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Abstract

The rational design and development of highly-active photocatalytic materials for the degradation of dangerous chemical
compounds, such as parabens, is one of the main research pillars in the field of photocatalysis. Graphitic carbon nitride
(g-C;N,) is a 2D non-metal material and is considered one of the most promising photocatalysts, because of its peculiar phys-
icochemical properties. In this work, porous g-C;N, nanosheets (CNNs) were successfully prepared via thermal exfoliation
of bulk g-C;N, (CNB). A thorough physicochemical characterization analysis before and after the exfoliation process was
performed, revealing the improved textural characteristics (surface area of 212 m?/g), chemical stability, and optical proper-
ties (wide band gap of 2.91 eV) of CNNs compared to the CNB. Then, both CNB and CNNs were comparatively assessed
as photocatalysts for the degradation of methyl-, ethyl- and propylparaben (MP, EP, and PP), as well as of their mixture.
CNNs with high surface area display superior photocatalytic performance under solar irradiation, offering >95% degradation
efficiency to all parabens, in contrast to the much inferior performance of CNB (<30%). Several experimental parameters,
involving catalyst concentration, initial concentration of parabens, and irradiation type were thoroughly investigated for the
degradation of MP over CNNs. Moreover, various scavengers were employed to discriminate the role of different reactive
species, revealing that superoxide anion radicals (-O,") play a pivotal role in the degradation process, in contrast to hydroxyl
radicals (-OH). The present results pave the way towards the facile synthesis of high surface area CNNs with improved tex-
tural and electronic characteristics, which can be applied in various environmental applications.
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1 Introduction

< V. Binas

binasbill @iesl.forth. . .
HasbriEiest.lort. gt Nowadays, the issue of water pollution has caused great
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concern in the scientific community due to the significant
increase of dangerous organic compounds in wastewater.
Among the different pollutants, pharmaceuticals and per-
sonal care products (PPCPs) are considered widespread
contaminants due to their potentially hazardous impact on
aquatic life and human health [1, 2].

Parabens, which belong to the category of PPCPs, find
widespread usage as preservatives and antimicrobials in cos-
metics, pharmaceuticals, processed foods, and various indus-
trial products [3]. They have been classified as endocrine
disruptors and are acknowledged as emerging contaminants
due to their continuous release in aquatic environments and
detection at ng/L to pg/L levels [4], ecotoxicity to various
microorganisms [5], and mild estrogenicity [6]. The key rea-
son for their widespread use as preservatives is primarily

@ Springer


http://orcid.org/0000-0001-9338-8304
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-023-07032-y&domain=pdf

754 Page2of12

S. Stefa et al.

attributed to their remarkable effectiveness against fungi and
gram-positive bacteria [3]. However, the safety of paraben-
containing products remains a subject of substantial debate.
Recent concerns have underscored potential risks to water
quality, human health, and the ecosystem. Direct exposure
to parabens occurs during the use of PPCPs, leading to their
detection in human tissues (up to 5103 mg/g) [7] and urine
samples (up to 1710 mg/L) [8], among other sources. Several
studies have reported the estrogenic and carcinogenic effects
of parabens, underscoring the urgent need to eliminate these
contaminants from wastewater and other aqueous effluents
[3, 9]. Given the documented risks, it is crucial to address
and mitigate the presence of parabens to safeguard human
health and preserve the integrity of the environment.

In recent years, the need to effectively eliminate para-
ben preservative products from wastewater has led to the
exploration of various advanced oxidation processes [1, 3, 9,
10]. One particularly promising technology is heterogeneous
photocatalysis, which offers numerous advantages such as
affordability, simplicity, and non-toxicity [1]. This technique
has proven to be highly efficient in degrading a wide range of
preservative products under ambient temperature and pres-
sure conditions [11]. The photocatalytic reaction involves
three primary stages, such as (1) light absorption, (2) sepa-
ration and transfer of photo-generated electrons (e™)-holes
(h"), and (3) redox reaction on photocatalyst surface [3, 9].
Despite the many advantages of photocatalysis, its efficiency
is still considered relatively low and requires further inves-
tigation. Therefore, recent studies have focused on two key
areas: developing solar light-responsive photocatalysts and
optimizing experimental conditions to enhance the photocat-
alytic performance and stability of these catalysts [10-19].

Recently, g-C;N, has attracted a great deal of research
interest as a photocatalyst, due to its outstanding physico-
chemical properties, thermal/chemical stability, and suit-
able band gap with an adequate visible light response [20,
21]. It could be easily synthesized using inexpensive carbon
and nitrogen-based precursors [22, 23] and used for organic
compound degradation, water splitting, CO, reduction, NOx
removal, and organic synthesis under visible light [24-31].
Nevertheless, bulk g-C;N, possesses several limitations,
including low surface area due to the stacking of layers dur-
ing polycondensation, insufficient visible light utilization,
and rapid recombination of photogenerated electron—hole
pairs, leading to low photocatalytic efficiency [32]. To
overcome these limitations, several strategies have been
employed, such as the construction of heterojunctions, the
creation of structural defects, and doping [33-36]. In this
direction, the exfoliation process of bulk g-C;N, into thin-
layer g-C;N, nanosheets is a low-cost and facile process,
leading to a high specific surface area, enhanced physico-
chemical properties, and increased photocatalytic activity
[26, 32, 37, 38].
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In the case of the photocatalytic degradation of parabens,
several semiconductors have been used [18, 39-41], but only
a few studies have been focused on g-C;N,. Arvaniti et al.
[28] studied the photocatalytic degradation of methylparaben
using g-C;N, as a photocatalyst under solar irradiation and
reported its complete degradation after 90 min of irradiation
at the lowest methylparaben concentration. In addition, Fer-
nandes et al. [42] focused on the photocatalytic degradation
of MP, EP, and PP (0.08 mM of initial concentration of each
paraben), using the exfoliated g-C;N, (1 g/L) under visible
irradiation, revealing complete degradation of each paraben
after 20 min of irradiation. Furthermore, Kumar et al. [43]
synthesized and used nano-hybrids of magnetic biochar sup-
ported g-C;N,/FeVO, for the degradation of methylparaben,
via adsorption, photocatalysis, and photo-ozonation. The
results showed 98.4% degradation of methylparaben after
90 min of reaction under solar light irradiation.

Inspired by the aforementioned issues, this work aims for
the first time at investigating the photocatalytic activity and
stability of high surface area CNNs under solar irradiation
using MP, EP, and PP as well as their mixture as pollut-
ants. In particular, the present work focused on the com-
parative study of photocatalytic activity between CNB and
CNNs. A complementary characterization analysis, involv-
ing BET, XRD, Raman, SEM/TEM, AFM, UV-Vis diffuse
reflectance, and Photoluminescence (PL) spectroscopy, was
carried out over both CNB and CNNs to gain insight into
the effect of thermal exfoliation on the physical and chemi-
cal characteristics. The photocatalytic performance of both
CNB and CNNs was comparatively assessed for the degra-
dation of MP, EP, and PP as well as their mixture. Several
experimental parameters, involving catalyst concentration,
initial concentration of parabens, irradiation type as well as
the addition of different scavengers were thoroughly inves-
tigated. Interestingly, the highly porous CNNs exhibited
excellent photocatalytic activity and stability under simu-
lated solar irradiation, in contrast to CNB. The present find-
ings are discussed on the basis of the characterization results
in conjunction with the underlying mechanism of parabens
degradation over CNNs.

2 Experimental section
2.1 Materials

Methyl-paraben (MP), ethyl-paraben (EP), propyl-paraben
(PP), melamine, disodium ethylenediaminetetraacetate dihy-
drate (EDTA-Na,), and isopropyl alcohol (IPA) were of ana-
lytical grade and purchased from Sigma-Aldrich (Sigma-
Aldrich, St. Louis, MO, USA). For the preparation of all
solutions and in all experiments, distilled water was used.
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2.2 Synthetic procedure of g-C;N,

Bulk g-C;N, (CNB) was prepared by thermal polyconden-
sation of melamine and porous g-C;N, nanosheets (CNNs)
were obtained via thermal exfoliation of CNB, as thoroughly
described in our previous work [37]. In a typical experiment,
50 g of melamine was taken in a covered alumina crucible
and calcined at 510 °C for 2 h and 530 °C for 2 h under air-
flow (heating rate 2 °C/min) in a muffle furnace. The product
was a dark yellow solid (named CNB) that was milled and
collected for further use. Then, 5 g of CNB was added in
an open alumina crucible and calcined at 580 °C for 2 h
(heating rate 2 °C/min) in a muffle furnace. The color of the
sample was pale yellow (named CNNs) and the volume of
the CNNs with the same weight is much larger than that of
CNB, demonstrating the high porosity of CNNs.

2.3 Materials characterization

The textural features of both Bulk and CNNs were evalu-
ated by N, adsorption—desorption isotherms at — 196 °C
(Nova 2200e Quantachrome flow apparatus, Florida, USA).
Moreover, the structural features were analyzed through
X-ray diffraction (XRD) in a Rigaku diffractometer (model
RINT 2000, Tokyo, Japan). For the morphological/sur-
face investigation, Scanning Electron Microscopy (SEM,
JEOL JSM-6390LV, JEOL Ltd., Akishima, Tokyo, Japan),
as well as Transmission Electron Microscopy (TEM) on a
JEM-2100 instrument (JEOL, Tokyo, Japan) was carried
out. Atomic force microscopy (AFM) was conducted on a
Bruker Dimension Icon under ambient conditions. For the
topographic images, silicon nitride ScanAsyst-Air probes
(R=2nm, k=0.4 N/m, f=70 kHz) were used. The samples
were dispersed in ethanol and spin-coated (1500 rpm, 1 min)
on top of Si0,/Si. The UV—-Vis/Near-IR diffuse reflectance
spectra of the materials were received using a Perkin Elmer
LAMBDA 950 in the wavelength range of 250-2500 nm
with BaSO4, as the reference standard. The optical band
gap energies of the samples were determined by plotting the
Kubelka—Munk function. Photoluminescence spectra were
obtained with a fluorescence spectrophotometer (Agilent
Technologies) equipped with a Xenon lamp at an excitation
wavelength of 325 nm.

2.4 Photocatalytic experiments

The photocatalytic degradation of single parabens or a mix-
ture of them over the CNB and CNNs was performed on a
solar simulator (Mega Lab, model MegCeraX10) equipped
with a 300 W xenon lamp and an Air Mass 1.5 Global Fil-
ter simulating solar irradiation (>280 nm). In a typical
experiment, 100 mL of the aqueous solution containing
10 mg/L of MP, EP, PP, or their mixture (10 mg/L of initial

concentration of each paraben), were loaded in a reaction
vessel at ambient temperature under continuous stirring.
50 mg of the as-prepared photocatalyst was added to the
reaction solution and this suspension was stirred for 30 min
in the dark for an adsorption—desorption equilibrium. At
a specified time, samples were collected and filtered by a
0.45 pm diameter glass microfiber Whatman syringe filter.
The absorbance of the samples was measured using UV-Vis
spectroscopy (Cary 50, Agilent Technologies), and the maxi-
mum intensity of the main absorption peak of each paraben
was 255 nm. Experiments without catalysts were performed
to assess the influence of other processes, such as photolysis,
on the degradation of MP, EP, and PP.

Furthermore, the effect of the catalyst concentra-
tion (0.1-0.75 g/L), the initial concentration of paraben
(0.001-0.02 g/L), and the irradiation type were investigated
using CNNs as photocatalyst and MP as a model pollutant.
In the case of the experiments under visible irradiation, a fil-
ter with a 420 nm cut-off was used. In addition, the reactive
species that participated in the photocatalytic process were
determined by using various scavengers. Typically, 10 mM
isopropyl alcohol (IPA) and disodium ethylenediaminetet-
raacetate dihydrate (EDTA-Na,) were used as -OH and h*
scavengers, respectively, while a photocatalytic experiment
was conducted under a nitrogen atmosphere to quench -O,".
To investigate the reusability of CNNs, three photocatalytic
recycles were carried out. Typically, MP solution contain-
ing CNNs was centrifuged and then the precipitate was
washed with water, centrifuged, and left to dry overnight.
After each cycle, this process was performed to isolate the
photocatalyst.

3 Results and discussion

3.1 Structural and morphological alterations
between bulk and exfoliated materials

Figure 1a shows the XRD patterns of melamine, CNB, and
CNNs. It has been revealed that the starting materials and
temperatures can affect condensation, which could be con-
firmed by the sharp peaks of XRD patterns [26, 38]. In this
work, melamine was used as a precursor and in Fig. 1a it is
shown that it could finally get the g-C;N, characteristic XRD
peaks at 20 of 13.1° (100) and 27.6° (002). From XRD pat-
terns of as-synthesized samples, the diffraction peak at 27.6°
corresponds to the interlayer stacking of the conjugated aro-
matic systems, and the peak at 13.1° is ascribed to the in-
plane structural packing motif [44]. After the exfoliation
process, there is a significant reduction in the intensity of the
(100) and (002) peaks on CNNs, indicating the successful
exfoliation of CNB, resulting in a decrease in the size of the
layers, as further discussed below.

@ Springer
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Fig.1 a XRD patterns of melamine, CNB, and CNNs; b topography with a respective height profile of CNB. Inset shows a magnified image of
its surface. ¢ Topography with respective height profiles of CNNs. Inset shows a high-resolution magnified image of its porous surface

The morphology of CNB and CNNs were investigated by
SEM and TEM as shown in Figure S1. As depicted in Fig-
ure S1(a), CNB is compact and exhibits irregularly stacked
large micrometer-sized particles. After the exfoliation
process, CNNs exhibit loose agglomerates with abundant
pores and thin curved nanosheets (Figure S1(b)). To further
investigate the microstructure of the samples, TEM images
of both CNB and CNNs are presented in Figure S1(c) and
(d), respectively. The CNB agglomeration and stacking are
evident again, while CNNs consist of much thinner sheets,
confirming the successful exfoliation of the CNB, consistent
with the SEM and XRD observations.

To gain insight into the topography and thickness of the
materials AFM was in addition employed. Figures 1b and ¢
show CNB and CNNss isolated flakes along with their char-
acteristic topographies and height profiles, respectively.
The preparation of CNB resulted in stacked flakes, as seen
previously from SEM and TEM images, with a thickness
ranging from 175 to 300 nm due to their inhomogeneous
agglomeration (Fig. 1b). On the other hand, the exfoliated
CNNs produced from the quite violent, thermal exfolia-
tion process, display a nonuniform thickness across the
flake, ranging from 15 to 28 nm (Fig. lc). Diving deeper
into the surface of each material (insets of Fig. 1b and
c), we can see a distinctive porous nanostructure on the

@ Springer

CNNs while CNB is mostly non-porous with high rough-
ness due to layer irregularity. The CNB roughness, at
30+ 5 nm, is mainly ascribed to the randomly stacked
flakes on the investigated area. The thermal exfoliation
process significantly reduced the number of sheets and
exposed a highly porous surface, resulting in a very high
surface area (212 m?/g), as compared to 10 m*/g of CNB
(Table 1) The roughness of CNNs, at 10 + 1 nm, is credited
to the porous structure while the thickness of the layers has
a lesser impact. Taking into consideration the increased
roughness in correlation with the thickness, we assume
that CNNs vary from 5 to 15 layers whereas CNB fluctu-
ates up to 200 layers (Table 1).

Table 1 Textural/morphological/optical properties of CNB and
CNNs samples

Sample BET analysis AFM analysis DRS
analysis
SgET Pore Thickness Rough- Band gap
(m% Q) volume (nm) ness (nm) (eV)
(cm%/g)
CNB 10 0.12 200-300 30+5 2.74
CNNs 212 1.07 15-30 10+1 291
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3.2 Optical properties of bulk and exfoliated
materials

The optical properties of the as-prepared samples were deter-
mined by UV-visible absorption spectroscopy (UV—-Vis
DRS). As illustrated in Fig. 2a, the CNB and CNNs sam-
ples exhibit an absorption edge in the visible region. How-
ever, the absorption edge of the CNNs presents a small blue
shift compared to CNB which agrees with the color change.
The band gap values of the samples were determined from
the Kubelka—Munk function and presented in Table 1 and
Fig. 2b, from which it can be observed that the band gap
energy (E,) is increased from 2.74 to 2.91 eV after the exfo-
liation process [45—47]. As a result, the small blue shift can
be ascribed to the quantum confinement effect (QCE) due
to the reduction in the thickness and size of the layers of
g-C;3N, [25, 26, 38, 48].

The band edge potentials of CNB and CNNs were esti-
mated using the following Egs. (1) and (2)

Eyg =y —E°+0.5E, (1)

Ecp =Eyg — Eg 2)

where Ey g and Ey are potential energy (eV) of the Valance
Band (VB) and Conduction Band (CB) respectively; x is

the geometric mean of the electronegativity of the constitu-
ent atoms of a semiconductor (calculated to be 4.73 eV for
g-C;N,); E° is the energy of free electrons in a standard
hydrogen electrode (~4.5 eV vs NHE) [49, 50]; Eg is the
experimentally determined band gap energy of the sample.
As we can see in Fig. 2c, the Ey of both CNB and CNNs are
about —1.14 and — 1.23 eV, respectively, whereas the Ey
values are estimated to be 1.60 and 1.69 eV, respectively,
in accordance with those reported in the literature [49-52].

To assess the emission and exciton recombination
dynamics of CNB and CNNs, PL spectra were acquired at
room temperature at a 325 nm excitation wavelength. As is
common from reducing the thickness of 2D semiconduc-
tors [53, 54], the PL intensity of CNNs is higher than the
bulk counterpart, as shown in Fig. 2d. This effect is due
to the higher crystallinity and more condensed packing of
the exfoliated samples, which reduces the number of struc-
tural defects [38]. After Gaussian fitting of the spectra, we
can discern three emission peaks from the recombination
of electron-hole pairs (Fig. 2e, f). The bandgap states of
g-C;N, consist of a sp> C-N ¢ band, sp?> C-N z band,
and the lone pair (LP) state of the bridge nitride atom.
P1, P2, and P3 originate from the pathways of transitions:
n*-gx, c*-LP, and 7*-LP respectively [55]. The P1 peak is
found at 434 nm and 430 nm for CNB and CNNs respec-
tively, denoting the band-to-band transition. The blue shift
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Fig.2 a UV-Vis diffuse reflectance spectra of CNB and CNNs;
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after exfoliation, along with their corresponding band structure; d PL
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of the P1 emission peak is corroborated here also and is
ascribed to QCE induced by thin/small nanosheets and
the gradual transitioning from an indirect to a direct band
gap. Since the majority of the exfoliated flakes are thicker
than a monolayer, we still have the indirect regime, hence
the appearance of the P2 exciton peak. P2 peak is situated
at 452 nm for both materials, which is attributed to indi-
rect band-to-band transitions. P3 broad peak is found at
483 nm and 470 nm for CNB and CNNs respectively and
is ascribed to the recombination of electron—hole pairs due
to structural defects still present in the materials. CNNs P3
peak showcases an increase in the density of defects even
after the exfoliation process. To account for this behavior
we should fathom the role of the surface and bulk defects.
Generally, the defect density on the surface is considered
higher than in the bulk [56]. However, by taking into con-
sideration the penetration depth of the excitation wave-
length (325 nm), PL cannot probe the whole range of bulk
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Fig.3 a Photocatalytic degradation of MP, EP, and PP over CNB and
CNNs, b the comparison of the photocatalytic performance of CNB
and CNNs for the removal of MP, EP, and PP, ¢ the linear plots of
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defects [57]. Hence, the defect density of CNNs compared
to CNB appears to be higher.

3.3 Photocatalytic degradation
3.3.1 Evaluation of catalyst activity

The photocatalytic performance of CNB and CNNs toward
degradation of methyl-, ethyl-, and propyl-parabens, as well
as of their mixtures (denoted as MP, EP, PP, and Mixed para-
bens respectively) under solar irradiation, was investigated.
Firstly, experiments were carried out without the use of a
catalyst, and no significant change in the concentration of
MP, EP, and PP was observed (blank test). Figure 3a illus-
trates the variations of concentration of three different para-
bens (MP, EP, PP, and Mixed parabens) versus degradation
time in the presence of catalysts under solar irradiation. To
achieve an adsorption—desorption equilibrium, the suspen-
sion was stirred in the dark for 30 min prior to irradiating
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each sample. As shown in Fig. 3a, this step caused only a
minor reduction in pollutant concentration (< 15%). Upon
initiating irradiation, a significant decrease in concentra-
tion was observed for CNNs. Specifically, the photocata-
lytic performance of CNNs was found to be 94.5%, 95.4%,
91.4%, and 92.4% for the degradation of MP, EP, PP, and
mixed parabens, respectively, after 120 min of solar light
irradiation. In contrast, CNB exhibits much lower photocata-
lytic efficiency of 26.8%, 24.7%, 17.2%, and 31.3% for the
removal of MP, EP, PP, and Mixed parabens, respectively.
These results, summarized in Table S1 and comparatively
depicted in Fig. 3b, clearly demonstrate the superior pho-
tocatalytic activity of CNNs as compared to CNB for the
degradation of investigated parabens. Moreover, a literature
comparison with relevant studies, is included in Table S2.
It is evident, that the as-synthesized CNNs exhibit excellent
photocatalytic performance for the simultaneous removal of
MP, EP, PP, and mixed parabens under solar light irradia-
tion. It should be also stressed that the as-prepared samples
are characterized by a facile preparation method and simple
composition, in contrast to the most studies employing mul-
tifunctional composites of complex composition (Table S2).

The photocatalytic degradation follows pseudo-first-order
kinetics, and the linear plots of In(Cy/C) versus irradiation
time for CNB and CNNs are shown in Fig. 6¢. The degra-
dation rate constant k values are comparatively shown in
Fig. 6d and summarized in Table S2. The superiority of
CNN s is again obvious, revealing the pronounced effect of
the exfoliation process towards obtaining nanostructured
g-C;N, with high surface area, which in turn is reflected in
the photocatalytic performance. In particular, the increase
in the surface area can lead to decreased recombination rate
of photogenerated charges and thus enhanced photocatalytic
activity.

3.3.2 Effect of catalyst concentration

The impact of increasing catalyst concentration in the range
of 0.1-0.75 g/L on MP degradation is shown in Fig. 4a.
As we can see, the highest photocatalytic performance of
CNNs was found to be 0.5 g/L after 120 min of solar light
irradiation (94.5%), followed by 0.75 g/L (91.5%), 0.25 g/L
(89.8%) and 0.1 g/L (86.2%), as shown in Table S3. Tak-
ing into account that the photocatalytic degradation under
specific reaction conditions depends on the population and
reactivity of photocatalytic sites in conjunction with reac-
tants concentration, the present findings reveal an optimum
catalyst concentration of 0.5 g/L. A similar trend has been
reported in various studies, where no further increase in deg-
radation rate was obtained after a threshold loading, ascribed
mainly to scattering and screening phenomena which could
result in the non-uniform light intensity distribution [58].

3.3.3 Effect of initial concentration

Figure 4b illustrates the influence of the initial MP concen-
tration (0.001-0.02 g/L) on its degradation using CNNs as
a photocatalyst. The reaction rate constant k of MP deg-
radation and photodegradation efficiency of CNNs did not
change significantly after 120 min of photocatalytic reac-
tion at all concentration levels tested for MP. The following
order, both in terms of reaction rate constant k and photo-
degradation efficiency, was obtained: 0.01 g/L.>0.005 g/L
>0.001 g/L.>0.02 g/L, as presented in Table S3. Although
CNNs achieved the highest degradation of MP at 0.01 g/L
(94.5%), these results revealed that CNNs could successfully
degrade MP over a wide range of its concentrations.

3.3.4 Effect of irradiation type

Apart from the effect of the catalyst concentration and the
initial concentration of parabens, the effect of the irradiation
type was assessed. Especially, the photocatalytic degradation
of 0.01 g/L MP with 0.5 g/LL CNNs under solar and visible
irradiation is illustrated in Fig. 4c. The photocatalytic activ-
ity of CNNs is 94.8% and 78.6% for the degradation of MP
under solar and visible irradiation. To investigate that MP
degradation is owing to interactions between photons and
the surface of the catalyst, an additional experiment was
carried out without a catalyst, and the results showed almost
zero removal after 120 min of solar irradiation. The reaction
rate constant k under solar irradiation is ca. 3 times greater
than that of visible, implying the key role of irradiation type
(Table S3).

3.3.5 CNNs reusability and stability

The stability and reusability of a photocatalyst play a signifi-
cant role in its practical application. In view of this point,
three photocatalytic cycles were conducted to degrade MP
over CNNs under solar light by collecting and reusing the
photocatalyst. The photocatalytic stability experiments of
CNNs are shown in Fig. 4d and no significant loss of its
activity has been detected (> 90% of MP degradation) after
three cycles, indicating its high stability.

The excellent long-term stability of the CNNs is further
confirmed by the XRD pattern after repeated reaction cycles
(Figure S3). The crystal structure of fresh and after three
reaction cycles CNNs indicate their excellent phase stability.

3.3.6 Mechanism of parabens degradation over CNNs
It has been well established that the photocatalytic perfor-
mance is strongly related to the textural/structural as well

as the redox/electronic properties of the employed mate-
rial. The former could be accounted for the abundance and
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Fig.4 a Effect of the catalyst concentration (initial conditions:
0.01 g/ MP, solar light irradiation); b effect of initial concentra-
tion of MP on the photocatalytic activity of CNNs (initial conditions:
0.5 g/L CNN:gs, solar light irradiation); ¢ photocatalytic degradation of

distribution of active sites whereas the latter could be related
to the separation and recombination of photogenerated
electron—hole pairs, linked with interfacial charge transfer
phenomena. Under these perspectives, the superior textural
characteristics of CNNs (BET surface area of 212 mz/g)
could provide more active sites for the redox reactions,
thereby rendering the photocatalytic process more efficient.
Apart from the textural characteristics, the semiconductor
photoexcitation is expected to be notably influenced by the
photo-absorption ability and the band gap of the photocata-
lyst. In the present work, the band gap obtained for CNB
and CNNs was 2.74 and 2.91 eV, respectively (Table 1).
The increase in the band gap of g-C;N, induced by the
thermal exfoliation process can be ascribed to the quantum
confinement effect (QCE). According to this, the bandgap
can increase due to the opposite shift between the valence
and conduction band edges. Therefore, CNNs could pro-
vide more powerful photogenerated electron—hole pairs,
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decreasing the recombination rate of the photogenerated
electrons and holes. Additionally, the migration distance
of charges from the bulk to the surface was significantly
decreased after the delamination, thus reducing the prob-
ability of recombination during migration.

To further gain insight into the underlying mechanism
of photocatalytic degradation of parabens on CNNs, vari-
ous scavengers were employed. Isopropyl alcohol (IPA)
and disodium ethylenediaminetetraacetate dihydrate
(EDTA-Na,) were used as -OH and h* scavengers while a
photocatalytic test was carried out under a nitrogen atmos-
phere to remove -O,~. As presented in Fig. 5, the test with-
out scavenger shows that the photocatalytic degradation of
MP over CNNs was 93.3% after 90 min solar irradiation.
When IPA was added, only a small decrease in photocata-
lytic degradation was observed, revealing the negligible
role of -OH radical. However, the photocatalytic activity
of CNNs was significantly decreased by degassing with
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N,, whereas an intermediate effect was obtained by the
addition of EDTA-Na,. More specifically, the following
order was obtained using various scavengers: no scavenger
(93.3%) > IPA (88.6%) > EDTA-Na, (77.4%) >N, (35.5%)
for 90 min solar irradiation. Moreover, the reaction rate
constant k was calculated in all cases and exhibited the
same trend as the photodegradation efficiency of CNNss, as
shown in Table S4. On the basis of these results, it could
be argued that superoxide radicals (-O,") play a vital role
in the photodegradation reaction, followed by holes (h™"),
whereas the contribution of hydroxyl radical (-OH) could
be considered minor.

- =
hig+ OH™ - «OH

Oxidation

In light of the above considerations, the photocatalytic
degradation mechanism of CNNs under solar irradiation is
schematically illustrated in Fig. 6. Specifically, the energy
level at the bottom of the CB is the photoelectrons reduc-
tion potential while the energy level at the top VB deter-
mines the oxidizing ability of generated holes (Fig. 2c).
These values reflect the ability of the system to promote
reduction and oxidation processes, respectively. Hence,
the photogenerated electrons can reduce the adsorbed
molecular oxygen, producing superoxide radicals and the
generated holes can react with water molecules giving
hydroxyl radicals. Consequently, according to the trapping
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experiments of active species, the photocatalytic degrada-
tion of MP over CNNs can be attributed to -O, radicals
and h™ with strong oxidative potential, which can effec-
tively degrade the organic pollutant to CO, and H,O.

4 Conclusions

In the present work, high surface area g-C;N, nanosheets
(CNNs) were successfully synthesized by thermal exfolia-
tion of bulk g-C;N, (CNB). A comparative photocatalytic
study between CNB and CNNs was carried out for the
degradation of methyl-, ethyl-, and propyl-parabens, as
well as their mixture A thorough physicochemical charac-
terization of both CNB and CNNs materials using various
techniques, clearly discloses the superiority of CNNs in
terms of textural (surface area of 212 m?/g) and optical
properties (wide band gap of 2.91 eV). This in turn is
reflected in its excellent photocatalytic efficiency under
solar light irradiation of CNNs, offering > 95% degrada-
tion to all types of parabens, as compared to much inferior
performance (< 30%) of CNB. In addition, CNNs attained
high photocatalytic and structural stability after 3 consecu-
tive photocatalytic cycles. Radical scavenging experiments
revealed that superoxide radicals (-O,"), followed by holes
(h™) play an essential role in the degradation process, in
contrast to hydroxyl radicals (-OH).
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