was also calcined at 350 °C (denoted as TiO>

350).
3.4. Characterization of TiO2-based photocatalysts

The morphological structure and elemental composition of TiO>-based photocatalysts
were examined using a ThermoFisher Quattro S scanning electron microscope with energy-
dispersive X-ray spectroscopy (SEM-EDX) for the investigation of elemental distribution. X-
ray diffraction (XRD) patterns were obtained from Rigaku SmartLab X-ray diffractometer
using focused Cu Ka radiation (Ka = 1.541 A) through a continuous scanning process with a
step width of 0.01° over the range of 20° to 80°. X-ray photoelectron spectroscopy (XPS)
measurements were conducted using a Thermo-Fisher K-Alpha™ XPS spectrometer equipped
with an unmonochromated Al Ka (1486.6 eV) X-ray source, with a typical depth of analysis of
approximately 5 nm. The zeta potentials of Fe,N-TiO, samples in the pH range of 4-8 were
measured using a Zetasizer Nano DLS (Malvern Panalytical Ltd.), with a concentration of 1
mg of photocatalyst per 8 ml of DI water. The photoluminescent (PL) measurement was
performed on the HORIBA Jobin Yvon Fluorolog-3 spectrofluorometer equipped with a Xenon
lamp source to examine the recombination rate of photoinduced electron-hole pairs. The light
absorption capacity and band gap of TiO»-based photocatalysts were determined via a
PerkinElmer Lambda 750 UV-vis-near-infrared spectrometer equipped with a 100 mm
Spectralon InGaAs Integrating Sphere. Indeed, the optical band gap of each TiO2-based sample

was calculated from the optical spectral absorption using the Tauc equation:
(a. )Y = B(hv — Ej) (3.1)

where h is the Planck constant, v is the photon’s frequency, Ej; is the band gap energy, and B is
a constant. The y factor depends on the nature of the electron transition and is equal to 1/2 for
direct transition band gaps and 2 for indirect transition band gaps, respectively. In this work, y
= 2, since we use commercial TiO; with predominantly anatase phase, which behaves as an
indirect band gap semiconductor. [71] To obtain the value of a, we use the Kubelka-Munk

function:

K _ (1-R)?

a=FR)= 1= (3.2)
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where K and S are the absorption and scattering coefficients, respectively, and R is the
reflectance of the material, which is obtained from the UV-Vis Diffuse Reflectance

Spectroscopy (UV-Vis DRS). Substituting F(R), E = hv, and y = 2 into the equation 3.1:
(F(R).E)*? = B(hv — E,) (3.3)

The band gap energy (E,) is determined through the x-axis intersection of the linear fit of the
Tauc plot. [80]

3.5. Evaluation of Direct Blue 71 (DB71) removal of TiO2-based photocatalysts
3.5.1. Standard calibration curve of DB71 solutions

Characteristic peak of DB71: The DB71 solution was prepared at a concentration of 20
ppm. The highest absorbance observed in the UV-Vis spectra was at the wavelength of 586 nm
(Figure 3.2(a)).

Calibration curve of DB71 solution: DB71 solutions were prepared at precise
concentrations of 2.5, 5, 7.5, 10, 15, 20, and 25 ppm. After determining the respective
absorbance at the wavelength of 586 nm, a standard curve for the dependence of dye

concentration on the absorbance was created (Figure 3.2(b)).
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Figure 3.2. Characteristic peak (a) and standard calibration curve (b) of DB71 solution.
3.5.2. DB71 removal experiments

a. Design of the photocatalytic system: Reactions were carried out in a 250-mL glass

beaker and stirred at a constant speed, with the temperature being controlled at approximately
20 °C. The light source was the Sol1A solar simulator system (Newport Corporation) with the
illumination output power of 1 SUN (i.e., 1000 W/m?), representing the amount of solar

radiation received at the Earth's surface on a clear day around solar noon. [81] The distance
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between the light source and the surface of the photocatalyst-dye suspension is maintained at

a fixed ~15 cm.

b. Effects of dopants on the removal of DB71 in dark conditions: 0.05 g of each

material (i.e., commercial TiO2, TiO, 350, M,N-TiO,, Fe-TiO,, and N-TiO> photocatalysts) was
added to 100 mL of DB71 at a concentration of 20 ppm with an initial pH of approximately 6.
The mixture was stirred in dark conditions for 2 h before being centrifuged. The DB71
concentration was determined using UV-Vis measurements after interpolation from the
standard calibration curve of DB71. The removal efficiency (X %) of DB71 was calculated

using the equation:

Co—Cr

X (%) = x 100% (3.4)

where C, and Cr (ppm) are the initial and final concentrations of DB71, respectively.

c. Effects of dopants on the removal of DB71 under solar irradiation: 0.05 g of each

material (i.e., commercial TiO2, TiO2 350, M,N-TiO;, Fe-TiO, and N-TiO; photocatalysts) was
added to 100 mL of DB71 at a concentration of 20 ppm with an initial pH of approximately 6.
The mixture was stirred in dark conditions for 30 min to reach equilibrium before exposure to
solar irradiation for 2 h. The DB71 concentration was determined using UV-Vis measurements
after interpolation from the standard calibration curve of DB71. The removal efficiency (X %)

of DB71 was calculated via the equation (3.1).

d. Effect of pH conditions on the DB71 removal: Two separate experiments were

conducted using the photocatalyst with the highest DB71 photodegradation efficiency (i.e.,
Fe,N-TiO;) for each pH value, ranging from 3 to 8, in dark conditions and under solar
irradiation. HNO3 and NaOH 0.05 M were used for pH adjustment. 0.02 g of Fe,N-TiO> was
added to 100 mL of DB71 at a concentration of 20 ppm with a specific pH value. The
experimental procedures followed the two procedures described in the 3.4.2 (b) and 3.4.2 (¢)

sections. The experiment at each pH value was conducted thrice.

e. Radical scavenging tests: Scavengers are (in)organic compounds that deactivate

specific radicals from participating in oxidative processes by reacting with them to form stable
species that do not disrupt the reactions. [82] The scavenging study was performed to
deconvolve the role of photogenerated radicals in the photocatalytic degradation of DB71 of
Fe,N-TiOz. The reaction was carried out in a similar way to the photocatalytic experiment

described in the 3.4.2 (¢) part but with the addition of either IPA (10% v/v), EDTA-2Na (0.01
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M), L-ascorbic acid (L-AA, 0.1 mM), or DMSO (10 mM), which are used as scavengers for
the photoinduced hydroxyl radicals (*OH), holes (h"), singlet oxygen ('O.), and electrons (&),

respectively. [83, 84] Each radical scavenging test was conducted thrice.

f. Time-dependent DB71 removal performance: 0.02 g of Fe,N-TiO, was added to

100 mL of DB71 at a concentration of 20 ppm with the optimal pH determined from 3.4.2. (d)
experiment. The mixture was stirred in dark conditions for 30 min to reach the equilibrium
conditions before being exposed to solar irradiation over a specific time interval. This was
followed by centrifugation, UV-Vis measurement, and determination of the DB71
concentration in the solution. The experiment was repeated three times. In addition, we can
calculate the kinetic constant of DB71 photodegradation from the obtained results, as the
photodegradation of dyes is considered to follow pseudo-first-order kinetics (equation 3.5). [5,
85]

dcy

= ka C, (3.5)

where C; (ppm) is the concentration of DB71 in the solution at the time ¢, and k; (min') is the

kinetic constant of DB71 photodegradation.
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4. RESULTS AND DISCUSSION

4.1. Effects of dopants on the removal of DB71

As seen from Figure 4.1, TiO; calcined at 350 °C demonstrated an indirect band gap of
~3.16 eV, demanding stimulation from UV light. Meanwhile, introducing impurities into the
TiO, lattice effectively decreased this value, enabling greater utilization of the solar light. In
particular, the lowest band gap energy was found in Cr,N-TiO; and Fe,N-TiO> (~3.02 eV),
while that of Zn,N-TiO> showed the least narrowing effect (~3.12 eV).
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Figure 4.1. Band gap determination of pristine TiO2, TiO2 350, and M,N-TiO> photocatalysts
(M =Al, Zn, Cr, Fe, Ni, and Cu).

Figure 4.2 illustrates the DB71 removal capacities of pristine TiO2, TiO2 350, and
metal/N co-doped TiO:. The inertness of DB71 under solar illumination was observed due to
the recalcitrance of the azo groups, as only ~3% of DB71 was photolyzed. As-received TiO»
exhibited limited adsorption capacity (8.27 + 0.17%) and modest photodegradation efficiency
(61.90 + 4.15%) of DB71. Meanwhile, TiO calcined at 350 °C exhibited a slight decrease in

DB71 removal efficiencies in both dark and solar-illuminated conditions compared to pristine
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TiO,. This was likely due to the sintering effect of nanoparticles during thermal treatment,
which led to the agglomeration of TiO2 350 particles, thus reducing their active surface area.

[86]

The introduction of all binary dopant sets enhanced the DB71 adsorption efficiencies of
co-doped TiO», indicating an increased surface area of TiO», which aligns with the results
obtained in previous literature. [85, 87-92] This factor favorably promoted the corresponding
photocatalytic performances to different extents except for Cu,N-TiO,. Of note, the system

based on Fe,N-TiO> demonstrates the highest DB71 degradation under solar illumination.
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Figure 4.2. DB71 removal efficiencies of pristine TiO2, TiO2 350, and M,N-TiO2 (M = Al,
Zn, Cr, Fe, Ni, and Cu) [mcat = 0.5 g/L, Co pB71 =20 ppm, pH = ~6].

To further elucidate the photocatalytic performances of M,N-TiO> samples, ultraviolet-
visible diffuse reflectance spectroscopy (UV—Vis DRS) and photoluminescence (PL)
measurements were employed to investigate the light-harvesting behavior and the
recombination rate of photogenerated electron-hole pairs, respectively (Figures 4.3(a) — (b)).
TiO2 doped with Ni/N and Cu/N exhibited suppressed photogenerated charge carriers and a
slight improvement in visible light harvesting capacity. However, the thicker adsorbed dye
layer (Figure 4.2) might impede light penetration to the active sites of the photocatalyst,
leading to ineffective degradation of DB71 under solar illumination. In contrast, ALLN-TiO>,
possessing the highest adsorption efficiency of DB71 (~50%), demonstrated better visible-light
utilization along with improved photogenerated charge carrier separation, thereby removing

roughly 80% of DB71 when illuminated by solar light. Meanwhile, the DB71 photodegradation
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capability of Zn,N-TiO> was lower, with remarkably high PL intensity despite its great
absorption capability in the visible light region. This may result from an overabundance of
dopants due to the difference in the substitution level (i.e., extent of TiO» lattice distortion),
which serves as the recombination center, thereby emphasizing the critical importance of
optimizing doping element concentrations. [93] Although Cr,N-TiO, exhibited a considerably
high visible light harvesting capacity and the lowest recombination rate of e/h", the DB71
photodegradation performance of this sample was unimpressive. One possible explanation is
that the energy levels introduced by doped Cr may not align well with the conduction and
valence bands of TiO2, which hinders the efficient transfer of electrons to the CB or holes to
the VB and, consequently, the formation of reactive radical species, thereby impacting overall
photocatalytic activity. It is noteworthy that TiO2 co-doped with Fe and N displayed the highest
visible light absorption and significantly low PL intensity (i.e., low e-/h+ recombination rate),
which accounted for its highest DB71 removal efficiency of over 93% under solar illumination

(Figure 4.2).
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Figure 4.3. UV-Vis DRS (a) and PL (b) results of TiO> 350 and M,N-TiO, (M = Al, Zn, Cr,
Fe, Ni, and Cu).

Figure 4.4 compares the DB71 removal efficiencies of TiO2 350, N-TiO2, Fe-TiO>, and
Fe,N-TiO; in order to study the contributions of each dopant to the superior photocatalytic
performance of Fe,N-TiO.. Despite a marginal rise in visible-light absorption capacity (Figure
4.3), the DB71 photodegradation of TiO, deteriorated with the presence of solely N dopant,
which trend was also reported in the study of Irie et al. [94] This is due to the isolated, narrow
N 2p state situated above the valence band, which partially traps and prevents photogenerated
electrons from reaching the conduction band, thereby reducing the photogenerated current. [26,

94] Meanwhile, a substantial amount (~84.5 %) of DB71 was removed by TiO> doped with
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Fe** under solar illumination. The Fe*" dopant has been shown to create a shallow charge trap
within the TiO> lattice, promoting interfacial charge transfer processes that are advantageous
for separating photoinduced electron-hole pairs and reducing the band gap of TiO2 (E,; ~ 3.04
eV). [29, 92, 95]
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Figure 4.4. DB71 removal efficiencies of TiOz 350, N-TiO, Fe-TiO, and Fe,N-TiO>
[meat = 0.5 g/L, Co_p71 = 20 ppm, pH = ~6].
The synergistic effect of Fe and N dopants was observed in the enhanced photodegradation
performance of Fe,N-TiO> for DB71, compared to single Fe- or N-doped TiOz, attributed to a
greater dye photodegradation efficiency, visible-light harvesting capacity, and inhibition of

electron-hole recombination during irradiation (Figure 4.5).
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Figure 4.5. UV-Vis DRS (a) and PL (b) results of TiO2 350, N-TiO., Fe-TiO», and Fe,N-TiO,.
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4.2. Characterization of Fe,N-TiO: photocatalyst

TiO; calcined at 350 °C exhibited an aggregated particle network, while no significant
morphological changes were noticed when Fe and N were co-introduced into TiO2, as shown

in Figures 4.6 (a) and (b). The uniform distribution of the composition of Fe,N-TiO> was also

observed (Figure 4.6 (c)).
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Figure 4.6. SEM images of TiO> 350 (a) and Fe,N-TiO> (b), and EDX color mapping (c) and
EDX spectrum (d) of Fe,N-TiO,.
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XRD analysis was conducted to investigate the change in crystallinity of TiO> after being
modified with Fe/N. As shown in Figure 4.7, characteristic peaks of anatase (i.e., 20 = 25.3°,
37.8°,48.1°, 53.9°, 62.7°, 69.0°, and 70.3°) and rutile (20 = 27.4°, 36.1°, 41.2°, 54.3°, 56.6°,
and 64.0°) phases were observed in the XRD pattern of TiO2 350. [96] Regarding Fe,N-TiO>
sample, all the aforementioned peaks experienced marginal shifts toward larger angles. This
indicated the contraction within the TiO; crystal lattice due to the presence of Fe*" ions with a

smaller ionic radius (~6.4 pm) compared to that of Ti*" (~6.8 pm). [97]
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Figure 4.7. XRD patterns of TiO2 350 and Fe,N-TiO».

The elemental composition and chemical state of photocatalysts can be inspected via the
surface-sensitive XPS technique. Regarding the XPS Ti 2p spectra (Figure 4.8(a)), two
characteristic peaks at 464.15 eV and 458.44 eV observed in the TiO2 350 plot were assigned
to Ti 2p1/2 and Ti 2p3.2, respectively. [98] When incorporating Fe and N elements into the TiO2
lattice, these peaks underwent a noticeable drop in their intensities, as a result of the substitution
of dopants for Ti atoms in the lattice, and were displaced to lower binding energies, indicating
the partial reduction of Ti*". Of note, the TiO» lattice might compensate for the charge
imbalance (since Ti*" ions were partly replaced with Fe**) and neutralize the excess electrons

introduced by N by forming oxygen vacancies (OVs). OVs reduce the electron density around
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the remaining O atoms, increasing their corresponding binding energy. This could be clarified
from the deconvoluted XPS O 1s spectra of TiO> 350, where two peaks at 529.46 eV (O lattice)
and 530.38 eV (Ti-OH ) were noticed [99], with the latter broadening and shifting to higher
binding energy (i.e., 530.88 eV) with the presence of Fe and N impurities. Notably, the
formation of OVs could be considered one of the factors effectively promoting the
photodegradation of organic compounds, including this work, as they create localized electron-
rich defect sites that facilitate electron transport and suppress charge carrier recombination.
[100-102] Moreover, the appearance of a shoulder at ~529.34 eV in Fe,N-TiO2 sample might

be the outcome of new oxygen bonding configurations such as Ti—-O-Fe, Ti-O-N, and Fe-O—

N.
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Figure 4.8. XPS spectra of Ti 2p (a) and O 1s (b) of TiO2 350 and Fe,N-TiO».

The pH value at which the net surface charge of a solid material is equivalent to zero (i.e.,
the point of zero charge, pHy,.) can be determined through zeta potential measurement. As
shown in Figure 4.9, pH,,. of Fe,N-TiO> was approximately 5.46, meaning that the catalyst

surface was positively charged at pH values lower than 5.46 and vice versa.
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Figure 4.9. Zeta potentials of Fe,N-TiO; in the pH range from 4 to 8.
4.3. DB71 removal performance of Fe,N-TiO: photocatalyst

Since the removal efficiency of DB71 under solar illumination using 0.5 g/L of Fe,N-
TiO without adjusting any operating parameters exceeded 93%, further investigation was

carried out with a catalyst content of 0.2 g/L to optimize the photocatalytic performance.
4.3.1. Radical scavenging tests

Scavengers are (in)organic compounds used to deactivate specific radicals from
participating in oxidative processes by reacting with them to form stable species that do not
disrupt the reactions. [82] Radical scavenging tests were conducted to elucidate the main
contributor among photogenerated radicals to the photocatalytic removal of DB71 (Figure
4.10). IPA (10% v/v), EDTA-2Na (0.01 M), L-AA (0.1 mM), or DMSO (10 mM) were added
to capture *OH, h*, 102, and ¢, respectively. The DB71 photodegradation efficiency of Fe,N-
TiO; without scavengers was 66.37 + 2.45%. However, it was suppressed to ~11% with the
presence of EDTA-2Na, presenting the most significant impact exerted by photogenerated h'.
Besides, 'O, also played a crucial role in the photodegradation of DB71 of Fe,N-TiO», as only
~38% of DB71 was removed when L-AA was added to the solution mixture. Nevertheless,
adding IPA and DMSO resulted in slight increases in DB71 removal efficiency, indicating

hindrance from *OH and ¢".
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Figure 4.10. Radical scavenging tests of Fe,N-TiOz [mcat = 0.2 g/L, Co ps71 = 20 ppm,
pH =~6].

4.3.2. Effect of pH conditions on the DB71 removal

Figure 4.11 illustrates the removal efficiencies of DB71 by Fe,N-TiO> at varying pH
conditions. At the initial pH of ~6, approximately 10.4% and 66.4% of DB71 were removed
by Fe/N-doped TiO: under dark and solar-illuminated conditions, respectively. Tuning the
environment to be more acidic favors the electrostatic interaction between anionic DB71
molecules and positively charged Fe,N-TiO> (pHp,. = 5.46), leading to a higher DB71
adsorption capacity. Nonetheless, the adsorbed dye partly blocked or absorbed the incoming
light, reducing the light intensity that reached the active sites of the photocatalyst. [103]
Meanwhile, Fe,N-TiO> underwent a decline in the overall DB71 removal efficiency in an
alkaline environment. Apart from the dye-photocatalyst repulsion, this was mostly due to the
partial consumption of photogenerated h, the primary contributor to dye photodegradation, by
introduced OH™  to form °OH impediment (Equation 2.7). [104] Noticeably, the
photodegradation efficiency of Fe,N-TiO, peaked at neutral pH, underscoring the redundancy

of chemical additions for pH adjustment in real wastewater systems.

— 20—



[y
=]
(=]

(==
(=1
1

Removal efficiency (%)

Figure 4.11. Effect of pH conditions on the DB71 removal by Fe,N-TiO2
[meat = 0.2 g/, Co pe71 = 20 ppm].

4.3.3. Time-dependent DB71 removal performance

Figure 4.12(a) illustrates the DB71 removal performance of Fe,N-TiO> over time. With
a photocatalyst content of 0.2 g/L and a pH value of ~7, less than 8% of DB71 was removed
during a 5-hour adsorption period. In contrast, under similar conditions, the performance with
solar illumination reached 91.22 + 1.52%. Calculated from these results, the dye
photodegradation in this study also followed pseudo-first-order kinetics, with a kinetic constant

0f 0.007 min*. (Figure 4.12 (b)).
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Figure 4.12. DB71 removal performance of Fe,N-TiO with respect to time (a), and

determination of the kinetic constant of DB71 photodegradation by Fe,N-TiO». [mca = 0.2

g/L, Co pe71 = 20 ppm, pH =~7].
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5. CONCLUSION

In this study, commercial TiO> photocatalysts were modified with binary dopants,
nitrogen and a metal element (Al, Zn, Cr, Fe, Ni, or Cu). Their photocatalytic performances
under simulated solar irradiation, including their light absorption behaviors, recombination
rates of charge carriers, and photodegradation efficiency of DB71 in the aqueous environments,
were extensively investigated. The quantity and electronic band structure of dopants were
noticed to be of paramount importance in the resulting photocatalytic behaviors. Fe,N-TiO»
significantly absorbed incoming visible light to generate holes and electrons with a low
recombination rate, thereby most effectively degrading over 90% of DB71 at the initial dye
concentration of 20 ppm in 2 h with a photocatalyst content of 0.5 g/L. The DB71
photodegradation of Fe,N-TiO> sample was primarily attributed to the photogenerated holes,
followed by singlet oxygen radicals. The study also investigated that pH~7 was the optimal pH
for DB71 degradation by Fe/N-doped TiO».
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