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Abstract

Photocatalysis has gained much attention for redox reactions, for instance, towards energy
generation and wastewater treatment. Evidently, several photocatalysts can already use the
UV part of the solar spectrum. However, utilizing the visible part of the spectrum is still
challenging. Materials like graphitic carbon nitride (g-CsN4) are visible light active and absorb
the visible portion of light due to their lower bandgap energy. Still, the stacked structure, high
recombination rate, and low surface areas are key issues that are responsible for a low
photocatalytic activity. Exfoliation and doping are a few techniques that can improve the
morphology and surface properties of the material. The current thesis presents the synthesis
strategies of bulk- and exfoliated g-CsN4, their derived nanocomposites, and their doped
derivatives towards environmental and energy applications. Briefly, it systematically comprises

the following research findings:

The effects of exfoliation and operating parameters, i.e., catalyst concentration, pollutant
concentration, pH, and oxygen concentration, on the photodegradation of phenolic compounds
were studied. The exfoliated g-CsN4 was prepared from bulk g-CsN4, while the bulk g-C3sN4 was
synthesized from melamine using the thermal decomposition method. The exfoliated g-CsN4
was characterized for chemical, optical, and surface properties using X-ray powder diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), Photoluminescence spectroscopy (PL),
Fourier transform infrared spectroscopy (FTIR), Brunauer—-Emmett-Teller (BET), and
Scanning- and Transmission electron microscopy (SEM, TEM) techniques. The exfoliated g-
CsN4 was highly porous with a nanosheet morphology and a high surface area of 170 m?/g.
The photocatalytic performance of the bulk and exfoliated g-CsN4 catalysts were evaluated for
the degradation of phenol and other phenolic compounds (catechol, m-cresol, and xylenol)
under the influence of two lamps, namely, a xenon and light-emitting diodes (LED) lamp. The
efficiency of synthesized g-CsNs was better under the influence of an LED lamp at a
wavelength of 430 nm. Moreover, response surface methodology (RSM) involving a Box—
Benkhen design (BBD) was employed to analyze the photocatalytic degradation of phenol
using exfoliated g-CsNs and an LED lamp. The influence and interactions between three
parameters, namely, catalyst concentration, pollutant concentration, and solution pH, were

examined and modeled to derive an empirical regression quadratic model.

Furthermore, the effects of non-metal doping on the photodegradation of two endocrine-
disrupting hormones: 17p-estradiol (E2) and 17a-ethinylestradiol (EE2), were studied. Non-
metallic doped g-C3N4 was synthesized via the decomposition of acid-treated melamine. Acetic
acid, sulfuric acid, and phosphoric acid were used to dope oxygen, sulfur, and phosphorous.
Adsorption and photocatalytic degradation kinetics were studied and fitted with different kinetic

models. The pseudo-second-order kinetic model fitted the adsorption kinetics, whereas the



photocatalytic degradation followed the exponential decay model. Among the three doped
catalysts, the sulfur-doped g-CsN4s demonstrated the highest activity by completely removing

the hormone pollutant in the shortest time.

Finally, the effects of non-noble metals (Ni, Co, and Cu), and the synthesis method of
loaded exfoliated g-CsN4 on the hydrogen production efficiency in water splitting, were studied.
Among the three types of loaded exfoliated g-CsN4, the one loaded with nickel showed the
highest performance towards hydrogen production. Subsequently, nickel-loaded exfoliated g-
CsN4 was synthesized using three synthesis methods, namely, colloidal, incipient wet
impregnation, and precipitation deposition methods. The photoactivity for hydrogen evolution
of the synthesized catalysts was evaluated using triethanolamine (TEOA) as a sacrificial agent,
using a xenon lamp, with a cut-off filter at wavelengths above 395 nm. Nickel-loaded exfoliated
g-CsNs, synthesized via the colloidal method, performed the best towards hydrogen production

from water splitting.



Kurzzusammenfassung

Die Nutzung von Photokatalyse fir Redoxreaktionen hat in jungster Zeit viel Aufmerksamkeit
erlangt, beispielsweise zur Energieerzeugung und Abwasserbehandlung. Mehrere
Photokatalysatoren kénnen bereits den UV-Teil des Sonnenspektrums nutzen. Die Nutzung
des sichtbaren Teils des Spektrums ist jedoch immer noch eine Herausforderung. Materialien
wie graphitisches Kohlenstoffnitrid (g-CsN4) sind im sichtbaren Licht aktiv und absorbieren
diesen Anteil des Lichts aufgrund ihrer geringeren Bandlickenenergie. Dennoch sind deren
Schichtstruktur, die hohe Rekombinationsrate und die geringen Oberflachen
Schlisselfaktoren, die flr eine geringe photokatalytische Aktivitat verantwortlich sind.
Exfoliation und Dotierung sind einige Techniken, die die Morphologie und
Oberflacheneigenschaften des Materials verbessern kdonnen. Die vorliegende Dissertation
prasentiert die Synthesestrategien von Bulk- und exfoliertem g-CsN4, daraus abgeleiteten
Nanokompositen und ihren dotierten Derivaten fir Umwelt- und Energieanwendungen. Sie

umfasst systematisch die folgenden Forschungsergebnisse:

Die Wirkungen der Exfoliation und der Betriebsparameter, d. h. Katalysatorkonzentration,
Schadstoffkonzentration, pH-Wert und Sauerstoffkonzentration, auf den Photoabbau von
Phenolverbindungen wurden untersucht. Das exfolierte g-CsNs wurde aus Bulk-g-C3Ns
hergestellt, das Bulk-g-CsNs aus Melamin unter Verwendung des thermischen
Zersetzungsverfahrens. Das exfolierte g-CsNs wurde auf chemische, optische und
Oberflacheneigenschaften unter Verwendung von Rodntgenpulverbeugung (XRD),
Roéntgenphotoelektronenspektroskopie (XPS), Photolumineszenzspektroskopie (PL), Fourier-
Transformations-Infrarotspektroskopie (FTIR), Brunauer—Emmett-Teller (BET) und Scanning-
und Transmissionselektronenmikroskopie (SEM, TEM)-Techniken charakterisiert. Das
exfolierte g-CsN4 war hochporés mit einer Nanoblatt-Morphologie und einer gro3en Oberflache
von 170 m?/g. Die photokatalytische Leistung der Bulk- und exfolierten g-CsN4-Katalysatoren
wurde fir den Abbau von Phenol und anderen phenolischen Verbindungen (Catechin, m-
Cresol und Xylenol) unter dem Einfluss von zwei Lampen, einer Xenon- und einer Leuchtdiode
(LED-Lampe, untersucht. Die Effizienz von synthetisiertem g-CsN4 war unter einer LED-Lampe
bei einer Wellenlange von 430 nm besser. Darlber hinaus wurde die Response Surface
Methodology (RSM) mit einem Box-Benkhen-Design (BBD) eingesetzt, um den
photokatalytischen Abbau von Phenol unter Verwendung von exfoliertem g-CsN4 und einer
LED-Lampe zu analysieren. Der Einfluss und die Wechselwirkungen zwischen den drei
Parametern Katalysatorkonzentration, Schadstoffkonzentration und pH-Wert der L&sung
wurden untersucht und modelliert, um ein empirisches quadratisches Regressionsmodell

abzuleiten.



Daruber hinaus wurden die Auswirkungen von Nichtmetalldoping auf den Photoabbau von
zwei endokrin wirksamen Hormonen untersucht: 173-Estradiol (E2) und 17a-Ethinylestradiol
(EE2). Nichtmetallisch dotiertes g-CsNs wurde durch Zersetzung von saurebehandeltem
Melamin synthetisiert. Essigsaure, Schwefelsaure und Phosphorsaure wurden verwendet, um
Sauerstoff, Schwefel und Phosphor zu dotieren. Die Kinetik der Adsorption und des
photokatalytischen Abbaus wurde untersucht und mit verschiedenen kinetischen Modellen
angepasst. Das kinetische Modell pseudo-zweiter Ordnung passte zur Adsorptionskinetik,
wahrend der photokatalytische Abbau dem exponentiellen Zerfallsmodell folgte. Unter den drei
dotierten Katalysatoren zeigte das mit Schwefel dotierte g-CsN4 die hochste Aktivitat, es

entfernte die Hormonschadstoffe in klirzester Zeit vollstandig.

SchlieRlich wurden die Auswirkungen von Nichtedelmetallen (Ni, Co und Cu) und das
Syntheseverfahren von beladenem exfolietem g-C3:Ns auf die Effizienz der
Wasserstoffproduktion bei der Wasserspaltung untersucht. Unter den drei Typen von
beladenem exfoliertem g-CsN4 zeigte das mit Nickel beladene die hdchste Leistung in Bezug
auf die Wasserstoffproduktion. AnschlieRend wurde nickelbeladenes exfoliertes g-CsN4 unter
Verwendung von drei Syntheseverfahren synthetisiert, und zwar mit kolloidaler Methode,
beginnender  Nassimpragnierung und  Niederschlagsabscheidungsverfahren.  Die
Photoaktivitat fur die Wasserstoffentwicklung der synthetisierten Katalysatoren wurde unter
Verwendung von Triethanolamin (TEOA) als Elektronendonor und einer Xenonlampe mit
einem Sperrfilter bei Wellenlangen tber 395 nm bewertet. Nickelbeladenes exfoliertes g-C3Na,
das uber die kolloidale Methode synthetisiert wurde, schnitt am besten bei der

Wasserstoffproduktion durch Wasserspaltung ab.

VI
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1 Introduction

In recent years, pertaining to the perpetual industrial and economic developments, there are
emerging energy and environmental challenges, which necessitate urgent attention, including
sustainable and rapid solutions. Industrialization and increasing population are assumed to
be the predominant causes behind energy and environmental crises [1-3]. Majority of the global
energy demand is fulfilled via the employment of non-renewable sources (petrol, diesel, coal,
etc.), which are constantly diminishing with each passing day. In addition, during the past few
decades, increased consumption of non-renewable fossil fuels to meet the rising energy
demand, as well as different types of hazardous wastes in industrial wastewater streams, has
led to severe environmental issues, such as global warming and climate change [4, 5]. As of
today, the most critical challenges are countering pollution affected by wastewater eliminated
from different industries, discovering, and inventing green and sustainable energy sources,
and tackling global warming. These represent a handful of fundamental challenges for both

developed and under-developed economies [6-10].

The industries discharge harmful pollutants into wastewater streams, which are potentially
harmful to humans, aquatic life, and living organisms, and can adversely affect several
physiological organs, including the liver, kidney, brain, and the nervous system [11-17]. Water
quality may deteriorate with associated health risks towards humans due to organic pollutants,
even at low concentrations [18, 19]. Phenols represent a severe type of organic pollutant.
Petrochemicals, aluminum, steel, oil refinery, chemical, paint, resin, cosmetic, and automobile
production industries can discharge phenolic compounds into the environment through their
wastewater streams [20, 21]. Pharmaceutical pollutants are another type of organic pollutant,
which are classified as emerging due to their toxicity and persistency in affecting the ecosystem
and environment, as well as their widespread presence in marine waters and drinking water
[22]. Pharmaceutical pollutants persist typically at low concentrations, and their prolonged
presence in the system can adversely affect the environment, including possessing a similar
potential to act as endocrine disrupters [23-27]. As of today, several traditional methods have
been employed towards the purification of water, such as flocculation [28], precipitation [29],
coagulation [30], adsorption [24], filtration, sedimentation, reverse osmosis [24], chlorination
[31], biological treatment [32], among others. Nevertheless, these purification techniques are
not completely efficient and present a handful of intrinsic shortcomings, including not being
cost-effective, being time-consuming, and producing toxic by-products with heavy sludge [12,
33]. While conventional wastewater treatment plants (WWTPs) can remove the pollutants, they

cannot degrade them since these plants are not designed accordingly [12, 14, 34-37].

Traditional energy resources are constantly depleting due to overconsumption. Subsequently,

renewable and green energy sources must be explored to counter and resolve the energy
1



crisis, including minimizing environmental pollution [38, 39]. Contextually, solar energy is a
viable natural energy source, and the amount of solar energy reaching the surface of the earth
yearly is much higher than human consumption [40, 41]. The conversion of solar energy to
chemical energy via chemical reactions represents a potential way of producing renewable
energy. Inspired by the natural photosynthesis of green plants, which convert solar energy to
chemical energy in the form of carbohydrates or hydrogen, artificial photosynthesis
(photocatalysis) is touted to be a prospective technology for converting solar energy to
chemical energy [42-44]. Ever since Fujishima and Honda [45] discovered water photolysis on
TiO electrodes in 1972, photocatalysis has received tremendous attention and has been
developed rapidly in recent decades due to its promising applications in renewable energy
production [46, 47].

During the last few decades, semiconductor photocatalysis has gained much attention as a
possible solution to overcome the problems of water pollution and energy. Photocatalysis,
which generates green energy, has effectively removed the difficult micropollutants produced
otherwise via conventional techniques. In contrast to the traditional oxidation processes,
photocatalysis demonstrates significant benefits. Photocatalysis is an attractive, eco-friendly,
and promising technique for removing pollutants, as it is economical, non-toxic, safe, and
renewable. In the photocatalytic process, sunlight can be utilized as an energy source. The
selection, design, and modification of the catalyst in artificial photosynthesis have attracted
significant scientific interest worldwide in harvesting this energy. Degradation of pollutants can
completely degrade the stable organic pollutants to CO, and H2O. This process can work
efficiently under ambient conditions without excess oxygen. The photocatalysis process is
cheaper and produces less waste than conventional processes [48]. Production of hydrogen
from water and fuel from CO, reduction is an effective use of photocatalysis for green energy

production.

Electron-hole pairs carry out the initiation process in semiconductor photocatalysis after
bandgap excitation. When a photoactive material is irradiated by a light source with energy
equal to or greater than the bandgap energy of the material, the valence band electrons absorb
that energy and move to the conduction band (CB), leaving a positive hole in the valence band
(VB):

Photocatalyst (e. g.Ti0,) + hv — photocatalyst + ecg + hif (1)

The excited electrons (e;p) and holes (hjz) produced after excitation can recombine, leading
to no reaction, thereby decreasing the overall efficiency of the process. Migration of electrons
and holes to the surface of the semiconductor without recombination is necessary for a reaction
to occur. These can participate in oxidation and reduction reactions with adsorbed species,

such as water, oxygen, and other organic or inorganic species.



For photocatalytic degradation of pollutants, which is an oxidation reaction, valence band holes
are vital as they induce the oxidation degradation reaction of the contaminants. These holes
can directly oxidize the contaminants. However, in most cases, they react with water to form
hydroxyl radicals (*OH), which can completely convert the pollutants into CO2, H-2O, etc. [7-9].
On the other hand, photocatalytic water splitting is a reduction reaction. In this case, reducing
conduction band electrons is more critical, inducing water reduction for hydrogen production.
Different sacrificial agents (methanol, phenol, glycerol, TEOA) are used for water splitting
reactions. The conduction band level must be more negative than the total hydrogen
production level, and EH = -1.23 V Normal Hydrogen Electrode (NHE) redox potential of the

overall reaction for hydrogen production to start [49-52].

A large number of semiconductor photocatalysts has been investigated so far for the
degradation of different pollutants, such as ZnO [53, 54], g-C3sN4[55, 56], WOs3 [57, 58], Fe203
[59], CdSe [60], and SrTiOs [61]. The fundamental aspects of a good photocatalyst are that
they must be: 1) active in the light range, 2) chemically stable, 3) non-toxic, and 4) cheap and
easily available [43]. TiO; is the most widely used catalyst. However, TiO- is active under UV
irradiation due to the high bandgap, which is only 5% of the solar spectrum. Due to this reason,
visible light photocatalysis has attracted researchers to develop novel visible light active
materials, in order to fully harvest the solar spectrum. Various modifications have been carried
out to TiO2 to reduce its bandgap and tune it to become functional in the visible range of light.
Besides TiO., many novel materials absorb photons in the visible light range, for instance, g-
CsNa.

g-C3N4 is a recently reported, attractive, metal-free polymeric semiconductor consisting of
heptazine networks, which has attracted much attention attributing to its wide range of
applications [62]. g-C3N4 possesses excellent thermal and chemical stability, along with
electronic and optical properties. Additionally, it is straightforward to synthesize, which is
beneficial for large-scale synthesis, and it has visible light absorption at around 430 nm with a
suitable bandgap of 2.7 eV [63, 64]. It has recently been used for oxidation and reduction
applications, for instance, CO; reduction, H» reduction, and degradation of organic pollutants
[65-69].

Most photocatalysts are primarily active under UV irradiation (A < 385 or bandgap < 3.0 eV),
which corresponds to only a small portion of the solar light. Particularly, TiO., is one
semiconductor, which is majorly active in the UV range, due to its high bandgap energy of
3.0 - 3.2 eV. This high bandgap prevents the material from using the visible portion of the solar
light. Recently, different techniques have been employed to modify the semiconductor

materials to shift the bandgap in the visible range and make these materials capable of using



the visible light (A= 400-700 nm). These techniques include doping, templating, exfoliation,

sensitization, and composite formation with small bandgap materials [70, 71].

Metal ion doping has been majorly used and studied to enhance photocatalytic activity under
light irradiation. Recently, considerable efforts have been directed towards visible light
photocatalysis by metal-doped materials, as many of these doped materials have shown
absorption in the visible light range. This visible light absorption is due to the excitation of
electrons of metals doped on the semiconductor material to the conduction band. Different
metal/transition metals (platinum, nickel, ruthenium, copper, and iron) and rare earth metals
(lanthanum, cerium, and ytterbium) have been studied as a dopant for visible light
photocatalysis. However, metal ion dopants may also serve as a recombination center,

resulting in decreased photocatalytic activities [72, 73].

Non-metallic doping is also a research area, which has been extensively explored for visible
light active semiconductor materials. Non-metallic elements, namely nitrogen (N), sulfur (S),
and carbon (C), are some elements that have been tested. Doping aims to narrow the bandgap
and bring the photocatalytic activity to the visible light region. Unlike metal ions, non-metallic

dopants replace lattice oxygen, and are less likely to form recombination centers [74, 75].

Besides the elements involved in doping, the impact of the physical structure of the catalyst
has also been studied. The clay minerals are layered materials that were the first to be
artificially exfoliated. Subsequently, this process of exfoliation was applied to various layered
structures. Novoselov and Geim [76] successfully achieved the exfoliation of graphene via
mechanical exfoliation, which facilitated original research focusing on different nanosheet-
based materials. There are several ways of carrying out exfoliation: chemical, ultrasonic, and
thermal [76, 77].

Sensitization involves coupling a small bandgap to a high bandgap material, in order to utilize
the visible light range. In sensitization with organic dyes, dye molecule electrons excited by the
visible light can be injected into the CB of the semiconductor, in order to initiate the catalytic
reactions. In composite photocatalysts, the CB electrons photo-generated from a small
bandgap semiconductor by absorbing visible light, can move into the CB of a large bandgap
semiconductor. In contrast, the photo-generated holes are trapped in a small bandgap

semiconductor [78].

The objective of the current thesis is to study the effects of various physical and chemical
modifications on the structural, optical, surface, and morphological characteristics, as well as
the efficiency of the g-C3sN4 in catalyzing redox reactions, i.e., pollutant degradation (oxidation
reaction), and hydrogen production from water (reduction reaction). In addition, the

photocatalytic reaction using the response surface methodology will be analyzed and studied.

4



Finally, the influence of light source and catalyst synthesis method on the photocatalytic activity

of g-CsN4 will be investigated.

This thesis consists of 7 chapters. The first three chapters are related to the introduction,
theoretical and technological background, and the methodology used to conduct the research.
Chapter 4 documents the results presented as four peer-reviewed published papers, including

a summary of each paper.

1) The first paper reported the efficient degradation of phenol using metal-free bulk and
exfoliated g-CsNg utilizing visible light from a LED and a xenon lamp.

2) The second paper assessed the non-metallic (sulfur, phosphorous, and oxygen) doped
g-CsNs for efficient adsorption and photodegradation of endocrine-disrupting
compounds.

3) The third paper studied the impacts of co-catalysts (Ni, Co, Cu) and the synthesis
method on the photocatalytic activity of exfoliated g-CsN4 for hydrogen production.

4) The fourth paper analyzed and modeled the photocatalytic degradation of phenol with

exfoliated g-CsN4 and LED using the response surface methodology

A thorough discussion and conclusion on the findings of the papers and a comprehensive
analysis of the thesis topic are given in chapters 5 and 6. In chapter 7, the outlook for future

work is presented.



2 Theoretical and technological background

2.1 Photocatalysis

According to the IUPAC (International Union of Pure and Applied Chemistry), catalyst is "a
substance that increases the rate of a reaction without modifying the overall standard Gibbs
energy change in the reaction." The essential characteristic of a catalyst is to modify reaction
rate without being consumed during the process, and hence to be able to be reused in
subsequent reactions. Catalysis is one of the most vital phenomena in nature and chemistry
[79]. The number of exposed surface atoms need to be specified for a valid comparison of the
catalytic activity. Thus a convenient way to express catalytic activity is by employing a turnover
number (TON) equal to the number of reactant molecules converted per minute per catalytic

site for given reaction conditions [80].

According to the IUPAC, photocatalysis is defined as a "change in the rate of a chemical
reaction or its initiation under the action of ultraviolet, visible or infrared radiation in the
presence of a substance—the photocatalyst—that absorbs light and is involved in the chemical
transformation of the reaction partners." The term photocatalyst consists of 'photo’ related to
the light, and 'catalyst' related to the material, which absorbs that light. When light with a high
energy wavelength interacts with a photocatalyst, the light gets absorbed, and electrons move
from the valence- to the conduction band. These electrons can be removed more easily for the
chemical transformation of the reactants, and this transformation is called a photocatalytic
reaction. The process utilizing these photocatalysts is called photocatalysis, also known as
semiconductor photocatalysis, due to the semiconducting nature of the material [81, 82]. The
photocatalyst does not undergo any chemical change during and after the reaction.
Photocatalysis replicates a similar approach to the natural process of photosynthesis (Fig 1).
In this process, the sunlight is absorbed by chlorophyll in plants and produces starch and
oxygen from carbon dioxide and water. The photocatalysis process is also known as artificial
photosynthesis. [83]. 'Photokatalyse' and 'photokatalytisch' appeared probably for the first time
in the textbook 'Photochemie’, published by Plotnikov in 1910 [84].

There can be two categories of photocatalytic reactions based on the reactants and the

reaction phase.

1) Homogeneous photocatalysis in which both reactants and photocatalysts are in the
same phase.
2) Heterogeneous photocatalysis in which reactants and photocatalysts are in different

phases.
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Figure 1: Natural and artificial photosynthesis

The energy band gap is essential in semiconductor photocatalysis, and there are two energy
bands, i.e., the valance band and the conduction band. The valance band is the energy band
that comprises valence electrons present in the outermost shell of an atomic structure. When
provided with sufficient energy, these valence electrons change into free electrons and move
to the conduction band, harnessing conductivity. A conduction band is an energy band that
consists of free electrons responsible for the conduction of electrons. The electrons moving
out from the valence band leave behind the holes in the valence band. The energy difference
between the conduction- and the valence band is known as the bandgap (Eg). Depending on

the bandgap, the materials are classified into three basic categories (see Figure 2):

e metal or conductor: bandgap < 1 eV
e semiconductor: bandgap between 1 and 3.5 eV

e insulator: bandgap > 5.0 eV

Electrons

Energy
Energy

Insulator Semiconductor Conductor

Figure 2: Bandgaps of different types of materials

2.2 Working principle and mechanism of photocatalysis
The main working principle governing photocatalysis, as shown in Figure 3 [85], is usually

described via the following five-step [86] process:



transfer of the reactant to the surface of the photocatalyst.
adsorption of the reactant on the surface.
photonic activation and decomposition of adsorbed molecules.

reaction desorption of products.

ok wDd =

removal of reaction products from the surface of the photocatalyst.

When a semiconductor material is irradiated with an equal or a higher energy light relative to
its bandgap, absorption of photons by photocatalyst from light generates electron-hole pairs.
Due to the absorption of photon energy by electrons, the electrons move from the valance- to
the conduction band, generating holes in the valance band [87]. These electrons and holes
carry out the oxidation and reduction reactions of the molecules adsorbed on the surface of
the catalyst. One of the significant drawbacks of the photocatalytic process is the surface and
volume recombination of the electron and holes, reducing the reaction rate, releasing the
energy, and as a result, decreasing the overall efficiency of the process [88]. These electron-
hole pairs may recombine, and the electrons (ezz) and holes (h;z), which do not recombine,
may participate in oxidation and reduction reactions with the pollutants [83, 89-92]. The
photocatalysis mechanism is a complex phenomenon, and the steps involved are explained

here and summarized below in equations (1-4):

Step | Light absorption Photocatalyst + h& — Photocatalyst + (ecg + hifg)(1)
Step I Recombination ecg + hig = hv + heat (2)
Step Il (a) Reduction Pollutnat + ecg — Pollutant™ (3)
Step llI (b) Oxidation Pollutant + h}g — Pollutant* 4)

The reduction potential of electrons in the conduction band, and the oxidation potential of holes
in the valence band, are the limiting factors. The bandgap energy of semiconductor materials,

and the charge transfer rate, are the critical parameters for photocatalysis [93, 94].

Figure 3: Photoexcitation, de-excitation, and surface recombination on the surface of the catalyst: a

representative schematic of the process [85]



2.3 Applications of photocatalysis

Several applications, for instance, the production of hydrogen (H:), carbon dioxide (CO,)
reduction, degradation of organic waste, and production of benzaldehyde, were investigated
[50, 95, 96]. These applications can be categorized into either oxidation (pollutant degradation)
reactions, or reduction (CO- reduction and water splitting) reactions [50, 96]. Photoreduction
can also be used to reduce metal doping on the surface of the support materials, i.e., platinum,
nickel, and copper [97]. Since the key focus of this thesis concerns the reduction and oxidation

applications, the photocatalytic mechanisms of these two are described here.
2.3.1 Oxidation pollutant degradation

Persistent organic pollutants can be degraded and removed even at very low concentrations,
assisted via semiconductor photocatalysis [48, 83, 98]. As discussed earlier, the holes
produced in the valence band embody the active species in oxidation reactions. These holes
also possess strong oxidation properties, or they react with H>O to produce hydroxyl radicals
(‘OH), which are also potent oxidants with an oxidation potential of 2.8 eV (NHE). The
generated hydroxyl radicals may attack the adsorbed pollutants either at the surface or in the
solution, leading to the synthesis of CO, and H»O via the degradation of the pollutants. The
mechanism of oxidation reactions is extensively discussed in the literature [48, 98, 99] and is

only briefly explained here.

Photocatalyst + hv - Photocatalyst + (ecg + hifp) (1)
hfy + H,0 > "OH + H* (5)
0y +ecp > 03” (6)
05+ H* > HO; (7)
HO5 + HO; - H,0,+ 0, (8)
0;"+HO; - 0,+ HO; 9)
HO; + H* - H,0, (10)
H,0, + hv - 2°0H (11)
H,0,+ 0, - *OH+OH™ + 0, (12)
H,0, + ez —» "OH + OH™ (13)
Organic pollutant + "OH — degradation products (14)
Organic pollutant + SC (hfz) - degradation products (15)
Organic pollutant + SC (ecg) — degradation products (16)



Eq. 1 represents the absorption of light by photocatalyst, and the generation of electrons and
holes. Egs. 5 and 6 represent the reactive oxygen species (ROS) generation using electrons
and holes, and Egs. 14, 15, and 16 represent the reaction using these electrons and holes.

Several oxidants (*OH, H,0,) can be responsible for the mineralization of the pollutant.
2.3.2 Hydrogen (H2) evolution reduction reaction

The fuel generation from water and CO., using solar light and artificial photosynthesis, is one
of the promising ways of producing Hz, syngas, and hydrocarbons, as sustainable energy and
chemical feedstock [100]. Hydrogen is one of the essential alternative energy sources to fossil
fuels. The dissociation of the water molecule to yield hydrogen and oxygen occurs according

to the equation [101]:

H,0 (1) - Hy(g) + 0,(9) (17)

This reaction has gained a lot of interest, since it can provide clean H, from a cost-effective
and environmentally abundant raw material, which is water. The major problem is that water is
very stable and would require a 2500 K temperature to dissociate at atmospheric pressure.
The photochemical dissociation provides a feasible alternative, as photons can provide energy
to react. However, the photocatalyst only reduces the energy barrier and allows the water
dissociation reaction to occur [101]. For an actual photocatalytic water splitting, the conduction
band energy must be negative enough compared to NHE, in order to generate photoexcited

electrons that can reduce water [102, 103].

2H,0 = 2H, + 0, (18)
H,0 — H* + OH™ (19)
2H,0 +2e~ - H, + 20H™ (20)
2H,0 - 0, + 4H™ + 4e~ (21)

Redox potential (also known as oxidation/reduction potential) is a measure of the tendency of
a chemical species to acquire electrons (Eq. 20) from or lose electrons (Eq. 21) to an electrode,
and thereby be reduced or oxidized, respectively. The redox potential for the overall reaction
atpH=7is Ex =-1.23 V (NHE) with an overall AG® = 237 kJ/mol. Most of the catalysts display
poor activity for hydrogen production under visible light, due to low redox potential, high
recombination rate, and absence of charge separation. Although, with the addition of a co-
catalyst and a hole scavenger, the electrons and holes should be rapidly captured by the co-
catalysts for efficient separation and transfer of photo-generated charges, and participation in
the reduction reactions on the surface, which is critically important for photocatalytic water
splitting [104].
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2.4 Photocatalysts and their properties
An efficient photocatalyst must possess several common features for any catalyst, such as
high surface area and low recombination rate. In addition, a photocatalyst should combine the

properties of the semiconductor with other desirable properties, as listed in Table 1.

Table 1: Desirable properties of a photocatalyst [105].

Desired property Benefits of the property

High surface area Small particle size can help achieve high surface area, which can

result in high adsorption of pollutants

Single site structure | Crystallinity helps toward the single sites and enhances

homogeneity

Light absorption Bandgap engineering increases the light absorption and results in
higher efficiency

Efficient charge Low recombination is the result of the efficient charge separation

separation and directs the reaction in a specific direction

Long lifetime of The addition of co-catalysts increases the lifetime of the charges

charge separation and, as a result, the possibility of chemical reactions

Selectivity towards a | Adequate co-catalysts can increase the selectivity of the reaction

single product and enhance the efficiency of the chemical process

2.5 Graphitic carbon nitride

g-C3N4 is a recently reported, promising, metal-free polymeric semiconductor, consisting of
heptazine networks. It has attracted much attention due to its wide range of applications, as
well as optical and surface properties [62]. g-C3N4 is generally synthesized using nitrogen-rich
precursors, such as melamine, urea, thiourea, or cyanamide, via thermal decomposition,
forming two-dimensional tri-s-triazine sheets [106]. There are numerous additional
semiconductor materials reported in the literature, such as, titanium dioxide (TiO2) [96] and
zinc oxide (ZnO) [107], which are photoactive, and possess favorable characteristics for
carrying out the reaction. These semiconductor materials also suffer from certain limitations,
for instance, a high recombination rate and bandgap. The high bandgap (3.3-3.5 eV) materials
can absorb the UV portion of the sunlight, representing only 5% of the whole spectrum. The
high recombination rate of electrons and holes leads to the lower efficiency of the process
[108-111]. A bandgap comparison, corresponding to different semiconductor materials, is
shown in Figure 4. The materials with a bandgap exceeding 3 eV are generally active in the
UV range, while those with a bandgap below 2.6 eV can be activated by visible light. g-CsNa

possesses a bandgap in the range of 2.4-2.7 eV, making it photoactive in the visible range. g-
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CsN4 demonstrates noteworthy thermal and chemical stability, along with electronic and optical
properties. It is also straightforward to synthesize, which is beneficial for a large-scale
synthesis, and absorbs light in the visible range at around 430 nm, with a suitable bandgap of
2.7 eV [63, 64]. It has recently been used for oxidation and reduction applications, for instance,

CO; reduction, H; reduction, and degradation of organic pollutants [65-69].

E(vacuum) vs NHE (pH=1)
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Figure 4: Bandgap energy of different semiconductors [83]

Bulk materials are 3D materials that differ from modified nanomaterials based on several
features, such as porosity, surface area, morphology, and optical properties. While the surface
area influences the adsorption capacity, the quantum confinement effects influence the
electrical and optical properties of the materials [112]. The modifications in bulk materials
enhance the properties of the material, and can enhance charge transfer, light absorption, and
material adsorption, resulting in a better efficiency of the photocatalytic process.
Nanostructured g-CsN4, i.e., nanoparticles, nanotubes, and nanosheets, have recently
attracted much attention [113-115]. In its current state-of-the-art, the reported g-CsN. in
literature is divided into the following categories, based on its geometric dimension: O-
dimensional g-CsNs (g-CsNs quantum dots); 1-dimensional g-CsNs (g-CsNs tubes); 2-
dimensional g-CsNs4 (g-CsNs nanosheets); and 3-dimensional g-CsNs4 (nanoporous g-CsNs
microspheres) [116].

The dimensions of carbon materials bear a crucial impact on the photoelectric properties of
the material [117-119]. The basic properties of different dimensional materials are shown in

Table 2, and the morphology is displayed in Figure 5.
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Table 2: Basic properties of different carbon materials based on varied dimensions

Dimension Representative material Basic property
oD Fullerene, carbon quantum Nonlinear optical property, low
dots density
1D Carbon nanotube (CNT), Good conductivity, hydrogen
carbon nanowires storage capacity, diathermancy
High specific surface area,
2D Graphene, graphdiyne _ o _
electronic transmission capacity
3D Carbon sphere, carbon shell, High specific surface area,
porous carbon designability, multihole

0-dimensional materials, like quantum dots, are of great interest in photocatalysis. A thermal
etching process is used for synthesizing the g-CsN4 quantum dots. The 0-D quantum dots are
synthesized using the hydrothermal treatment of 1D g-CsN4. These quantum dots are stable
under ambient conditions and are photoactive even in a long-wavelength light (705-862 nm)
[120-122]. The 1D functional nanocarbon materials, used for modification of g-C3sN4, are mainly
carbon nanotubes (CNTs) with different nanofibers (CNFs) [123]. Recently, there has been a
lot of interest in 1D nanostructures due to their morphology and characteristics [124-126]. The
1D nanorods exhibit high surface area and excellent optical properties. Nanorods are produced
from 2D materials by rolling up nanosheets due to exfoliation and regrowth. A large-scale
synthesis of g-CsN4 nanorods, using thermolysis of molecular precursors under heat treatment,
was demonstrated by Zhihong and co-workers [127]. 2D materials are sheet-like, and
showcase superior surface, morphological, and optical properties. These materials typically
possess a high surface area, decent crystallinity, excellent light absorption, and improved
charge separation. 2D g-CsN4 nanosheets were synthesized by Ping and co-workers using a
direct thermal-oxidative "etching" of bulk g-CsN4 under air [128]. In this cost-effective, rapid,
and scalable synthesis method, the hydrogen bonds in the structure were removed by thermal
treatment, and the thickness of the bulk g-CsNs was reduced. Besides thermal exfoliation,
certain additional strategies have been employed to synthesize the 2D g-CsN4 nanosheets,
using liquid exfoliation with water, methanol, or isopropanol as solvents [129, 130]. 3D
nanomaterials provide the opportunity to design novel and efficient photocatalyst systems. For
instance, hierarchical 3D nanoporous g-CsNs was synthesized using a solvothermal method
without any template [131, 132]. In this work, 2D and 3D g-CsN4 were synthesized and used

for different applications.
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Figure 5: Schematic of heterogeneous nanostructures based on 0D (a), 1D (b), 2D (c) and 3D (d)

structure [133]
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3 Methodology

This chapter briefly presents the synthesis procedures of bulk and modified g-CsNg,
characterizations, and analytical methodologies. The key characterization techniques used to
study the properties of the synthesized material, and instruments used for these
characterizations, are discussed below. The application methodologies were already

discussed in the papers.

3.1 g-CsNs synthesis methods
g-CsN4 used in this work was synthesized using different synthesis methods. These synthesis
methods are explained in detail in the respective papers and briefly summarized in Table 3

below.

Table 3: Synthesis procedure for bulk, exfoliated and modified g-C3N4

Material Precursor Temperature

Bulk g-CsN4 Melamine 450 °C and 550 °C
Exfoliated g-C3N4 Bulk g-C3N4 500 °C

Metal loaded g-C3N4 Metal salt and exfoliated g-CsN4 | 80 °C

Non-metal doped g-CsN4 | Acid-functionalized melamine 450 °C and 550 °C

g-C3N4 composite Exfoliated g-C3N4 and TiO» Room temperature

3.2 Characterization methods

The morphological, structural, chemical, optical, and surface properties of the catalyst
synthesized in this work are summarized in Figure 6. Morphology was studied using scanning
(SEM) and transmission (TEM) electron microscopy. XPS, XRD, and FTIR were used for
studying chemical and structural properties. Ultraviolet-visible spectroscopy (UV-Vis) and PL
were used for characterizing the optical properties. Surface properties were studied using BET

and zeta potential techniques.
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Figure 6: Different characterization techniques for photocatalysts

3.2.1 Powder X-ray diffraction (PXRD)

The PXRD technique identifies the crystalline structures of the material. X-ray radiations are
used to generate a diffraction pattern interpreted in the angular position 28 and the intensity of
the diffracted X-rays to determine the inter-lattice spacing d. In this work, the PXRD
measurements were performed to confirm the crystalline structures of bulk g-CsN4, exfoliated
g-C3N4, and doped g-C3N4 using the PXRD instrument (Cu Ka radiation, 1.54 A at 40 kV, 40
mA). Mostly, the PXRD patterns were recorded in the 26 range from 10° to 90°.

3.2.2 N2 physisorption measurements (BET)

The BET method determines the physical adsorption of gas molecules on the surface of the
material, to measure the specific surface area. The analysis is performed by the physisorption
of N2 gas at the boiling point (77K). The BET isotherms represent the number of N> gas
molecules adsorbed and desorbed on the material surface within a relative pressure range of
0 to 1. This work measured surface properties, such as specific surface area, micro/mesopore
volumes, and pore size distribution (PSD) of g-C3N4 and its derivatives. The measurements
were carried out on an autosorb ®Q-MP/XR (Nova 4200e), Quantachrome instrument
(Germany) apparatus equipped with a micropore port (1 x 107° bar) via the conventional
volumetric technique. Before the surface area analysis, the samples were degassed at 120 °C

for 3 hours under a vacuum.
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3.2.3 Fourier-transform infrared spectroscopy (FTIR)

The FTIR spectroscopy identifies functional groups in solid, liquid, or gaseous materials. The
incident radiations are transmitted and absorbed through the material. The
absorbed/transmitted energies of IR are interpreted by the Fourier transform function and
displayed in a spectrum. The peaks in a spectrum represent the IR active vibrational modes
(fingerprints) such as stretching, bending, twisting, or oscillating chemical bonds [134]. In this
work, the FTIR spectra of the g-CsN4 and its derivatives were recorded in the range of 4000-
400 cm™ on a Spectrum Two FT-IR Spectrometer (PerkinElmer, Switzerland) with a universal

ATR (UATR Two) cell equipped with a ZnSe single crystal.

3.2.4 X-Ray photoelectron spectroscopy (XPS)

XPS is a spectroscopic technique that determines chemical states, elemental composition,
overall electronic structure, and density of the electronic states of the materials. Typically, the
sample is irradiated with an x-ray under ultra-high vacuum conditions, to gather information
about the atomic concentrations, chemical states, and electronic configuration of the element.
Elements show peaks at specific binding energies, representing the electronic configuration,
such as, 1s, 2s, 2p, 2s, and 3d [135, 136]. In this work, the surface chemical analyses of g-
CsN4 and its derivatives were obtained by Thermo Scientific (Waltham, MA, USA) K Alpha and
X-ray Photoelectron Spectrometer. All samples were analyzed using a micro-focused,
monochromated Al K a X-ray source (1486.68 eV: 400 um spot size). The analyzer had a pass

energy of 200 eV (survey) and 50 eV (high-resolution spectra), respectively.

3.2.5 UV-visible spectroscopy (UV-Vis)

UV spectroscopy or UV-visible spectrophotometry refers to absorption or reflectance
spectroscopy in part of the ultraviolet and the full, adjacent visible regions of the
electromagnetic spectrum. Generally, it is used to calculate the energy bandgap of the material
between the valence band (the highest occupied molecular orbital, HOMO) and the conduction
band (the lowest unoccupied molecular orbital, LUMO). The UV-Vis spectrophotometer
measures the intensity of incident light before and after passing through the sample, and the
difference in energy is used to calculate the energy bandgap. The UV-Vis spectra are plotted
as the intensity of the absorbed light as a function of the light wavelength. This work recorded
the UV-Vis absorption spectra of g-CsN4 and its derivatives using a UV-3600 Plus (Shimadzu,
Kyoto, Japan) spectrometer. A medium scan speed, using a 20-slit width with three external
detectors in the 200—800 nm range, was used, and Tauc plots calculated the energy bandgaps.
3.2.6 Transmission electron microscopy (TEM) and Energy dispersive X-ray

spectroscopy (EDX)
TEM uses electrons transmitted through the sample to create an image of the sample.

Electrostatic and electromagnetic lenses are used to control the trajectory of the generated
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electrons. The incident beams passing through the sample produce the electrons, which
generate the image of the material. TEM can study the growth of layers, composition, and
defects in semiconductors. High-resolution TEM can analyze quantum wells, wires, and
quality, shape, size, and density of the dots. The EDX is studied to quantify and identify the
elements present in the material [137, 138]. In this work, high-resolution TEM images were
recorded using JEM 1400 plus (JEOL, Akishima, Japan) microscope (LaB6 filament) using
Quantifoil S7/2 (2 nm carbon film) grids and a CCD camera (Ruby) at 120 kV.

3.2.7 Scanning electron microscopy (SEM)

SEM is used to investigate the morphology and surface topography of the materials. An
electron beam is generated from an electron gun, accelerating between the cathode and the
anode, by applying a certain voltage. The condenser and the objective lens are used to de-
magnify the electron beam, thereby generating a sharp image. SEM can provide morphological
information, such as shape, size, and surface texture of the sample. This work recorded SEM
images using an SEM-type microscope operated at an acceleration voltage of 10 kV, and a
probe current of 15 Pa [139, 140].

3.3 Analytical methods
3.3.1 High-performance liquid chromatography (HPLC)

The concentrations of phenol and hormones (173-estradiol and 17a-ethinylestradiol) were
analyzed using a Prominence 3.4.1 High-performance liquid chromatography (HPLC)
system, (Shimadzu, Japan) comprising a binary pump (LC-20AB), a SIL-20A autosampler, a
DGU-20A3 degasser, and an SPD-M20A diode-array detector. The analysis was conducted
with a Phenomenex (C18, 150 mm x 4.6 mm, 3 ym) column at a fixed flow rate of 0.8 mL/min,
using water (A) and acetonitrile (B) as a mobile phase. Phenol and xylenol were analyzed at a
wavelength of 270 nm, catechol at 277 nm, and m-cresol at 273 nm. 1783-estradiol and 17a-
ethinylestradiol were analyzed at a wavelength of 205 nm. The intermediates of the hormone
degradation were identified using LC-MS. The following MS conditions were used: dual ion
source (DUIS), m/z range 50-500, negative ionization mode, nebulizing gas flow 2 L min™,

drying gas flow 15 L min™', DL temperature 300 °C, heat block temperature 500 °C.

3.4 Mathematical methods

3.4.1 Response surface methodology

The mathematical technique used in this work is the RSM, an optimization technique
commonly used for experimental design data and an efficient system analysis [141-143]. It
uses mathematics and statistics to study and analyze the influence of the experimental
parameters (independent) on the response of the system (dependent). It helps predict the
effects of individual experimental operating parameters and their interactions on a response

variable. Design of experiment (DoE) uses a systematic technique to vary all parameters
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simultaneously, and RSM evaluates the influence of these parameters [144, 145]. DoE uses a
systematic approach for the experimental design, which mostly requires fewer experiments,
thus reducing the time required to analyze the system, in addition to being more economical.
For designing experiments, CCD [146] and BBD [142, 143] are most commonly used. Since
BBD requires fewer experiments than CCD [146], it was selected as a preferred design

approach [56].
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4 Results

This section contains the outcomes of four investigations published within the framework of
this thesis and reprinted with permission from respective journals. In Paper | (Section 4.1), the
exfoliated g-CsN4 was synthesized and tested for photocatalytic degradation of phenol in
aqueous solutions using two lamps. In Paper Il (Section 4.2), non-metallic (O, S, and P)
functionalization of melamine was performed to synthesize doped g-CsN.s and tested for
adsorption and photocatalytic degradation of hormones. Paper Ill (Section 4.3) compares
different methods for synthesizing non-noble metal-based g-CsN4 for photocatalytic water
splitting. Finally, in Paper IV (Section 4.4), the Response surface methodology (RSM),
involving a Box—Benkhen design (BBD), was employed to analyze the photocatalytic

degradation of phenol using exfoliated g-CsN4 and LED (wavelength = 430 nm).
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Summary:

Polluted water is grossly harmful towards humans and the ecosystem, with phenol being the
major pollutant from pharmaceutical, textile, pesticide, and petrochemical industries. Several
conventional technologies, commonly used to remove phenolic pollutants, practically are not
able to remove these pollutants completely. The small pollutant molecules are difficult to
remove, and waste is produced during the utilization of these conventional technologies.
Photocatalysis provides the opportunity to completely degrade the pollutant to smaller, but not
harmful molecules. Conventional photocatalysts (TiO2, ZnO) are only active in the UV range,
so g-CsN4, which is active in the visible range, was chosen for this study. A xenon lamp and
LED lamp provide the opportunity to irradiate the visible light in a full spectrum of wavelength,
and at a specific single wavelength, respectively. The aim of Paper | was to study the
photocatalytic advanced oxidation process using metal-free graphitic carbon nitride, under the
influence of a single wavelength visible light LED lamp, in order to remove phenol. Individual
lamps were previously used for photocatalytic degradation. However, this work was the first to
conduct a comparative study between a LED- and a xenon lamp. This work studied the effects
of exfoliation on the property, structure, and catalytic activity of g-CsN.. In addition, it assessed
the influence of different operating parameters on the photocatalytic performance of the
catalysts, including evaluating their re-usability. The exfoliated metal-free g-CsN4 was tested

for other phenolic compounds as well.

This paper synthesized the bulk and exfoliated g-CsNs using melamine via the thermal
decomposition method, and the TiO2 and g-CsN4+ composites. A comparative (two lamps) and
parametric (catalyst concentration, pollutant concentration, pH, and oxygen concentration)
study was conducted. Bulk g-CsNs was exfoliated thermally, which helped to improve the
material's surface area from 11 to 170 m?/g, aggregated 3D morphology to nanosheets, and
photocatalytic activity. A glass jacked reactor with a working capacity of 225 ml, with the
immersion lamp of 1 cm away from the reaction medium, was used for experimentation. The
experiments showed that the exfoliated material performed better than the bulk material under
the LED light. Exfoliated g-C3sN4 degraded the phenol (20 ppm) entirely, while bulk g-C3sN4
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degraded only 40% of the pollutant in 90 mins. The effects of catalyst and pollutant
concentrations were studied, showing that an increased catalyst amount increases the
efficiency, while showing a contrasting relationship with an increased pollutant quantity. Acidic
pH favored the reaction due to the positive charge on the surface, as the positive surface
attracted the negatively charged molecules. Finally, the effect of oxygen on the degradation
efficiency was studied. In the presence and absence of external oxygen, the efficiency was
100% and 40% for 20 ppm phenol, respectively. Oxygen plays a vital role in trapping the
photoinduced electron produced by the photo-activation of catalysts. Reutilization tests
confirmed that the catalyst is stable and can be used for at least 3 cycles. The catalyst was
also tested for other phenolic compounds (catechol, m-cresol, and xylenol), which proved

equally effective for their removal.

This work concluded that the exfoliated g-CsN4 effectively degrades the phenolic compound in
water using a single wavelength (430 nm) LED lamp. Exfoliation improves the surface area

and activity, eventually producing an excellent performance to degrade these pollutants.
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Abstract: The photocatalytic performance of metal-free graphitic carbon nitride (g-C3Ny) was exam-
ined using visible light-emitting diodes (LEDs). A comparative and parametric study was conducted
using the photocatalytic degradation of phenol as a model reaction. The g-C3Ny photocatalyst
was synthesized from melamine using thermal condensation, followed by a thermal exfoliation
that increases the catalyst surface area from 11 to 170 m? /g. Different characterization techniques,
namely X-ray powder diffraction, X-ray photoelectron spectroscopy, nitrogen adsorption using the
Brunauer-Emmett-Teller method, ultraviolet-visible (UV-vis) spectroscopy, transmission electron
microscopy, photoluminescence spectroscopy (PL), and zeta potential analysis, were used to char-
acterize the photocatalyst. A comparison of the photodegradation experiments conducted with a
full-spectrum xenon lamp and a custom-made single-wavelength LED immersion lamp showed that
the photocatalyst performance was better with the LED immersion lamp. Furthermore, a comparison
of the performance of exfoliated and bulk g-C3Ny revealed that exfoliated g-C3Ny completely de-
graded the pollutant in 90 min, whereas only 25% was degraded with bulk g-C3Nj in 180 min because
the exfoliated g-C3Ny4 enhances the availability of active sites, which promotes the degradation of
phenol. Experiments conducted at different pH have shown that acidic pH favors the degradation
process. The exfoliated g-C3Ny has shown high photocatalytic performance in the photodegradation
of other phenolic compounds, such as catechol, m-cresol, and xylenol, as well.

Keywords: g-C3Ny; photocatalysis; LEDs; wastewater treatment; phenol

1. Introduction

Phenol and its chemical derivatives are widely used in pharmaceutical, textile, pes-
ticide, and petrochemical industries; therefore, they are characteristic pollutants in the
effluent from these industries. Polluted water is harmful to human health and the ecosys-
tem [1,2]. In this context, several efforts have been made to completely remove phenolic
contaminants from wastewater using conventional methods, including adsorption [3,4],
distillation [5], biological treatments [6], and chemical oxidation [7]; however, these tech-
niques have their demerits. Heterogeneous photocatalysis has proven to be an effective
and feasible method for removing organic contaminants, producing CO, and mineral salts
as byproducts [8]. Many research efforts have been devoted to the development of ad-
vanced oxidation processes (AOPs) using ultraviolet (UV) and visible light [9]. Sunlight has
limitless energy, which can be used for the activation of photocatalysts; however, it has
a wide wavelength range. In this regard, visible light-emitting diodes (LEDs) offer the
selectivity and flexibility of a specific wavelength, the possibility of designing the reactor,
and cost-efficiency for achieving controlled irradiation [10,11].
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Many semiconductor materials reported in the literature, for example, titanium diox-
ide (TiOy) [12] and zinc oxide (ZnO) [13], are promising because of their availability,
nontoxicity, and photostability. However, there are numerous drawbacks associated with
these materials, such as (i) a high bandgap energy (3.3-3.5 eV), which limits their uti-
lization to only the UV region of sunlight, i.e., 4% of the solar energy, and (ii) a high
rate of recombination of electrons and holes, which is detrimental to the efficiency of the
material [14-17].

Graphitic carbon nitride (g-C3Ny) is a recently reported polymeric semiconductor
consisting of heptazine networks, which has attracted much attention because of its wide
range of photocatalytic applications [11]. It exhibits chemical and thermal stability along
with promising optical and electronic semiconductor properties. The additional advantages
of g-C3Ny are its easy synthesis and suitable band gap (2.7 eV) [18,19] for the efficient
use of solar light approximately 430 nm with sufficient energy to conduct oxidation and
reduction applications, for example, Hy production, CO, reduction, and degradation of
organic pollutants [20-24].

Generally, g-C3Ny can be synthesized via thermal decomposition of nitrogen-rich
precursors, such as melamine, urea, thiourea, cyanamide, or dicyanamide, which results in
the formation of two-dimensional tri-s-triazine sheets [25]. The main bottleneck limiting
the practical application of pristine g-C3Ny is the fast electron-hole recombination in the
excited state, which results in a limited activity because of a low surface area [15]. In the
design of photocatalysts, different strategies have been used to improve the surface area,
such as templating, doping, or exfoliation [26]. Among these strategies, thermal exfoliation
has attracted particular attention as a fast, easy, and efficient method to produce thin-
layered g-C3Ny of high quality. During the heating process of this procedure, oxygen-
containing functional groups of g-C3N4 decompose and generate large amounts of gas,
creating sufficient pressure to overcome van der Waals interactions and further expand the
layers to form porous frameworks [10]. More importantly, thermal exfoliation has been
demonstrated as a convenient way to enhance the surface area, to introduce pores, and to
tune the texture of the material [26].

In photocatalytic contaminant degradation, very reactive species are formed during
irradiation that decomposes the contaminant, in the ideal case to CO, and water. The basic
principle of conventional AOP involves the production of hydroxyl radicals (HOe) as reac-
tive molecules, which can be generated from hydrogen peroxide (H,O,). Meanwhile, as a
difference to conventional AOPs, the proposed mechanism of the photocatalytic degradation
of organic pollutants using metal-free g-C3Nj, suggests the in situ production of reactive
oxygen species via oxygen reduction so that no further auxiliaries are required [10,27].

The main objective of the present study was to carry out a comparative study between
an LED and a xenon immersion lamp using exfoliated g-C3Njy. Although LEDs have found
their way into photocatalysis for water splitting [28] or contaminant degradation [10],
comparative reports between light sources are rare. This is, to the best of our knowledge,
the first comparative report of its kind for exfoliated g-C3Ny4 using two different lamps.
Using exfoliated g-C3Ny, an LED immersion lamp, and phenol as a model pollutant,
the effect of process parameters, such as pH, catalyst concentration, pollutant concentration,
air flow, and exfoliation on the performance of the catalyst, was evaluated. The study
was extended to the photodegradation of other phenolic compounds, including m-cresol,
catechol, and xylenol.

2. Results and Discussion
2.1. Photocatalyst Characterization

The morphology of bulk and exfoliated g-C3Ny was analyzed by TEM. Figure 1 presents
the selected micrographs. The structure of bulk g-C3Ny shows continuous and closed
stacks with irregular aggregates. After the exfoliation, the material transformed into a thin
nanosheet. The layer thickness was reduced, and the large layer split into a small nanosheet
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(a)

because of exfoliation [15,29]. It can be inferred from these results that the exfoliation enabled
the formation of porous nanosheets with increased specific surface area in g-C3Ny [30].

— 200 nm (b)

Figure 1. Transmission electron microscopy images of bulk (a) and exfoliated (b) graphitic carbon nitride (g-C3Ny).

Specific surface areas were measured to reveal any change in the structural features
of carbon nitride before and after the exfoliation. The surface area of exfoliated g-C3Njy
was significantly higher than that of bulk g-C3Ny (170 and 11 m? /g, respectively), and the
pore size distribution was also increased for the former, according to the TEM results.
Hydrogen bonding and van der Waals forces were the main interactions contributing to
the stacking between g-C3Ny layers, and their removal caused the exfoliation into thinner
layers. This process led to an increase in the surface area of the material.

Figure 2 shows the N; adsorption-desorption isotherms and BJH pore size distri-
butions of bulk and exfoliated g-C3N4. Both samples show a hysteresis loop of type
IV, suggesting the existence of a large number of pores. These characteristic curves for
mesoporous materials stem from the difference in the curvatures of the meniscus during
adsorption and desorption with a capillary condensation. The pore size distribution curves
of both materials show a maximum at a radius of 1.9 nm, which means that the materials
were mesoporous [31,32].
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Figure 2. N, adsorption-desorption isotherms of bulk and exfoliated g-C3Njy. The inset shows the
corresponding Barrett-Joyner—Halenda pore size distribution curves of the samples.

To study the optical properties, bulk and exfoliated g-C3N4 were characterized using
UV-vis and PL spectroscopy. Figure 3a presents the PL spectra of bulk and exfoliated
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g-C3Ny. For the bulk g-C3Ny catalyst, a strong PL emission band is observed at 458 nm,
resulting from the direct interband electron-hole recombination. A second weaker emission
band observed at approximately 525 nm can be attributed to the radiative recombination
of charge carriers captured by traps (structural defects) [15,33]. The spectrum of exfoliated
g-C3Ny shows a blue shift, an increase in intensity, and a strong PL emission band at
436 nm. The blue shift of both bandgap and PL spectrum is most likely due to the quantum
confinement effect, with the conduction and valence band shifting in opposite directions.
Another possible reason is the reduction in conjugation length caused by the ultrathin
structure of exfoliated g-C3Ny [34-36].
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Figure 3. Photoluminescence spectra (a) Ultraviolet-visible absorption spectra (b) of bulk and exfoliated g-C3Ny; the inset

of (b) shows the Tauc plots.

Figure 3b shows the UV-vis absorption spectra and their respective Tauc plots (inset)
of both materials. The absorption edges of exfoliated and bulk g-C3N, were estimated
at 440 and 460 nm, respectively, indicating visible light response and a blue shift in the
absorption edge from bulk to exfoliated g-C3Ny. The general tauc plot equation used for
band gap calculation is as follows:

(ahv)" = A(hv — Eg) (1)

Here, « is the absorption coefficient, iv is the incident photon energy, A is the constant,
Eg is the band and n is the nature of transition. A standard value of n equal to 1/2 is
preferable for graphitic g-C3Ny, which is ideal for an indirect bandgap semiconductor.
In Tauc plot method, hv is plotted on x-axis against (#hv) n on y-axis. Then, by extrapolating
the linear part of the curve to a point where it intersects the x-axis is the optical band gap
energy of the material. A slight increase in the bandgap of bulk g-C3Ny from 2.58 to
2.68 eV was observed after the exfoliation [31,37], which can be attributed to the quantum
confinement effect [34,36].

The chemical state and composition of bulk and exfoliated g-C3N4 were analyzed by
XPS, and the spectra corresponding to N1s and C1s are presented in Figure 4. The Cls
spectra (Figure 4 a,b) of the samples show two strong peaks at 287.8 and 284.7 eV and two
weak peaks at 286.2 and 293.5 eV. The weak peak at 293.5 eV corresponds to the 7 electron
delocalization in C3Ny4 heterocycles, and that at 286.2 eV is attributable to amino functional
groups (C-NH;) bonded to the surface of g-C3N4. Meanwhile, the two strong peaks can be
attributed to standard carbon bonds (C-C) and sp?-hybridized carbon (N-C=N) in triazine
rings [26,38,39]. As can be seen in Figure 4 (c,d), the N1s spectra of the samples show
several peaks. The strong peak at 397.8 eV corresponds to sp? nitrogen bonded to carbon
(C-N-C) of triazine rings. The peaks of medium intensity at 399.1 and 400.1 eV can be
attributed to the presence of tertiary N in N—(C)3 units and amino functional groups (NH;
or NH). The weak peak observed at 403.5 eV can be assigned to positive charge localization
in the cyano group and heterocycles and/or NO, terminal groups [15,40—42]. As shown
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in Figure 4, the binding energy of Cls and N1s core electrons does not shift significantly,
which suggests that the chemical states of both carbon and nitrogen in the exfoliated are
the same as in the bulk g-C3Ny [43].
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L (288.2 (287.8)
@ _t®
=r =
Sl S
oy Z
=1 =
z £
) ot
-~ ~—
= 3 c4 £ c1 c o
r c1 (286.2)  (284.6) (293.5) (286.2) ;
(292.9) r
——— i SrooooatT S anlasissias PO P
296 292 288 284 296 292 288 284
Binding Energy (eV) Binding Energy (eV)
| Bulk g-C;N, N4 Nis | Exfoliated g-C,N, N4 A Nis
(397.8\ { |
| | @ \|
E = i
gl 2 2
z =f |
= - 4
gl 2 o
2 af o i
= E N3 I E
— | o N2 (399.1)'.": l.
NI @00y Y \
(403.5) NN \
) A
=i R, Wi LS h
408 404 400 396 392 408 404 400 396 392
Binding Energy (eV) Binding Energy (eV)

Figure 4. X-ray photoelectron spectra of bulk (a,c) and exfoliated (b,d) g-C3Ny4 (Cls and N1s).

The catalysts were then subjected to XRD analysis to examine the phase structures
of g-C3Ny powders. As can be seen in Figure 5, the patterns of both bulk and exfoliated
materials show a strong peak at 20 = 27.2° and a weaker peak at 20 = 13°. The strong
peak can be indexed to the (002) plane, which is a characteristic interlayer stacking peak of
aromatic g-C3Ny systems. Moreover, the weak peak, which can be assigned to the (100)
crystal plane, is attributable to repeated units of tri-s-triazine [15,34]. The decrease in the
intensity of the diffraction peaks for the treated materials indicates a modification of the
interlayer structures [44,45].

— Bulk g-C3N4

—— Exfoliated g-C3N4 (002)
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10 15 20 25 30 35
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Figure 5. X-ray diffraction patterns of bulk and exfoliated g-C3Nj.
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The pH had a significant effect on the zeta potential of exfoliated g-C3Ny. This effect
was studied, and the results are shown in supplementary Figure S2. The possible ionization
of primary, secondary, and tertiary amine groups on the surface of g-C3Ny can be described
by the following equations [46]:

=C—-NH; +H" -=C—NHJ )
=C—NH,+OH™ -=C—-NH™ +H,0 ®3)
(=C),—NH+H" — (=C), —NH" 4)
(=C),~NH+OH — (=C),— N~ +H0 (5)
(=C); —N+H" — (=C); —NH" (6)

Supplementary Figure S3 shows that the material surface is negatively charged in basic
(pH = 10) and natural solutions (pH = 6.5) and positively charged at acidic pH (pH = 3),
which is in accordance with Equations (2)-(6). The excess of protons H* in the system
changes the overall charge on the surface to positive [46,47].

The bulk g-C3Ny4 synthesized has less surface area and aggregate like structure which
is converted to nanosheets and there is an increase in the surface area as the result of
exfoliation. The base characteristics of g-C3Ny remained the same, e.g., chemical structure
and functional groups.

2.2. Photocatalytic Degradation of Phenol

The photocatalytic activity of the synthesized materials was studied using phenol as a
model compound. The effect of the exfoliation process, light source, catalyst and pollutant
concentration, pH, and dissolved oxygen on the photodegradation of phenol was studied in
detail. The photolysis experiments were carried out without catalyst. All other experiments
were carried out with water, phenol and catalyst reaction mixture. The homogeneous
dispersion of the catalyst was ensured by sonicating the reaction mixture (water solution of
phenol and catalyst), followed by stirring for 30 min in the dark. The photolysis experiments
were conducted only under the influence of light without any catalyst. The reaction starts
as soon as the light is turned on, before that there is only adsorption process.

2.2.1. Effect of Exfoliation

The photodegradation of phenol (initial concentration of 20 ppm) using 0.5 g/L
bulk or exfoliated g-C3Ny was evaluated, and the results are displayed and compared in
Figure 6a. The photolysis of phenol curve is presented, it shows that in presence of light
and without catalyst there is almost no degradation. Bulk g-C3N4 showed approximately
40% phenol degradation after 180 min, whereas complete phenol degradation was achieved
in 90 min of reaction time with exfoliated g-C3Ny4. As the bandgap of both materials is
similar, the better photo efficiency of exfoliated g-C3Ny is most likely due to its higher
surface area, which provides more available active sites compared with bulk g-C3Ny.
The obtained results are in accordance with the results reported by Babu, Bathula et al. and
Ding, Wang et al. [48,49]. Due to its better photoefficiency, exfoliated g-C3N4 was used for
further experiments.
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Figure 6. Phenol degradation with (a) bulk and exfoliated g-C3Ny (b) as a function of the light source; Cy = 20 ppm,
airflow = 50 mL/min, catalyst concentration = 0.5 g/L, pH = natural.

2.2.2. Effect of the Light Source

To study the effect of light on the photodegradation of phenol, two light sources
were used, namely, a full-spectrum xenon lamp and a single-wavelength LED lamp.
Figure 6b presents the performance of exfoliated g-C3Ny4 using the two different light
sources. Experiments performed with both light source in the absence of a catalyst have
shown no degradation of phenol. In this study, we used a custom-made immersion lamp
with six LEDs of 430 nm because that was the maximum excitation wavelength of exfoli-
ated g-C3Ny according to the PL spectra (Figure 3). A significant difference between the
photodegradation using the two lamps was observed; namely, approx. 100% of phenol
degradation was achieved within 90 min of reaction time using the LED lamp, whereas only
20% of degradation was achieved with the xenon lamp after 180 min. The faster reaction
with the LED lamp is attributable to the higher availability of electrons at the maximum
excitation wavelength. Therefore, exfoliated g-C3Ny and the LED lamp were selected
for further experiments. The photocatalytic results of both lamps are compared to the
photolysis as well to show that the degradation is due to the presence of a catalyst.

2.2.3. Effect of Catalyst Amount

The amount of catalyst was optimized to avoid using an excess of the catalyst and
to enhance the efficiency of the degradation process. The amount of exfoliated g-C3Ny
was varied from 0.1 to 1.5 g/L. Figure 7a shows the obtained phenol degradation curves.
The degradation of phenol was negligible in the absence of the catalyst, and no signifi-
cant improvement was achieved for catalyst concentrations below 0.5 g/L. By contrast,
phenol was completely degraded in 90 min of reaction time for all the amounts above
0.5 g/L. Further increase in the catalyst amount resulted in a decrease in efficiency because
of hindered light absorption and light scattering. Therefore, a catalyst concentration of
0.5 g/L was selected for further studies.
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Figure 7. (a) Photodegradation curves of phenol concentration (b) reaction rate constant as a function of the catalyst

concentration; Cy = 20 ppm, airflow = 50 mL/min, pH = natural, light source = LEDs, Catalyst = exfoliated g-C3Nj.
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The photodegradation curves followed the exponential decay model and were fitted
to obtain the reaction rate constant (k) [50,51] as follows:

=e (7)

The highest rate constant of 0.055 min~! was obtained for a concentration of 0.75 g/L
(Figure 7b), whereas lower and similar values were found for 0.5 and 1 g/L, respectively.
This decrease in the rate constant can be attributed to the increase in the catalyst amount
hindering the absorption of light.

2.2.4. Effect of Pollutant Concentration

Figure 8a displays the phenol degradation curves obtained for different concentrations
of phenol in an aqueous solution (20, 40, 60, 80, and 100 ppm) and the same amount of
exfoliated g-C3Ny4. The overall efficiency of the process decreased as the pollutant concen-
tration increased, which could be due to the excessive amount of pollutants covering the
surface, with the concomitant decrease in photon absorption and the number of available
active sites [52]. The dependence of the removal efficiency on initial phenol concentration
was also studied and reported in terms of rate of reaction, expressed by the reaction rate
constant. As shown in Figure 8b, and similar to data reported in the literature [53], the rate
decreases with increasing initial phenol concentration.
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Figure 8. (a) Photodegradation curves of phenol as a function of the initial concentration; (b) reaction rate constant as a

function of the initial phenol concentration airflow = 50 mL/min, catalyst = 0.5 g/L, pH = natural, light source = LEDs,
Catalyst = exfoliated g-C3Ny.
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2.2.5. Effect of Initial pH

Figure 9 shows the influence of pH on phenol degradation. The photodegradation
efficiency of phenol at acidic pH (2-5) was better than at basic pH (9-12). Almost 97% of
phenol degradation was achieved in 60 min of reaction time at acidic pH compared with 100%
for natural pH in 90 min and 80% at basic pH in 180 min, a similar pH dependency was shown
in the literature [47,54]. The reason for this trend is that the catalyst surface is positively
charged at acidic pH (see Figure S3), which enhances the adsorption of negatively charged
molecules, e.g., OH™, from the suspension compared with the negatively charged surface at
basic pH. Hence, high pH is not favorable for the photodegradation of phenol [55,56].
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g —— pH = 6.5 (Natural
08| —— pH = 10 (Basic)
<
=
= 0.6 - OE
N
ol €
' ="
T
Q
@n
02 =
<
0.0 ! ! s
0 30 60 90 120 150 180 210

Time (min)

Figure 9. Photodegradation curves of phenol as a function of pH; C0 = 20 ppm, airflow = 50 mL/min,
catalyst = 0.5 g/L, light source = LEDs, Catalyst = exfoliated g-C3Nj.

2.2.6. Effect of Dissolved Oxygen

The influence of dissolved oxygen on the degradation of phenol was studied by con-
ducting experiments with and without an external airflow. As can be seen in Figure 10,
in both cases, the degradation curves show the same trend for the first 15 min. After that,
in the absence of airflow, the phenol degradation slows down, probably because of the
consumption of all dissolved oxygen in the aqueous solution, and no change in the degra-
dation is observed after the first 30 min. During the reaction in the absence of air, the system
is closed and there is much less overhead space above the reaction medium in the reactor
for enough air to carry out the reaction. By contrast, complete degradation is observed
under an airflow within 90 min of reaction time because of the presence of extra oxygen to
perform the reaction [54]. Oxygen plays an important role in trapping the photoinduced
electron produced by the photoactivation of catalysts, consequently reducing the possibility
of electron/hole (e—/h+) recombination as well. [57,58]. The mechanisms proposed in
Equations (8-12) are for activation of catalyst by light and formation of HyO,. In several
studies, the authors suggested that the catalyst is activated with light (kv) which originates
the electron/hole (e—/h+) pairs [10,57,58]. HyO, is formed during the process by the
utilization of the electrons produced and oxygen present in the system. Then, H,O, and
O, are reduced to OH™ and superoxide radical O, which are used in the degradation of
organic pollutants.
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Figure 10. Photodegradation curves of phenol in the absence or presence of an airflow; Cy = 20 ppm,
airflow = 50 mL/min, catalyst = 0.5 g/L, pH = natural, light source = LEDs, Catalyst = exfoliated g-C3Ny.

2.2.7. Effect of TiO, and its Composite

Titanium oxide (TiO,) is one of the most prominent and widely used semiconductor
photocatalysts. The performance of g-C3N4 was compared with that of TiO, and a com-
posite of both materials, i.e., exfoliated g-C3N4:TiO, (1:1). Figure 11 shows the phenol
degradation curves obtained under the same operating conditions. Exfoliated g-C3Ny
afforded complete phenol degradation in 90 min of reaction time, TiO, showed 50% degra-
dation in 180 min, and complete degradation was also obtained with the composite in
150 min. The better performance of exfoliated g-C3Njy can be attributed to the same excita-
tion wavelength of exfoliated g-C3Ny and the LED lamp (430 nm), whereas the maximum
absorption of TiO; lies in the range of 190-400 nm [59]. Consequently, the addition of
exfoliated g-C3Ny to TiO; enhanced its performance under visible light irradiation.
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Figure 11. Phenol degradation with exfoliated g-C3Ny, TiO;, and a g-C3Ny:TiO, composite;
Co =20 ppm, airflow = 50 mL/min, catalyst = 0.5 g/L, pH = natural, light source = LEDs,
Catalyst = exfoliated g-C3Ny.

2.2.8. Catalyst Reutilization Tests

The reusability of exfoliated g-C3N4 was demonstrated by performing three cycles of
phenol degradation after subjecting the catalyst to thorough washing and drying at 120 °C
for 12 h. The degradation efficiency of the catalyst remained unchanged for at least three
cycles (supplementary Figure S3), and the complete degradation of phenol was achieved
within 3 h. It can be concluded that the material remained stable for at least three cycles
while maintaining its photocatalytic activity.

2.2.9. Photocatalytic Efficiency for the Degradation of a Mixture of Organic Pollutants

Three additional phenolic compounds commonly found in oil refinery wastewater [60],
namely, m-cresol, catechol, and xylenol, (chemical structures in supplementary Table S1)
were chosen to further study the photocatalytic degradation performance of exfoliated
g-C3Ny. Figure 12 shows the photodegradation curves for each organic pollutant in single-
compound aqueous solutions. Xylenol was completely degraded in approximately 60 min,
phenol and m-cresol in 120 min, and catechol in 150 min of reaction time. In the photo-
catalytic reactions of aromatic compounds, the degradation is considered to be initiated
by an electrophilic attack of the “holes” produced by exfoliated g-C3Ny to the benzene
ring. Hydroxyl (-OH) and alkyl (e.g., -CH3z) groups are generally known to increase the
electron density of the aromatic ring, making it more susceptible to undergo an electrophilic
attack at its ortho and para positions. Compared with phenol, catechol was more difficult
to degrade. Even though catechol has two—OH groups, their ortho orientation reduces the
number of distinct carbon atoms that are prone to undergo electrophilic substitution [10,61].
The meta orientation of the -CH3 and—-OH groups in m-cresol is favorable to a facile attack
on the aromatic ring in three distinct positions, providing m-cresol with a higher reactiv-
ity compared with phenol. Having the highest number of activating substituents (-OH
and 2 x —CH3), the aromatic ring of xylenol degraded the fastest among the four studied
phenolic compounds.
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Figure 12. Degradation profile of (a) individual pollutants (20 ppm) and (b) a mixture of 20 ppm of
each pollutant; Cy = 20 ppm, airflow = 50 mL/min, catalyst = 0.5 g/L, pH = natural, light source =
LEDs, Catalyst = exfoliated g-C3Ny.

3. Materials and Methods
3.1. Chemicals and Materials

Melamine (C3HgNg, 99%), m-cresol (CH3CgH4(OH), 99%), and catechol (CgH4(OH),,
99%) (Alfa Aesar); phenol (C¢H50H, 99%) (Merck); xylenol (2,6-dimethylphenol)
((CH3)2,CsH30H, 99%) and titanium oxide (TiO) (Acros); hydrochloric acid (HCI),
sodium hydroxide (NaOH) (VWR); acetonitrile (Co,H3N, 99.99%) and ultrapure water
for high-performance liquid chromatography (HPLC) (Sigma Aldrich) were used as re-
ceived without any pretreatment.

3.2. Synthesis and Characterization of the Catalysts

Bulk g-C3Ny4 was prepared by thermal decomposition of melamine. The precursor
(melamine) 5g was placed in a closed crucible in a muffle furnace (Carbolite, GPC 1200)
under a static air atmosphere; 2.6 g g-C3Ny were produced which corresponds to a yield of
52%. A heating ramp of 2 °C min~! was programmed up to 450 °C, and this temperature
was maintained for 2 h. Next, the temperature was increased up to 550 °C using a heating
ramp of 2 °C min~! and then maintained for 4 h. After cooling down naturally, the material
was crushed to powder using a mortar and pestle, rinsed with ultrapure water, filtered,
and dried overnight at 80 °C [15]. The exfoliation of the prepared catalyst was performed
by placing the catalyst in an open crucible inside a muffle furnace for 2 h at 500 °C using a
heating ramp of 2 °C min~—!. The g-C3Ny4 material obtained after exfoliation is referred to
hereafter as exfoliated g-C3Njy. Two catalysts, namely, bulk g-C3Ny and exfoliated g-C3Ny,
were characterized and tested in photodegradation experiments. The molecular structure
of the g-C3Ny is presented in supplementary materials (Figure S4). Additionally, the per-
formances of commercial TiO; and its composite with g-C3Ny (TiO;:g-C3Ny4), which were
prepared in this study, were examined and compared with that of exfoliated g-C3Ny.
Briefly, an equal amount of exfoliated g-C3N, and commercial TiO, were mixed separately
in methanol and sonicated, then the two mixtures were mixed and again sonicated for 6 h.
Later the mixture was centrifuged and the solid was dried overnight at 80 °C.

Brunauer-Emmett-Teller (BET) surface area, pore-volume, and pore size distribution
were determined using an autosorb ®jQ-MP/XR (Nova 4200e), Quantachrome instrument
(Germany). The samples were degassed at 120 °C for 3 h before the analysis. The surface
area of the catalyst was calculated from N, adsorption-desorption isotherms at —196 °C.
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The Barrett-Joyner-Halenda (BJH) method was used to determine the micropore volume.
UV-vis absorption spectra were recorded using a UV-3600 Plus (Shimadzu, Kyoto, Japan)
spectrometer with medium scan speed using a 20 slit width with three external detectors
in the range of 200-800 nm. Solid-state photoluminescence (PL) spectra were obtained
using an FP-8300 (Jasco, Hachioji-shi, Japan) spectrofluorometer with a 150 W xenon
lamp as a light source. The measurements were performed using both excitation and
emission bandwidth fixed at 2.5 and 5 nm, respectively, with low sensitivity. The excitation
wavelength was set at 370 nm, and the emission was measured in the range of 380-700 nm.
A ZEN5600 Zetasizer Nano (Malvern, UK) instrument was used to measure the zeta
potential of the synthesized materials, which was determined using phenol and catalyst
aqueous suspensions at acidic, basic, and natural pH. Hydrochloric acid and sodium
hydroxide were used to adjust the pH of the suspensions. To investigate the crystalline
phases of the synthesized catalysts, X-ray diffraction (XRD) analysis was conducted with a
Mini Flex 600C (Rigaku, Tokyo, Japan) diffractometer using CuK« radiation at a voltage of
40 kV, a current of 15 mA, and a spin speed of 80 rpm in the range between 3° and 60° with
a step size of 0.0075°. Transmission electron microscopy (TEM) images were obtained using
a JEM 1400 plus (JEOL, Akishima, Japan) microscope (LaBg filament) using Quantifoil
S7/2 (2 nm carbon film) grids and a CCD camera (Ruby) at 120 kV. X-ray photoelectron
spectroscopy (XPS) was conducted using a Thermo Scientific (Waltham, MA, USA) K Alpha
and X-ray Photoelectron Spectrometer. All samples were analyzed using a micro-focused,
monochromated Al K o X-ray source (1486.68 eV; 400 um spot size). The analyzer had pass
energy of 200 eV (survey), and 50 eV (high-resolution spectra), respectively. To prevent any
localized charge buildup during analysis the K-alpha +ve charge compensation system
was employed at all measurements. The samples were mounted on conductive carbon tape
the resulting spectra analyzed using the Avantage software from Thermo Scientific.

3.3. Photocatalytic Experimentation

The photocatalytic experiments were conducted in a jacketed glass reactor (Peschl
Ultraviolet GmbH) with a maximum working capacity of 225 mL, under a custom-made
LED immersion lamp comprising 6 LEDs (each of 10 W) with maximum emission at 430 nm
and UV-visible light irradiation using a 150 W full-spectrum (200 nm to 800nm) xenon
lamp. The reactor was placed in a safety cabinet (Supplementary Figure S1).

The homogeneous dispersion of the catalyst was ensured by sonicating the reaction
mixture (water solution of phenol and catalyst), followed by stirring for 30 min in the dark
under a continuous airflow to maintain the adsorption-desorption equilibrium. The photol-
ysis experiments were conducted only under the influence of light without any catalyst. In a
typical experiment, the initial concentration of phenol was kept at 20 ppm, and the catalyst
concentration was varied from 0.1 to 1.5 g/L in a 225 mL phenol solution. Samples (1 mL)
were collected periodically from the reaction mixture for the determination of the concen-
tration of phenol. After centrifugation and filtration, the samples were analyzed by HPLC.
Experiments were also conducted to study the effect of process parameters, including pH,
catalyst concentration, pollutant concentration, air, and exfoliation, on the performance
of the catalysts. Experiments with other phenolic compounds, such as m-cresol, catechol,
and xylenol, were conducted using 0.5 g/L catalysts and 20 ppm pollutant concentration
at natural pH. The catalysts exhibited reusability properties, which were established by
performing three cycles of reutilization test. The catalysts were tested for reutilization after
thorough washing with water and drying at 120 °C for 12 h. The percentage of degradation
efficiency was determined using the following Equation (13):

C—C

Degradation Ef ficiency = x 100 (13)

where, C, (mg/L) and C (mg/L) are the initial phenol concentration and the residual
phenol concentration in the solution at an irradiation time t, respectively. The rate of the
reaction of the experiments were calculated using Equation (7), the rate is determined
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for the time of the reaction in which either the lights are on and reaction is taking place
or there is change in the concentration of the pollutant. C/C, was plotted against time
and the exponential model (Equation (7)) was fitted to the data, and the slope of the
curve is the rate constant “k” of the single reaction. Different reaction rate constants
were plotted in Figures 7b and 8b. The concentration of phenol was analyzed using a
Prominence HPLC system (Shimadzu, Japan) comprising a binary pump (LC-20AB), a SIL-
20A autosampler, a DGU-20A3 degasser, and an SPD-M20A diode-array detector. The
analysis was conducted with a Phenomenex (C18, 150 mm x 4.6 mm, 3 pm) column at a
fixed flow rate of 0.8 mL/min, using water (A) and acetonitrile (B) as a mobile phase with
the following gradient: 15% B followed by 60% B in 7 min and back to 15% B in 8 min
(injection 5 uL; UV 254 nm). Phenol and xylenol were analyzed at a maximum absorption
wavelength (Amax) of 270 nm, catechol at 277 nm, and m-cresol at 273 nm.

4. Conclusions

In this study, g-C3Ny was synthesized using melamine as a precursor and exfoli-
ated. The morphology, structure, and optical and surface properties of the material were
characterized using TEM, XRD, XPS, PL, and BET. The chemical structure of g-C3N4 was
confirmed by its characteristic peaks in the FTIR and XPS spectra, and its phases were
identified by XRD. The zeta potential was measured at different pH values, which con-
firmed that surface charges of g-C3Ny particles are caused by different surface groups.
Phenol was used as a model pollutant to study the influence of process parameters on
photocatalytic degradation. It was found that the exfoliation significantly improves the
optical (absorption) and surface properties (surface area, porosity) of bulk g-C3Ny, result-
ing in enhanced photocatalytic performance in comparison with that of non-exfoliated
g-C3Ny. The use of a visible light single-wavelength LED lamp as an irradiation source
improves the photocatalytic degradation of phenol compared with a full-spectrum xenon
lamp. The degradation rate increases with the catalyst concentration, whereas it decreases
in the presence of the excess amount of pollutants (i.e., phenol). Moreover, it was shown
that an acidic environment is favorable for the photocatalytic degradation of phenol. Dis-
solved oxygen proved to be an important factor in the degradation of phenol since only
50% of the degradation was achieved in the absence of oxygen. A comparison between
g-C3Ny and TiO, showed that the performance of the former in the degradation of phenol
under visible light irradiation is better. Furthermore, TiO, performance improves with
the addition of g-C3Ny4. The versatility of exfoliated g-C3N4 was demonstrated in the
degradation of other phenolic pollutants individually and in a mixture. Furthermore,
exfoliated g-C3Ny proved to be a stable catalyst that can be recycled and reused without
any loss of activity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ catal11060662/s1, Figure S1 Photocatalytic reactor setup, Figure S2 Zeta potential of exfoliated
g-C3N4 as a function of the pH value of the suspension, Figure S3 Phenol degradation conversion for
the reutilized catalyst; Cyp = 20 ppm, airflow = 50 mL/min, catalyst = 0.5 g/L, pH = natural, Table S1
Chemical structures of the pollutants used.
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Summary

Endocrine-disrupting compounds (EDCs) embody one of the most persistent water pollutants
affecting human and aquatic life. There is a need to develop a system or a material to remove
these compounds from the water completely. g-CsN4 provides a viable and cheap alternative
compared to the conventional photocatalysts (TiO2, ZnO), and is also active in the visible
range. Due to the low surface area, high bandgap, and high recombination rate, there is a need
to alter g-CsN4 to ensure a better catalytic activity. Paper Il aims to study the effects of non-
metallic doping, using an acid-functionalized precursor, on the photocatalytic performance of
g-CsN4. The photocatalytic degradation was studied using a single wavelength (430 nm) visible
light LED lamp and removal, using adsorption in the dark. This work synthesized a highly
active, doped g-CsN4 via a single-step strategy, in order to remove hormones using adsorption

and photooxidation.

In this paper, the non-metallic doped g-CsN. catalysts were synthesized using sulfuric-,
phosphoric-, and acetic acid-treated melamine, for sulfur (S), phosphorous (P), and oxygen
(O) doping, respectively. This method provides a rapid, one-step synthesis for doping g-CsNa4
compared to the conventional method, saving time and energy. Metal doping can be
environmentally unfavorable and incur high costs. In contrast, non-metallic doping can be
economical, which can alter the interlayer distance to help modify the surface area, and the
bandgap of the materials. The efficient adsorption and photocatalytic degradation of E2 and
EE2, by non-metallic doped g-CiNi, were studied. The synthesized catalysts were
characterized for surface, optical, and chemical properties using XPS, BET, UV-Vis, and XRD
techniques. The sulfur-doped g-CsNs showed a narrow energy bandgap and a high surface
area. Due to these attributes, the sulfur-doped g-CsN4 performed better than the other catalysts
synthesized in this work. Hormone adsorption using sulfur-doped g-CsN4 was carried out in the
dark. The glass jacked reactor, with a working volume of 120 mL, and an immersion LED lamp,
were used for experimentation. Only 63% of E2 (5ppm) was removed after 60 minutes due to
adsorption, and the rest was degraded entirely with photocatalysis in only 45 minutes for 0.1
g/L of the catalyst. The kinetic data of E2 adsorption was fitted with three different adsorption

40



models: pseudo-first-order, pseudo-second-order, and the Elovich kinetic model. The pseudo-
second-order kinetic model fitted the adsorption kinetics of E2 well, and photocatalytic
degradation followed the exponential decay model. The intermediates produced during the
photocatalytic reactions were identified using LC-MC, showing that the E2 has been degraded
to smaller, less toxic molecules. The stability of the catalyst was also studied by performing

the re-usability test of the catalyst.

It is concluded in this work that sulfur doping of g-CsNa, using acid-treated melamine, modified
its energy bandgap, and helped increase the surface area. The change in the bandgap and
the surface area, compared to the non-doped bulk g-CsN., resulted in an enhanced

photocatalytic activity to degrade the endocrine-disrupting compounds from water.

41
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Synthesis of Highly Active Doped Graphitic Carbon Nitride
using Acid-Functionalized Precursors for Efficient
Adsorption and Photodegradation of Endocrine-Disrupting

Compounds

Adeem Ghaffar Rana,™® Mian Zahid Hussain,'® Nikki Hammond,” Simon Vlad Luca,®

Roland A. Fischer,'” and Mirjana Minceva*"

A highly active non-metallic doped bulk graphitic carbon
nitride (9-C;N,) was synthesized via acid-functionalized mela-
mine decomposition. Specifically, melamine was treated with
acetic acid, sulfuric acid, and phosphoric acid to obtain oxygen,
sulfur, and phosphorus-doped g-C;N, derivatives. Sulfur-doped
g-G3N, exhibited remarkable photocatalytic activity to degrade
two environmentally harmful hormones, 17(3-estradiol, and
17a-ethinylestradiol, due to its narrow energy bandgap and
high surface area. The hormones were removed entirely in 30—

Introduction

Pollution caused by endocrine-disrupting compounds (EDCs) is
a persistent challenge in water treatment.? EDCs pose a health
hazard to humans and animals and are a growing environ-
mental concern.? These compounds can interfere with the
hormone balance in humans and animals and adversely affect
reproduction, sexual development, stress response, and the
body’s overall chemical equilibrium.® Exposure to EDCs can
even lead to several human cancers.”! EDCs disrupt the normal
endocrine function by interacting with hormone receptors and
mimicking natural estrogens’ physiological function.”” Among
EDCs, which include both natural and synthetic compounds.”
17p-estradiol (E2) and 17a-ethinylestradiol (EE2) are the most
harmful and persistent natural estrogens” E2 is a natural
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45 min by adsorption in the dark, followed by photodegrada-
tion under visible light (430 nm). Furthermore, the pseudo-
second-order kinetic model fitted the adsorption kinetics well,
and photocatalytic degradation followed the exponential decay
model. LC-MS identified the intermediate products for the
photodegradation of 17(3-estradiol (E2). This study provides a
simple one-step method to synthesize highly reactive metal-
free doped bulk g-C;N, photocatalysts to remove harmful water
pollutants.

hormone in women and is associated with the reproductive
system; on the other hand, EE2 is a synthetic hormone
produced from natural E2 and used as the active ingredient in
some oral contraceptives. Even at low concentrations (ng/L), E2
and EE2 have a solid estrogenic effect. E2 primarily enters the
water systems via human and animal urine; however, the intake
of products such as birth control pharmaceuticals and other
hormonal products used in the dairy industry can cause an
increase in its prevalence as a pollutant in water E2 is
resistant to typical sewage treatment procedures and fre-
quently gets released back into the water from where it can
enter drinking and surface water.” Given the threats that E2
and EE2 pose to human health,”) a need exists to develop
effective treatment processes to remove these compounds
from water systems.

Advanced oxidation processes (AOPs) are alternative sol-
utions to removing organic pollutants like E2 from aqueous
media.”) Although AOP systems rely on various reaction means
and methods, they all share the common characteristic of
producing *OH radicals. The reactivity of *OH radicals toward
organic molecules, combined with their limited selectivity,
renders them beneficial oxidants for wastewater treatment.”
Indeed, *OH radicals have been observed to play a vital role in
removing and degrading toxic wastewater contaminants into
benign species.”” Among the various AOP processes, photo-
catalysis is one of the promising approaches to wastewater
treatment, as it is cost-effective, highly efficient, and exhibits
low toxicity.”

The reaction kinetics of photocatalysis is affected by multi-
ple factors, including the catalyst’s appropriate energy bandgap
and surface properties, the incident light's wavelength, and the
target compound’'s chemical properties." Although a wide
variety of catalytic materials exist that can be used in photo-

© 2022 The Authors. ChemistrySelect published by Wiley-VCH GmbH


http://orcid.org/0000-0001-9820-7410
https://doi.org/10.1002/slct.202201909
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fslct.202201909&domain=pdf&date_stamp=2022-08-23

ChemistrySelect

Research Article
doi.org/10.1002/slct.202201909

Chemistry
Europe

European Chemical
Societies Publishing

catalysis, graphitic carbon nitride (g-C;N,) has emerged as one
of the most promising materials for photocatalytic applications
in both environmental and energy-producing processes."” g-
C;N, is a non-toxic polymeric semiconductor exhibiting high
chemical and thermal stability."” This semiconductor can easily
be synthesized from compounds such as melamine and urea
via the thermal decomposition of nitrogen-rich precursors
under appropriate reaction conditions. The main drawback of
g-G;N, is its limited photocatalytic activity resulting from its low
surface area."” Some techniques like exfoliation improve the
surface area and performance but need additional heat. Metal
doping has become a popular approach to improving the
photocatalytic performance of g-C;N,;'” however, using metals
can be costly and environmentally unfriendly, and it may cause
the catalyst to become toxic. Therefore, developing alternative
strategies for increasing the photocatalytic activity of g-C;N, is
a crucial research goal.

This study aims to enhance the activity of g-GN, in
removing harmful estrogenic compounds from water systems
without adding metals to the catalytic system. To achieve this
goal, melamine was functionalized with non-metallic elements
such as sulfur (S), oxygen (O), and phosphorus (P) to obtain the
synthesized doped g-C;N, species. The activity of the doped
catalysts was tested for degradation of 17f3-estradiol and 17a-
ethinylestradiol in an aqueous solution using adsorption in
dark and photodegradation in a stirred glass reactor under
irradiation with an immersion LED lamp. The extent of EDC
photodegradation was determined by analyzing the concen-
tration of the hormones in the water solution at regular time
intervals using high-performance liquid chromatography
(HPLC) technology.

Results and Discussion
Photocatalyst characterization

The crystalline structures of the undoped g-C;N, (BCN) and S,
O, and P doped g-C;N, (SBCN, OBCN, and PBCN) samples
synthesized after decomposition of acid-treated melamine

were determined based on the powder X-ray diffraction (PXRD)
patterns reported in Figure 1a. BCN, OBCN, and SBCN catalysts
exhibited the characteristic peaks of g-C;N, at about 26 of 27.3°
and 26 of 13.1°. From the (002) plane, the high-intensity peak is
due to the typical interlayer stacking of conjugated aromatic
systems like g-C;N,. Moreover, a minor peak due to the (100)
plane is ascribed to repeated units of tri-s-triazine."""'? The
PXRD peak intensities of BCN and OBCN are almost the same,
while in the case of SBCN, the peak intensity is slightly lower.
Although no peaks due to phosphorus were observed in PBCN,
the intensity of the g-C;N, PXRD characteristic peaks has
decreased, indicating the reduction in the crystallinity of this
material. Indeed, the presence of large amounts of phosphorus
in the catalyst can be assumed to cause an enhancement of
laying spacing."® During the poly-condensation of acid-treated
precursors, the loss of lattice C or N centers leads to a change
in the crystalline structure, which inhibits the growth of g-C;N,
crystals.® In addition, the PXRD patterns of PBCN comprised
(see inset in Figure 1a) an extremely broad (002) peak, and the
relative intensities of both peaks massively decreased com-
pared to BCN. This broad peak is due to the significant
phosphorus content, indicating that the growth of g-GN,
crystals is inhibited by introducing phosphoric acid."

The FTIR spectra were recorded to determine the prepared
samples’ doping extent. The FTIR spectra of the doped and
undoped g-C;N, samples are presented in Figure 1b. The peaks
observed between 1650 and 1242 cm™ can be attributed to
the stretching vibration modes of the C—N bond and the
aromatic (=N heterocyclic species in repeated units of tri-s-
triazine.'>' Additionally, the sharp peak appearing at 813 cm™'
in the spectra of BCN, OBCN, and SBCN is due to the breathing
mode of the s-triazine ring system. Still, this peak was almost
absent in the FTIR spectrum of PBCN, which indicates that tri-s-
triazine in this catalyst undergoes a drastic modification.

On the contrary, the broad-band visible in the 3100-
3500 cm™' wavenumber range in the spectra of all four
catalysts can be attributed to the vibration modes of the OH
group from adsorbed water molecules and the stretching
vibrations of N—H bonds from residual amino groups. In the
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Figure 1. (a) PXRD and (b) FTIR spectra of BCN and doped OBCN, SBCN, and PBCN.
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PBCN spectrum, a broad peak between 1250 and 800 cm™' was
identified due to the vibration modes of PO,*~ groups."® Also,
the intensity of the spectra of PBCN is low compared to BCN.
This observation can be ascribed to a modification in the
chemical structure of tri-s-triazine due to the presence of P in
the catalyst, and this result was in good agreement with PXRD
data (Figure 1a). In the SBCN spectrum, no prominent peaks
attributable to moieties containing S were observed, probably
due to the low sulfur content in the structure of this species."
The BCN and OBCN have shown similar FTIR spectra. The results
of the further characterization performed in this work are
graphically presented only for the doped g-C;N, catalysts The
complete characterization results of undoped g-C;N, are
presented in our previous work."

The chemical composition of the OBCN, SBCN, and PBCN
samples was investigated using X-ray photoelectron spectro-
scopy (XPS). Notable, the XPS elemental survey spectra of the
samples (Figure S1) confirmed the presence of C, N, and O in all
samples. The C/N ratio in PBCN is lower than in OBCN and
SBCN; P in PBCN is 21.32 atomic % pointing to the possible
reason behind the observed reduction in C and N contents in
the sample. Remarkably, S present in SBCN is only 0.16 atomic
%. This observation is because CH,COOH and H,SO, were
removed during the heating and sublimation of melamine.
However, phosphorous is not entirely removed from the g-C;N,
structure as PO,>~ cannot be decomposed entirely at mela-
mine’s decomposition temperature (550 °C).1"”

The C 1s and N 1s XPS spectra were recorded to investigate
the interaction between C and N atoms. The deconvoluted C 1s
XPS spectra of the doped samples (Figure 2a) exhibited two
strong peaks appearing at 285 and 288 eV, which can be
assigned to the standard (C—C) carbon bonds and sp?
hybridized carbon (N-C=N) in triazine rings.'""® Two low-
intensity peaks observed at 286 and 289 eV can be assigned to
the amino-functional groups (C—NH,) and the carboxyl group
(O—C=0) bound to the surface of g-C;N,, respectively."'®'¥ |n
the case of PBCN, the intensities of C 1s peaks were
substantially lower than their counterparts observed for SBCN
and OBCN, which indicates that the C atoms might have been
replaced by P atoms in the chemical structure of g-C;N,.*” The
deconvoluted N 1s spectra (Figure 2b) exhibited three prom-
inent peaks at around 398.4, 400.2, and 401.2 eV for OBCN and
SBCN with varying intensities. The strong peak at 397.8 eV
corresponds to the triazine rings’ sp” hybridized nitrogen atom
bound to carbon (C—N=C). The other two peaks of medium
intensity appearing at 400.2 and 401.2 eV can be assigned to
the presence of tertiary N in N—(C); units and amino functional
groups (NH, or NH), respectively.!''82"

The O 1s spectrum of OBCN reported in Figure 2c includes
peaks at 532.7 and 535.7 eV, corresponding to the O—C—N/C-0O
bonds and adsorbed moisture, respectively.””’ Notably, decon-
volution of the S 2p spectrum of SBCN reported in Figure 2d
indicated the presence of three peaks at 163.9, 165.1, and
168.9 eV. The peak at 163.9 eV can be assigned to the C-S
bond formed due to the substitution of lattice nitrogen with
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Figure 2. High resolution deconvoluted XPS spectra of (a) C 1s (b) N 1s (c) O 1s (d) S 2p, and (e) P 2p for catalysts OBCN, SBCN, and PBCN.
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sulfur. The weakest peak was at 165.4 eV, which was regarded
due to N-S bonds resulting from replacing lattice carbon with
sulfur. The most substantial peak was centered at 169.3 eV,
indicating that SO,>~ was present in SBCN.'>*? The P 2p
spectrum of PBCN (reported in Figure 2e) includes peaks at
133.6 and 1328 eV, attributed to P—C and P—N bonds,
respectively."”?

The BET surface area and pore size distribution of the
undoped and doped g-C;N, samples were determined from
their N, adsorption/desorption isotherms. In general, a high
surface area can provide more active sites for the reactants,
resulting in the high efficiency of the catalytic process. As can
be seen from the data reported in Figure 3, the curves obtained
for the OBCN, SBCN, and PBCN samples are type IV isotherms
with H3 hysteresis loops. These curves are characteristic of
mesoporous materials, and they stem from the difference in
the curvatures of the meniscus during adsorption and
desorption with a capillary condensation. The pore radius
ranges between (1.5 and 4.5 nm), which confirms the presence
of mesopore in the structure. The values for the BET surface
area of BCN, OBCN, SBCN, and PBCN were calculated to be 11,
11, 46.9, and 38 m%g, respectively. As presented in our
previous work, the undoped g-C;N, has shown a similar
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adsorption-desorption isotherm, hysteresis loop, and pore size
distribution to doped g-C;N, and BET surface area of 10 m%/
g." As expected, BCN and OBCN have similar surface areas.
Indeed, the surface area of SBCN and PBCN was manifold
higher than that of the non-doped catalyst (BCN). Hence a
superior catalytic performance could be expected for the SBCN
and PBCN compared to BCN and OBCN due to the availability
of active sites for substrate adsorption and photoreaction. The
Scanning electron microscopy image of the SBCN sample is
reported in Figure 3d. It shows that the sulfur-doped g-C;N,
exhibits a stacked structure.

UV-vis absorption spectra were recorded to gather evidence
on the optical absorption and calculate the energy bandgaps
of the doped g-C;N,. The absorption spectra of OBCN, SBCN,
and PBCN samples are reported in Figure 4a, and their Tauc
plots are reported in Figure 4b. All three catalysts exhibited
absorption in the visible region, and the absorption edge of
OBCN was observed at around 473 nm. However, the spectra of
SBCN and PBCN exhibited a blue shift for this absorption to
462 and 440 nm compared to OBCN, respectively. The energy
bandgaps of the synthesized catalysts were calculated from
their respective Tauc plots." As can be seen from Figure 4b,
the energy bandgaps were 2.48, 2.53, and 2.65 eV for OBCN,
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Figure 3. BET surface area and particle size distribution (shown in inset) of (a) OBCN, (b) SBCN, and (c) PBCN; (d) SEM image of the SBCN catalyst.
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Figure 4. (a) UV-vis absorption spectra and (b) Tauc plots of OBCN, SBCN, and PBCN.

SBCN, and PBCN, respectively. In our previous published study,
the bandgap of undoped bulk g-C;N, was determined to have
a value of 2.58 eV.'"" The narrow bandgap of OBCN and SBCN
compared to bulk g-C;N, can be ascribed to the incident light
reflections in the structure, which increase the effective path
length for light absorption. Meanwhile, a small amount of S
and O can affect the electronic structure of g-C;N, to narrow
the bandgap.”” In the case of PBCN, the bandgap is wider than
undoped bulk g-C;N, because of the high amount of P present
in the structure. A large amount of impurity present in the
structure can affect the electronic structure of the catalyst in
such a way that it shows a blue shift and a large bandgap.”®
The H;PO, in melamine does not undergo complete decom-
position during the heating and sublimation of melamine, so a
large amount of P is present in the structure of the catalyst.'”*

Adsorption and photocatalytic performance of the catalysts

As described in the experimental section, the hormone
adsorption experiments were performed in the dark. The results
of the kinetics study of 17[3-estradiol adsorption are reported in
Figure 5. All three photocatalysts, OBCN, SBCN, and PBCN,
exhibited similar adsorption patterns; for simplicity, only the
data collected for SBCN are reported here as a representative
case for all studied catalysts. The adsorption kinetics curve of
17B-estradiol is presented in Figure 5a. As shown in Figure 5a,
predominantly adsorption took place in the first 5 min of the
contact between 17f3-estradiol and the photocatalyst. After
15 min, there was only a minor change in the hormone
concentration in the solution. Namely, after 60 min, 63 % of the
17p-estradiol was removed, while after 180 min, 66% (not
shown in Figure 5a). The fast adsorption in the first 5 min can
be associated with the hydrophobicity of 17p-estradiol (octa-
nol/water partitioning coefficient, log K., of 4.01).2”

Three different kinetic models were used to analyze the
adsorption data: pseudo-first-order (Eq. (4)), pseudo-second-
order (Eq. (5)), and Elovich kinetic model (Eq. (6)). A comparison

ChemistrySelect 2022, 7, €202201909 (5 of 11)

of the experimental and calculated data is presented in
Figure 5 (b-d). The fitted model parameters are summarized in
Table S1. The pseudo-second-order kinetic model showed the
highest correlation coefficient value (R*=0.999) for the adsorp-
tion of 17f-estradiol on SBCN, demonstrating that it is the best
fitting model for this system. According to this model, the
equilibrium adsorption capacity (q.) is 17p-estradiol on SBCN
33.38 mg/g. Elovich’s kinetic model exhibited a higher R?
(0.904) value than the pseudo-first-order (0.471) model.”®

The photocatalytic performance of synthesized photocata-
lysts for hormone degradation was investigated. First, a
photolysis experiment was conducted without a catalyst (Fig-
ure 6a) to determine whether these hormones undergo self-
degradation in visible light. There was almost negligible
degradation during the photolysis reaction. All other experi-
ments were performed in the presence of the catalysts. The
homogeneous dispersion of the catalyst was ensured by
sonicating the reaction mixture (i.e., the mixture comprising
the water solution of the hormones and the catalyst) and by
stirring it for 15 min (an optimal time chosen after initial
adsorption experiments) in the dark. The reaction time starts as
soon as the light is turned on; only an adsorption process takes
place up to that moment.

As shown from the data reported in F<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>