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ARTICLE INFO ABSTRACT

The photocatalytic performance of a thermally exfoliated carbon nitride material was investigated in aqueous
solution and employing visible-light emitting diodes (LEDs) as radiation source (Aax = 417 nm). The operating
conditions were studied using phenol as model compound. The increase on the surface area of the catalyst with
the exfoliation treatment promotes faster degradation and mineralization rates and an easier reduction of O, into
H,0,. The H,0, production takes place only in the presence of both phenol and dissolved oxygen. The study was
followed by assessing the photocatalytic degradation of ten organic compounds (individually or in a mixture)
commonly found in agro-industrial wastewaters (phenol, catechol, resorcinol, hydroquinone, benzoic acid, 4-
hydroxybenzoic acid, protocatechuic acid, gallic acid, 4-methoxyphenol and tyrosol). These compounds were
selected to study the position, order and nature of substitution on the aromatic ring as well as the possible
influence of the pK,. Generally, more reactive compounds yield higher amounts of H,O, formed, whereas the
PK, does not affect photocatalysis owing to the amphoteric properties of the catalyst. Thus, the successful
oxidation of the organic compounds achieved in situ generation of H,O, with relatively high productivities using
a metal-free carbon nitride material stable in consecutive runs.
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1. Introduction

The development of efficient and inexpensive technologies for
wastewater treatment is important in the field of environmental pro-
tection. Aromatic compounds are present in many industrial and agro-
industrial wastewaters, such as those from olive mills containing a high
amount of organic matter and phenolic molecules. The development of
an efficient and environmentally-safe treatment process remains a de-
manding issue.

Several reports have been published in the field of advanced oxi-
dation processes (AOPs), particularly in visible light-driven photo-
catalysis, for the degradation of these pollutants [1-4]. Sunlight is a
free and limitless supply of energy whose radiation works as driving
force for the activation of several photocatalysts. However, light emit-
ting diodes (LEDs) are also attracting major attention in this field, due
to its low cost and respective flexibility to design photocatalytic re-
actors with different configurations and controlled irradiation features.

Carbon nitride, composed by layered polymeric triazine or tri-s-triazine
(heptazine) networks comparable to graphitic planes, here designated as
gCN, has appeared as a promising photocatalyst due to its optical semi-
conductor properties, ease of preparation, high physicochemical stability
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and flexible possibilities of functionalization for metal-free applications
[5]. This material has adequate band gap with favourable energy band
positions for photocatalytic H, formation, CO, reduction, organosynthesis
and degradation of contaminants such as organic micropollutants found in
urban wastewater treatment plant effluents (e.g., carbamazepine, iso-
proturon, clopidogrel, diclofenac, atenolol, bezafibrate, tramadol, venla-
faxine, fluoxetine) [5-8]. Its structural properties, morphology, adsorption
capacity, structure at micro- and nano-levels, among others, are also im-
portant. For instance, some authors reported that the macro and meso-
porosity of the catalysts have influence on the scattering of light, highly
porous materials yielding more photo-activated electrons [9,10].

Nevertheless, the pristine gCN material, i.e. the as synthesized
product, has a small surface area, commonly resulting in more limited
photocatalytic activity. Thus, several strategies have been pursued to
design efficient gCN based photocatalysts, such as soft templating, ex-
foliation, elemental doping or heterojunction formation [5]. Many re-
ports are focused either on coupling or doping gCN with metals (i.e.,
higher costs and concerns regarding leaching, overoxidation, among
others), or using dyes as model organic substrates [11-13].

In the field of the photocatalytic degradation of aromatic molecules
by using metal-free gCN materials, it has been noted that the respective
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mechanism is substantially different from that of the traditional P25
photocatalyst, hydrogen peroxide (H,0-) and other oxy-species, such as
reactive oxygen species (ROS), being simultaneously produced via
oxygen reduction [1,3,4,14,15].

In gCN photocatalysis, H,O, can be produced under mild conditions
(neutral pH, ambient temperature) in the presence of oxygen and an
adequate hole scavenger. Several recent studies, focused on the H,0,
production with gCN catalysts, have reported the use of aliphatic al-
cohols as sacrificial agents acting as hole scavengers (e.g., propan-2-ol,
ethanol, methanol) [16-19]. The degradation of aromatic molecules
(i.e., hole scavengers) with simultaneous H,O, generation is of parti-
cular interest for the development of water and wastewater treatment
since H,0, is an environmentally friendly oxidizing agent that under
certain conditions can generate the highly reactive hydroxyl radicals
(HO) [4,15]. For instance, Zhang et al. studied the degradation of
phenol and detected simultaneous formation of ROS, with compara-
tively higher H>O, generation on an exfoliated gCN catalyst than on the
pristine material [20].

Some mechanisms (Egs. (1)-(4)) have been proposed for the pho-
toactivation of this catalyst and the formation of ROS and H,0,
[21,22]. In those studies, the authors suggested that the activation of
the catalyst with light (hv) originates the electron/hole (e~ /h*) pairs —
Eq. (1). Electrons are consumed by dissolved oxygen, forming H,O5 by
the two-electron reduction reaction — Eq. (2). Then, H,0, can form HO"
~ Eq. (3), whereas superoxide radicals (O, ~ are generated by one-
electron reduction of oxygen — Eq. (4). The organic compounds can be
degraded by the photogenerated holes or by the ROS. However, this
mechanism is not yet completely understood.

photocatalyst + hv — e~ + h* (€)]
O, +2e” + 2H" — Hy0, @
H,0, + e© — HO—- + HO’ 3)
O, +e” =0y~ “

The main objective of the present study is to better understand the
mechanisms involved in the abatement and mineralization of different
aromatic compounds, with the simultaneous production of H,O, using
visible-LEDs as light source and gCN as a metal-free catalyst. To the best
of our knowledge, the abatement of aromatic pollutants containing
different substituent groups and the simultaneous H,O, evolution in
this metal-free photocatalytic system are followed for the first time in
the present study.

2. Materials and methods
2.1. Chemicals and materials

Dicyandiamide (C;H4N4, 99%), phenol (C¢HsOH, = 99%), titanium
(IV) oxysulphate (TiOsS, ~15wt.% in sulphuric acid), HO» (30 wt.%
in water), acetic acid (C;H40,, = 99.8%), tyrosol (CgH;002, 98%) and
resorcinol (CgHgO2, 99%) were obtained from Sigma-Aldrich. Sodium
sulphite anhydrous (Na,SO;, 98.5%) was obtained from Acros
Organics. Hydroquinone (CsHgO2, = 99.5%) was obtained from Merck
Millipore. Methanol (CH40, 99.99%) and acetonitrile (CoH3N, 99.99%)
were obtained from Fisher Chemical. Sodium hydroxide (NaOH, 98.5%)
was obtained from JMGS. Hydrochloric acid (HCl, = 37%), sulphuric
acid (H,SO4, 95.0-97.0%), sodium chloride (NaCl, = 99.5%), catechol
(C6HgO2, = 98%), benzoic acid (C;HgO2, = 99.5%), 4-hydroxybenzoic
acid (C;HgO3, =99.0%), protocatechuic acid (C;He¢O4, = 97.0%),
gallic acid (C;HgOs, 98.0%) and 4-methoxyphenol (C;HgO,, =
98.0%) were obtained from Honeywell Fluka. Ultrapure water was
produced in a Direct-Q Millipore system (Merck Millipore, Billerica,
MA, USA).
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2.2. Preparation and characterization of the catalyst

The synthesis of bulk carbon nitride (hereafter referred as gCN) was
performed by thermal decomposition of dicyandiamide, as reported
elsewhere [23]. Briefly, dicyandiamide was placed in a semi-closed
crucible in a muffle furnace under static air atmosphere at 550 °C.
Afterwards, the material was powdered in a mortar, rinsed with ultra-
pure water, filtered and dried overnight at 120 °C. The resulting powder
was spread in an open crucible, placed in a muffle furnace and the
temperature was maintained at 500 °C for 2 h. The final material was
labelled as gCN-T.

The morphology of the catalysts was studied by scanning electron
microscopy (SEM) using a FEI Quanta 400FEG ESEM/EDAX Genesis X4
M instrument. As previously reported [23], the Brunauer-Emmett-Teller
(BET) specific surface area (Sprr) of the photocatalysts were determined
from N, adsorption-desorption isotherms at —196 °C obtained in a
Quantachrome Nova 4200e apparatus. For the point of zero charge
(PZC) measurements, six solutions of 50 mL of NaCl 0.01 M were pre-
pared with pH ranging from 2 to 12, using solutions of 0.1 and 0.01 M
HCl, and 0.1 and 0.01 M NaOH. After that, 150 mg of gCN-T was added
to each solution and left for 24 h with continuous stirring in the dark.
Finally, the pH value of the PZC was determined from the interception
of the final pH v. initial pH line with the diagonal line of the graph.

2.3. Photocatalytic experiments

A glass reactor with a maximum capacity of 80 mL was employed in
the photocatalytic experiments. The photocatalytic reactions were
performed under visible light irradiation using 10 W LEDs with a
maximum emission line peak at 417 nm, located symmetrically from
the outside at 4.0 cm from the reactor wall. The average irradiance
(reaching the reactor wall) for each LED was ca. 400-500 W m~2, as
determined by UV-vis spectroradiometry using an OceanOptics
USB2000 + UV-vis spectrometer. To achieve the adsorption-desorption
equilibrium, 50 mL of an aqueous suspension containing the pollutant
and a certain amount of catalyst was stirred in the dark for 30 min, and
continuously bubbled with an air flow. Under these conditions, the
concentration of the studied pollutants never decreased more than
10.0%. The initial concentration of each pollutant was kept at
0.64 mmol L (equivalent to 60 mg L™ of phenol) and the catalyst load
varied from 0.1 to 1.0g L. After centrifugation and filtration, the
collected samples were analysed as described below. For studying the
effect of the O, partial pressure (resulting in varying concentrations of
oxygen dissolved in the liquid phase), different mixtures of O, and Ar
were saturated in the suspensions, whose composition were controlled
by using Bronkhorst High-Tech EF-FLOW Select F-201 CV thermal mass
flow meters. Reutilization tests were also performed. In this case, before
reuse, the catalyst was thoroughly washed with ultrapure water and
then dried at 120 °C for 12h.

2.4. Analytical techniques

Samples periodically withdrawn from the photocatalytic reactor were
analysed by high performance liquid chromatography (HPLC) using a
Hitachi Elite LaChrom instrument (Hitachi, Ibaraki, Japan) equipped with a
diode array detector (L-2450), a Purospher Star RP-18 column
(250 mm X 4.6 mm, 5 pm particles), and a solvent delivery pump (L-2130)
at a fixed flow rate of 1 mL min~'. Each compound was analysed at the
maximum absorption wavelength (Ay.). In the case of phenol
(Amax = 270nm), catechol (Apax = 274 nm), resorcinol (Ap.x = 272 nm)
and hydroquinone (Amax = 288nm), the HPLC method starts with an
equilibrated mixture of water (A):methanol (B) (70:30) followed by a linear
gradient step to A:B (37:63) in 20 min. Finally, the initial conditions were
re-established in a 1 min gradient step and the A:B (70:30) mixture was
isocratically eluted for 7min. For benzoic acid (Aga = 270nm), 4-
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hydroxybenzoic acid (Apax = 250nm), protocatechuic acid Apax =
254 nm), gallic acid (Apmax = 264 nm), 4-methoxyphenol (Ay,.x = 286 nm)
and tyrosol (Amax = 274nm), the concentration of the individual com-
pounds was followed using an optimized gradient elution method at a flow
rate of 1 mL min’’. Firstly, the column was equilibrated with an A:B (10:90)
mixture of 1% acetic acid and 0.5% acetonitrile in methanol (A) and 1%
acetic acid in water (B). Then, the following program was used: isocratic
elution for 15min followed by a linear gradient run to A:B (60:40) in
27 min and finally to A:B (10:90) in 5 min. Additionally, the concentration
of aliphatic acids originated from the degradation of phenol was analysed in
a Hitachi Elite LaChrom instrument equipped with a UV detector and read
at A = 200 nm. The HPLC method consisted on an isocratic elution with
5mM of H,S0, and flow rate of 0.5mL min~' in a Grace Alltech OA1000
column (300 mm X 6.5 mm).

The colorimetric method was used for the determination of the
amount of H,0, produced during the photocatalytic reactions [24].
Briefly, 300 L of the filtered sample, 300 pL of 0.5 M H,SO,4 and 10 pL
of titanium(IV) oxysulphate were mixed in a polystyrene cuvette and
the absorbance read at a wavelength of 405nm by using an Ocea-
nOptics USB2000 + UV-vis spectrometer.

The total organic carbon (TOC) content was determined using a
Shimadzu TOC-5000 A apparatus. The samples were withdrawn from
the reactor, centrifuged, filtered and mixed with an excess of sodium
sulphite ( + 2mg) in order to decompose some remained H,O,. The pH
was measured in a pH 211 Microprocessor pH meter (HANNA
Instruments). Dissolved oxygen (DO) and temperature of the solutions
were determined using a Crison Oxi 45 portable oximeter.

3. Results and discussion
3.1. Catalyst characterization and mechanistic insights

The morphology of gCN and gCN-T samples was analysed by SEM
(Fig. 1). The bulk material (gCN) is composed by compact aggregates,
whereas gCN-T consists of thin separated layers of carbon nitride due to
the thermal exfoliation. The electrostatic interactions between the
carbon nitride layers (van der Waals forces) are broken during the
thermal exfoliation, occurring the splitting of these layers. As reported
previously [23], the higher Sggr of gCN-T (87 m?g™!), compared to gCN
(4m?g~ 1), may promote the efficiency of the gCN-T catalyst.
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The gCN-T material was previously characterized [23], with respect
to its enhanced photocatalytic activity for the conversion of benzyl al-
cohol into benzaldehyde. In addition to that characterization, we de-
scribe now the results on the acid/base and electrostatics of the mate-
rial’s surface. The PZC of both materials was determined in order to
characterize their surface chemistry and understand the influence of the
pH solutions in contact with the photocatalysts. As well described in
literature, the gCN structure presents primary, secondary and tertiary
amine groups [5]. Primary and secondary amines can react with both
HO and H* from the solution (amphoteric nature) while tertiary amine
groups can only accept H* [25]. The Egs. ((5)—(9)) show the changes in
carbon nitride surface charges, based on the equilibrium between the
amino groups from the melem units with the reactive medium [26].

=C—NH, + H* - =C-NH;" ()
=C—NH, + HO™ = =C-NH™~ + H,0 6)
(=C),~NH + H" — (=C);—NHy" )
(=C),—NH + HO™ — (=C),—N~ + H,0 8
(=C)3—N + H" — (=C);—NH" ©)]

A pHpyc value of 6.0 was found for gCN-T (Fig. 2), therefore the
material surface is negatively charged for pH values greater than 6.0

—®—gCN-T
—/—gCN

Final pH

0 1 1 L 1 1 1
0 2 4 6 8 10 12

14
Initial pH

. PZC determination for gCN-T and gCN materials.

Fig. 1. SEM micrographs of (a) gCN and (b) gCN-T.

130



A. Torres-Pinto, et al.

and positively charged for lower pH values. In contrast, the bulk ma-
terial shows a pHpzc of 3.4. Depending on the precursor used for the
synthesis of gCN, different values of pHpzc can be found in the litera-
ture: for cyanamide 4.1, thiourea 4.4, melamine 5.0 and urea 5.1
[26,27]. Thus, it seems that the use of distinct precursors and the
preparation procedure have an important role on the physical-chemical
properties of the surface of gCN materials.

The band gap energy of gCN-T, determined from the corresponding
Tauc plot (Fig. SI1), is 2.73 eV, which is higher than the gCN material
(2.68 eV). The valence (VB) and conduction (CB) band potentials were
calculated for gCN-T using the Egs. (10) and (11) [28]:

Eyg = X-E + 05E, (10)
Ecg = Eyp - Eg an)
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where Eyp corresponds to the VB edge potential, Ecg to the CB edge
potential, X is the electronegativity of a semiconductor obtained as a
geometric mean of the constituent atoms (4.5 eV for gCN [29]), E° is
energy of free electrons v. vacuum (4.5eV) and E; is the band gap
potential (determined from the Tauc plots). With those values the po-
tentials for Eyp and Ecp are 1.51 eV and —1.22 eV, respectively.

3.2. Photocatalytic removal of phenol

The photocatalytic reactions were firstly investigated using phenol
as model aromatic compound. Results showed a negligible photo-
chemical degradation of phenol under visible light (Fig. 3a) owing to
the lack of absorption of phenol above 300 nm (the irradiation system
consists on LEDs with maximum emitted at 417 nm, Fig. SI2).
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Fig. 3. (a) Phenol normalized concentration ([PH]/[PH]o; [PH], = 60mgL~") and (b) H,0, production as a function of reaction time; (c) apparent first-order
reaction rate constant (k,pp) as a function of catalyst load; (d) TOC removal for different gCN-T catalyst loads after 180 min of reaction; (e) TOC removal and pH as a
function of time for a 0.50 g L™! gCN-T load; (f) [PH]/[PH], and H,0, production using gCN and gCN-T.



A. Torres-Pinto, et al.

Moreover, H,O, was not formed in the absence of any photocatalyst.

The reaction rate (r) in heterogeneous photocatalysis systems
commonly follows an exponential decay, based on the Langmuir-
Hinshelwood mechanism [30,31]. Under oxygen saturation conditions
of the liquid phase, the normalized concentration of the pollutant (C/
Cop) can be represented as a function of time (Fig. 3a) and the apparent
first-order reaction rate constant (k,pp) can be obtained by fitting an
exponential decay model (Fig. 3c).

In order to avoid an excess of catalysts and to ensure an efficient ab-
sorption of photons reachingthe target molecule, the influence of the cat-
alyst load in the efficiency of the process was studied. The photocatalyst
load was varied between 0.10 and 1.50g L™'. A compromise between
phenol degradation (Fig. 3a) and H>O, formation (Fig. 3b) was found for
0.5g L of catalyst load. In this case, 90% of phenol removal and
0.90 mmol L~ ! of H,O, concentration are achieved after 60 min of reaction.
A slight increase in kg, (Fig. 3¢) was observed for a higher catalyst load of
1.00 g L™ (0.040 min™*) compared with 0.50 g L™ (0.033 min™"), however
lower H,0, formation was achieved (Fig. 3b). It is worth mentioning that
the H,0, concentration increases and then decreases with an exception for
the lowest catalyst load (0.10g LY, the maximum H,O, concentration
normally being reached when phenol is nearly completely degraded
(Fig. 3a), i.e. at 60 min. The capacity of a semiconductor to drive HyOo
production from O, mostly depends on its electronic properties, since the
band gap potential may enable one-electron or four-electron O, reduction,
respectively leading to Oy~ or water formation, and decreasing the se-
lectivity towards H,O, generation [17,32]. For instance, the adsorbed
oxygen on the surface of a bulk gCN material is preferably reduced to O5 ™
via one-electron [20], while on modified gCN catalysts, with more surface
defects, O, preferably suffers two-electron reduction to form H,O,. The
reduction of dissolved O, to form H,0, (Eq. (2)) and O, (Eq. (4)) show
potentials of E, —0.33 and +0.281V v. SHE at pH = 7, respectively
[33]. Moreover, dissolved O, can also be reduced to water by a four-elec-
tron reaction (E, +0.815V y. SHE at pH = 7 [33]). When H,0, is
formed, it can be then reduced to yield HO" radicals (Eq. (3)) or oxidized to
water (E, +0.38 and +1.349V v. SHE at pH = 7, respectively [33]).
Since the CB energy level of gCN-T is -1.22 eV, and according to its redox
potentials, the reduction reactions with the CB ¢~ are expected in the fol-
lowing order: Eq. (4) = Eq. (3) > Eq. (2). On the VB, the direct oxidation of
phenol with photoactivated h* occurs and has a potential of +1.76 V [28].
Therefore, the reactive species presumably responsible for the oxidative
attack of the aromatic molecules are the photogenerated h* and the radi-
cals obtained by reduction reactions on the CB.

In terms of mineralization, remarkable TOC removals are achieved in
180 min for catalyst loads higher than 0.25g L™! (Fig. 3d), reaching a
plateau at an average 79.1% removal. As example, the TOC removals de-
termined at different reaction times for 0.50g L™' are shown in Fig. 3e,
values of 77.2 and 87.2% being measured after 180 and 360 min, respec-
tively. Typical aromatic reaction intermediates occurring in phenol oxida-
tive photodegradation (catechol, benzoquinone and hydroquinone [34])
were below the limit of analysis detection, whereas low molecular weight
carboxylic acids were detected (formic, fumaric, maleic and malonic acids),
but not quantified due to their very low concentrations. In agreement, at
these experimental conditions, the initial pH of 6 decreased to 4 in 30 min
(Fig. 3e). Moreover, a control experiment under similar conditions but
performed in the dark showed that the TOC remains constant, making clear
the need of light for the mineralization process to occur.

Finally, the performance of gCN and gCN-T materials was compared
(Fig. 3f). Using 0.50g L™ of gCN, incomplete degradation of phenol was
observed even after 180 min of reaction, whereas this organic compound is
degraded with gCN-T to levels below the detection limit in less than 90 min,
the kqp (0.034min~") being five times higher than with gCN
(kapp = 0.006 min~!). The production of H,O, was similarly decelerated
with gCN, a maximum concentration of 0.86 mmol L.~ * being achieved only
after 180 min (at variance with the higher H,O, concentration achieved for
gCN-T in 60 min), as well as a lower TOC reduction (45.5%) was achieved.
These differences are observed owing to the improved photoefficiency of
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the exfoliated material. Thus, the photocatalytic efficiency enhancement
using gCN-T is mainly ascribed to its increased surface area, ensuing higher
availability of active sites when compared to the initial gCN, since the band
gap of these materials is similar. The surface area can play a major role on
heterogeneous photocatalysis allowing for redox reactions to occur more
easily due to stronger contact between adsorbed reactants and the surface-
active sites [35]. In fact, several authors have shown that the surface area
increase of carbon nitride based materials leads to higher efficiency of the
photocatalytic process (faster pollutant degradation rates [3,36] and higher
yields of Hy,O, [14,15]).

3.3. H,0, production with gCN-T

As described before, a maximum H,0, concentration was obtained
at 60 min of reaction when almost complete phenol degradation was
achieved (Fig. 3b). After that time, the H,O, concentration starts to
decrease since phenol was completely removed from the solution. H,O5
is expected to be produced in the presence of gCN-T, of a proton donor
(such as phenol) and molecular oxygen. To better understand this
mechanism, the H,O, formation and decomposition phenomena were
studied separately by changing selected reaction conditions.

To study the H,0, formation, a specific set of experiments were
performed, by selectively removing: (i) the molecular oxygen; (ii) the
proton donor, i.e. phenol; (iii) the photocatalyst; or (iv) the light. No
H-0, formation was found for any of these reactions, indicating that the
presence of all the components is a sine qua non condition.

To investigate the H,O, decomposition, another set of experiments were
performed, in this case adding H,O, at the beginning of each run (c.a.
1-3mmol L™ 1) under the same above described (i) to (iv) experimental
conditions. Results showed that no decomposition of H,O, takes place in
the absence of photocatalyst and light source. Moreover, the concentrations
of both phenol and H0, remained the same under dark conditions, de-
monstrating that phenol is not removed by adsorption on the catalyst sur-
face.

In another experiment, performed in the presence of all components
(H>0,, oxygen, phenol, gCN-T and light), H,0, is formed until nearly
all phenol was degraded (60 min), then being decomposed. However, in
the absence of phenol, with or without oxygen, H,O, was fully de-
composed proving that the pollutant and oxygen are not responsible for
the decomposition of H,O,. Thus, the H,O, decomposition occurs in the
presence of the photoactivated gCN-T catalyst through reduction with
the photogenerated electrons in the CB. Moreover, the phenol conver-
sion is enhanced with argon saturation and in the presence of H,0,, in
comparison to argon alone (Fig. SI5). Most probably, H,O, is decom-
posed, producing radical species, such as HO" radicals.

Finally, it is interesting to refer that a significantly higher k,p, for
phenol removal was obtained in the presence of oxygen
(kapp = 0.044min~") when compared to an experiment in the absence
of oxygen (kap, = 0.004min™").

Thus, these results indicate that the formation of H,O, is due to the
presence of dissolved oxygen and a proton donor reacting via the photo-
activated catalyst, and that H,O, suffers photocatalysis in anoxic conditions.

3.4. Influence of dissolved oxygen

The influence of dissolved O, on both phenol degradation and H>0,
production was also studied in detail. Several experiments were per-
formed varying the ratio of oxygen to argon (Os:Ar) in the gas feed
(Fig. 4). In general, the dissolved oxygen (DO) content (not shown)
initially decreases and then reaches a plateau when phenol is com-
pletely removed, i.e. at 120, 90 and 60 min for the 10, 21 and 100% O,
feeds, respectively. Moreover, a faster phenol degradation is observed
in the more Oy-rich solutions (Fig. SI3), e.g., kapp = 0.063 min~?! for
100% O, compared with the k,, = 0.001 min~! under deoxygenated
conditions (0% of O,), as shown in Fig. 4. Under deoxygenated condi-
tions, H,O, production was not detected. On the other hand, increasing
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0.05 |- (—e-) at 180 min for the photocatalytic degradation of phenol with
0.05 — 180 1s different percentages of O:Ar feeds (constant gas flow, constant
| pressure: 2 bar).
—~0.04} __ | e o
[©] < 0.04 - 60 .
£ < 3
Eoml E 3 162
~ - 0.03 3
o 53 4140 o
~ < ® u —_-
x
T o002} - =
g h— E— P T4
0.01 + 0.01 / i
* =k, —®—H0, —>—TOC —e—pH
0.00 L 0.00 L : - L Y L 0 42
10 15 20 25 90 95 100

Flow (% O,)

the O, percentage (Fig. SI4), the highest H,O, concentrations (0.66,
0.74, 0.95 and 0.86 mmol L™! for 5, 10, 21 and 100% of O, respec-
tively) were reached at 180, 150, 120 and 60 min, respectively. Thus, in
general, higher DO contents lead to the highest H,O, concentrations in
shorter irradiation times.

The pH and TOC content were also determined in these experiments
at the end of the photocatalytic reaction. Results showed that the TOC
removal, kapp, and amount of H;O, generally increases with the per-
centage of O, in the solution, whereas the pH decreases (Fig. 4).
However, for 21% and 100% of O,, the amounts of H,O, produced are
quite similar. The excess oxygen may be reacting with photoactivated
electrons, forming O, ™ radicals, which may accelerate the degradation
process and can explain the similar H,O, evolved amounts. These ra-
dicals, together with HO" and h* (detected indirectly from a scavenger
reaction, Fig. SI5a), are the oxidizing species responsible for the

Table 1

pollutant degradation and mineralization.

Another important aspect to be taken into consideration is the
general correlation existing between the four evaluated parameters
(Fig. 4). Higher percentages of oxygen in the injected gas flow reveal a
tendency to increase the phenol degradation (i.e., higher kpp), as well
as the mineralization rate up to 10% O,, whereas a lower pH is obtained
at the end of the reaction. These results explain the oxidative attack by
the generated radicals, promoting the photocatalytic degradation and
mineralization of phenol, yielding an acidic final solution. In sum, more
O, leads to a faster phenol removal and higher H>O, production rates
up to a certain value (ca. 0.04 mmol).

3.5. Degradation of different aromatic compounds

Ten aromatic compounds were chosen to study the photocatalytic

Selected aromatic compounds and respective results after individual photocatalysis (highest amount of H,O, produced, apparent first-order rate constant (k,pp) and

TOC removal).

TOC removal (%)

Maximum H,0, evolved (mmol)®  H,0, production rate (umol g, *h~1)*"

Compound Chemical structure  kqpp (min~1)
Phenol (PH) ©/°H 0.034 + 0.002 76.3
Catechol (CT) o 0.034 + 0.003 77.8
i OH
Resorcinol (RC) H°\©/°H 0.062 + 0.006 76.8
Hydroquinone (HQ) /©/°” 0.0059 = 0.0001 69.3
HO'
Benzoic acid (BA) o 0.0065 + 0.0001 46.0
©)LOH
4-Hydroxybenzoic acid (HBA) 2 0.026 + 0.002 77.7
o
HO’
Protocatechuic acid (PCA) © 0.021 + 0.003 72.9
OH
HO’
H
Gallic acid (GA) 2 0.028 + 0.003 70.9
HO. oH
HO'
OH
4-Methoxyphenol (MOP) OH 0.043 + 0.003 52.1
AT
Tyrosol (TYR) 0.065 + 0.004 43.4

I
o]
o
I

0.045 (60 min) 2151 (30 min)

0.031 (75 min) 1181 (30 min)

0.052 (60 min) 3103 (15 min)

0.021 (180 min) 633 (75 min)

0.018 (120 min) 625 (30 min)

0.045 (90 min) 2030 (15 min)

0.044 (90 min) 2479 (15 min)

0.047 (90 min) 1779 (15 min)

0.042 (90 min) 1776 (15 min)

0.035 (120 min) 2049 (15 min)

2 The times in brackets correspond to when the values were obtained or calculated.
> Calculation based on highest measured H,0, concentration at a given time. H,O, production rate = H,0, concentration (umol L'*) + [catalyst load (geae L™ 1) X

irradiation time (h)].
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degradation mechanism using gCN-T. These compounds are commonly
found in olive mill wastewaters [37-39] and were selected according to
their chemical structure in order to study the impact of the position,
order and nature of substitution on the aromatic ring, comparatively to
phenol. No significant degradation was observed by photolysis, and no
H,0, was produced (results not shown). These results were expected
considering that the emission spectrum of the LEDs (Fig. SI2) and the
absorption spectra of the compounds tested do not match. The photo-
catalytic results are summarized in Table 1: k,,,, TOC removal, max-
imum amount of H,0, and respective production rate.

Catechol (CT), resorcinol (RC) and hydroquinone (HQ) were se-
lected for this study as they have two —OH groups in the ortho, meta and
para positions (comparing to phenol - PH), respectively. As expected a
faster degradation was observed for RC, then PH, CT and HQ (Fig. 5a,
Table 1, a zero-order reaction model being more likely in the specific
case of HQ). This is due to the activating nature of the —OH group
which is ortho and para director for electrophilic substitution [40]. In
this sense, a hole generated in gCN-T will act as the electrophile and the
degradation process will be initiated by the attack on the aromatic ring.
The RC ring can be easily attacked in three distinct carbon atoms;
phenol as well but in a lesser extent. Then, CT and HQ are more difficult
to be decomposed since all carbon atoms are less prone to be attacked

1.0
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0.8} v RC
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0.6 |
o
o
~
o
0.4}
v »
0.2 v
(a) L >
[0 ) S N — 5 F 4
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1.0
¢ BA
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0.8+ < PCA
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S
= |
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n Q
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owing to the position of the —OH substituents [40]. PH and RC yield the
highest amounts of H,O, (Fig. 5b), as they are the most reactive,
achieving the maximum H,0, concentration at 60 min (corresponding
to 0.045 and 0.052mmol of H,O,, respectively). H,O, production
reaches a maximum at 75 min (0.031 mmol) during the degradation of
CT, whereas 0.021 mmol of H,O, are obtained for HQ at 180 min.
Benzoic acid (BA), 4-hydroxybenzoic acid (HBA), protocatechuic
acid (PCA) and gallic acid (GA), with none, one, two and three —OH
groups, respectively, were selected to study the influence of the number
of strong electron-donating —OH groups on the ring over the common
strong electron-withdrawing —COOH group. The differences were less
notorious in this case, but the degradation was faster for GA and HBA,
then PCA and lastly BA (Fig. 5c). The influence of the —OH group is
more predominant relatively to the —COOH group due to their relative
strengths [40]. In addition, the presence of more —OH groups can
further protect or activate the ring according to their positions. GA has
three very strong activating groups (—OH) and a strongly deactivating
group (—COOH), thus the combination of these substituents makes GA
to be easily degraded. BA has only one electron-withdrawing group,
being the less reactive of these four molecules. All three substituted
acids (GA, HBA and PCA) yield high concentrations of H,O, (Fig. 5d),
since they are very reactive molecules that easily donate protons. Thus,
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Fig. 5. (a, ¢, e) Normalized concentration of compounds and (b, d, f) H,O, production during photocatalytic experiments to study the influence of substituent (a, b)

position, (¢, d) order and (e, f) nature.
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it seems that more reactive compounds lead to higher H>O, formation.
In this case, GA, HBA and PCA showed maximum H,O, amounts at
90 min (correspondingly, 0.047, 0.045 and 0.044 mmol of H,0,). The
production of H,0O, in the presence of BA is slower, reaching
0.018 mmol of H,O, at 120 min.

Different para substituted aromatic compounds were also studied: 4-
methoxyphenol (MOP) has a methoxy group (—OCHj3), and tyrosol
(TYR) has a hydroxyethyl group (—CH>CH,OH), both in the para po-
sition (Fig. 5e-f). TYR is more easily degraded than MOP and PH due to
the presence of the —OH (ortho directing) and —CH,CH,OH (meta di-
recting) groups, allowing for a greater reactivity with two carbon atoms
with more prone tendency to be attacked [40]. MOP holds a very strong
(—OH) and a strong (—OCH3) activating groups, resulting in a higher
reactivity of the ring. Moreover, PH, HQ and BA are increasingly less
reactive due to their own para substituents (—H, —OH and —COOH,
respectively), as previously explained. Overall, it can be observed for all
aromatic compounds studied that a faster degradation leads to higher
H,0, formation.

As previously explained, some compounds tend to be more easily
attacked than others, as demonstrated by the k., values listed in
Table 1. Moreover, the TOC removals were above 70% in many cases,
except for the more recalcitrant compounds, namely BA, MOP and TYR.
The main contributors to the remaining TOC content are aliphatic acids,
which are the final oxidation products detected at the end of the re-
action. The low pH found (< 4) at the end of the reactions is in
agreement with this hypothesis.

The rates of H>O, production range from 625 (BA) to 3103 (RC)
umol g.,.~*h (Table 1), which are significantly higher than in other
metal-free photocatalytic processes [16-20,28,32,41-48]. The highest
H,0, production rate found in literature (3300 umol g.,'h™) was
previously reported by Svoboda et al. [28], using 1.0g L ™! of carbon
nitride nanosheets produced from melamine, a 20mgL ™! phenol so-
lution under visible-LED irradiation (A;yax = 416 nm). In another work,
Kofuji et al. [46] reported 550 pmol of H,O, formation after 6 h of ir-
radiation (and 150 pmol of H,0, in 60 min), using 1.7 g L of an hybrid
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catalyst of an imide-doped carbon nitride combined with reduced gra-
phene oxide and boron nitride, a propan-2-ol/water (9:1 v/v) matrix
and a Xe lamp (A > 420 nm). For comparison purposes, one additional
experiment was performed using 0.5 g L* of the gCN-T material studied
in the present work and the same ratio of propan-2-ol in water, a H,O5
concentration of 480 pmol being obtained in 60 min. Typically, H,O5
evolution studies employ sacrificial agents (e.g., propan-2-ol, ethanol or
butan-1-ol [16]), whereas the formation of HO, was accomplished in
the present work with the simultaneous degradation of different pol-
lutants acting as proton donors.

Finally, the possible influence of the pK, of the studied compounds
was also investigated. The selected compounds have pK, values that
range from ~4 (BA, HBA, PCA and GA) to ~10 (PH, CT, RC, HQ, MOP
and TYR). The degradation and mineralization rates of these aromatic
compounds were analysed and compared in terms of pK, values.
However, no correlations between pK, and the photocatalytic results
were found, these observations being in line with the amphoteric
properties of gCN-T (Fig. 2). Thus, the nature, order and position of
substituent groups on the aromatic ring seem to be the main responsible
for the different efficiencies in the degradation and mineralization of
the pollutants. Moreover, the pK, does not affect the H,O, production,
which is mainly influenced by the DO content and the presence of more
—OH groups in the aromatic ring.

3.6. Photocatalytic degradation and mineralization of a mixture of
aromatic compounds

Considering the efficiency of gCN-T for the degradation of the dif-
ferent aromatic compounds, the photocatalytic treatment of a mixture
containing ten compounds was performed. During this study, two
mixtures were prepared: Mix A where the concentration of each com-
pound was set at 0.640 mmol L, and Mix B where a 20-fold dilution
was employed (0.032 mmol LY). Results revealed that in the absence of
catalyst both mixtures are relatively stable.

Regarding Mix A (Fig. 6a), it can be noticed that the photocatalytic
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Fig. 6. Normalized concentration of the selected aromatic compounds in mixtures with (a) 0.640 mmol L' (Mix A) or (b) 0.032 mmol L™ ! (Mix B) of each compound

and (c) H,0, production in each mixture.
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removal depends on the organic compound employed, GA being the
easiest degraded (57% after 180 min), followed by MOP (38%). The
remaining organics compounds show similar removals between 10 and
23%. No TOC removal was achieved at the end of the reaction. Ana-
lysing the results obtained with Mix B (Fig. 6b), nearly all compounds
were completely removed in less than 180 min of irradiation, while
69.7% TOC removal was achieved, indicating that in this case organic
compounds are oxidized to carbon dioxide and water.

Simultaneously, H,O, was generated with both tested mixtures
(Fig. 6¢). Mix A yielded a maximum amount of 0.036 mmol at 180 min,
which is expected yet to increase until the removal of all aromatics.
Using Mix B, a highest H,O, amount (0.023 mmol) was obtained at
60 min, when most compounds had already been completely removed.
The reason behind the smaller yield obtained with Mix B is related to
the lower initial concentration, as less initial substrate means the stoi-
chiometry of H,O, generation is disfavoured with fewer protons to form
H,0,. However, it is observed that the H,O, generation curve is quite
similar for both mixtures until ca. 60 min. The initial concentration
does not interfere with the rate of H,O, production but with the extent
of this reaction, i.e. the H,O, concentration decreases in Mix B after
60 min, whereas the concentration continuously increases in Mix A. As
discussed, a faster removal of aromatics was achieved in Mix B, con-
sequently hindering further H,O, evolution.

As explained in Section 3.5, each compound has a different re-
activity towards oxidation. In this way, the observed removals and
mineralization rates were somewhat expected. Moreover, some of the
degradation rates obtained in the mixtures varied from those results
where each compound was tested separately, possibly due to inter-
ference from the presence of the other aromatic compounds in the
mixtures.

3.7. Catalyst reutilization tests

Since gallic acid (GA) generated one of the highest amounts of H,O,
(0.047 mmol in 90 min), and is the compound faster degraded in Mix A,
it was selected to perform catalyst reutilization tests. The reusability of
gCNT was demonstrated by performing consecutive photocatalytic runs
using aqueous solutions of GA. In all runs, GA was rapidly degraded and
completely removed after 90 min, when the maximum concentration of
H,0, was detected (Fig. 7a). The determined k,p, values were also very
similar in consecutive runs, ranging from 0.028 to 0.032 min~'. Like-
wise, the mineralization rates were unchanged, TOC removals between
65 and 76% being obtained (Fig. 7b), as well as the pH (ca. 3.3 in
180 min). The H,0, production was also similar, nearly overlapped
evolution curves (Fig. 7a) and maximum values of 0.047, 0.050 and
0.049 mmol (Fig. 7b) being obtained for the 1st, 2nd and 3rd runs,
respectively. All studied parameters, i.e. degradation rate, H,O,
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Reutilization

production and TOC removal, remained constant throughout the ex-
periments inferring that this material can be reused at least three times
without losing its photocatalytic activity.

4. Conclusions

The studied metal-free carbon nitride material is highly active in the
photocatalytic degradation of the tested aromatic compounds under
visible light. The simultaneous in situ generation of H,O, is ascribed to
the photoactivation of the metal-free material in the presence of oxygen
and at least one organic pollutant. Generally, larger amounts of H,O5
are obtained for the most reactive molecules. Moreover, the amphoteric
properties of the material seem to play a key role in the degradation of
these compounds, since the position, nature and order of the aromatic
ring substituents affect the degradation regardless of the acidic/alkaline
properties of each compound. Additionally, according to the reutiliza-
tion tests, this material can be reused without showing any loss of
photocatalytic activity.
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