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Abstract

Water pollution by organic pollutants such as textile dyes is a serious problem that could be solved by advanced photocatalytic
semiconductors. Here we synthesized a visible-light photocatalyst made of mesoporous graphitic carbon nitride using the
surfactant Tween-40, and we compared the surfactant performance in degrading rhodamine B with graphitic carbon nitride
prepared by conventional methods. The toxicity of the photocatalyst was evaluated using bioassays with Allium Cepa. Results
show that 93.0% of the rhodamine B was degraded by the new catalyst after 60 min under visible-light irradiation, whereas
bulk graphitic carbon nitride and mesoporous graphitic carbon nitride with Pluronic F127 degraded only 30.5 and 86.0% of
rhodamine B, respectively. We also found no ecotoxicity of the new catalyst. Higher degradation performance of the photo-
catalyst is explained by synergistic effect of nitrogen vacancies combined with the higher number of structural defects and
more active sites, and by a better separation and transport of photogenerated charges of the synthesized mesopore catalyst,
thus inducing a better response under visible light.
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Introduction

In the last decades, research on the development of sys-
tems is capable of remedying damage to the environment
and studies that make it possible to generate clean energy
have grown (Kumar et al. 2019). In this context, hetero-
geneous photocatalysis emerges, which enables the use of
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semiconductors in applications such as power generation
clean, for example, in water cleavage for hydrogen produc-
tion (Wang et al. 2016; Ruan et al. 2018; Wu et al. 2019) or
in the photodegradation of organic pollutants, as in degrada-
tion of textile dyes (Osman et al. 2017; Zhang et al. 2019).

Graphitic carbon nitride (g-C;N,) has stood out among
heterogeneous photocatalysis because it is stable in aque-
ous, acidic or basic solution, and its activation occurs in
visible light (Chen et al. 2016). However, the photocatalytic
efficiency of bulk graphitic carbon nitride is low due to its
high electron—hole pair recombination rate, small pore vol-
ume, low surface area and, consequently, low active surface
(Wang et al. 2016; Ruan et al. 2018). To improve this effi-
ciency, several modifications have been made to the struc-
ture of the graphitic carbon nitride, for example, obtaining
mesoporous graphitic carbon nitride (Tan et al. 2017), metal
doping (Tonda et al. 2014; Gong et al. 2015) and heterojunc-
tions (Li et al. 2014) among others.

The development of effective strategies for the production
of mesoporous graphitic carbon nitride from soft template
method (Liang et al. 2008) has been of interest to many
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researchers. Several works have been developed by using
surfactants such as: Triton-X (Wang et al. 2010), Pluronic
P123 (Yan 2012), Pluronic F127 (Wang et al. 2010), algi-
nate (algal polysaccharide) and gelatin (polypeptide) (Zhang
et al. 2013a) for photocatalysis applications for hydrogen
production from water cleavage (Yan 2012), photoelectro-
chemistry (Wang et al. 2011) and rhodamine B degradation
(Peer et al. 2017).

Applications of catalysts for water purification have some
limitations, as radicals formed on the surface of the photo-
catalyst in sunlight can degrade pollutants, in addition to
natural organisms. A sustainable photocatalyst should only
degrade pollutants and be completely harmless to environ-
mental flora (Ma et al. 2017).

Pluronic F127 and Tween-40 are low cost, biodegradable,
nonionic surfactants (Pota and Cirin 2012). In the literature,
few works have been published by using these surfactants in
the soft template method.

Polysorbates, such as Tween-40, are mainly used in the
formulation of protein compounds (Kishore et al. 2011).
However, they can also be used as synthetic molds for
mesoporous materials. There are several studies using the
polysorbate Tween-20, Tween-40, Tween-60 and Tween-80
(Boissiere et al. 2000; Garcia-Benjume et al. 2009; Chen
et al. 2011; Xiong et al. 2012) as a guide for mesoporous
structures. However, as far as is known, there are no reports
on the synthesis of mesoporous graphitic carbon nitride by
the soft template method with the Tween-40 surfactant.

Thus, this research proposes an innovative approach for
the synthesis of graphitic mesoporous carbon nitride using
Tween-40 as a surfactant, in addition to making a compari-
son with a surfactant reported in previous works, Pluronic
F127, which still faces synthetic challenges. The effect of
the use of surfactants on the synthesis of graphitic carbon
nitride was evaluated through photocatalytic performance in
the degradation of rhodamine B under irradiation of visible
light. In addition, Allium Cepa bioassays were performed to
demonstrate the macroscopic effects of Tween-40 synthe-
sized catalyst and dye degradation products on the environ-
ment flora.

Experimental
Materials

Tween-40 (polyoxyethylenesorbitan monopalmitate,
C4,H23046), Pluronic F127 (polyoxyethylene-polyoxy-
propylene block copolymer, EO,,,PO¢EO,(,), mela-
mine (C3H¢N¢), benzoquinone (C4H,0,), ammonium
oxalate monohydrate ((NH,),C,0,-H,0), isopropyl alco-
hol ((CH;),CHOH), rhodamine B, sulfuric acid (H,SO,),
ethyl alcohol (CH;CH,OH) and deionized water were all
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purchased from Sigma-Aldrich, Ltd. (Brazil). The reagents
used for the photocatalysts synthesis are all of high-purity
analytical grade and were not submitted to any purification
treatment.

Synthesis of photocatalyst

Mesoporous graphitic carbon nitride with Tween-40 and
mesoporous graphitic carbon nitride with Pluronic F127
were successfully synthesized using the method proposed
by Yan (2012) with modifications, described next. Initially,
1 g of melamine was added to 20 mL of deionized water.
Then, 1.5 mL of sulfuric acid solution (H,SO,, 1:1 v/v) and
0.5 g of surfactant (Tween-40 or Pluronic F127) were added
and then kept under reflux at 100 °C for 1 h, and the prod-
uct was collected by filtration, washed with deionized water
and ethanol and then dried at 80 °C for 12 h. The white
powder obtained is the polymeric precursor of mesoporous
graphitic carbon nitride, called of the polymeric precursor
with Tween-40 and polymeric precursor with Pluronic F127.
The polymeric precursors of graphitic carbon nitride with
Tween-40 and the polymeric precursor with Pluronic F127
were calcined at 550 °C (2.5 °C/min, 240 min) under flow
of nitrogen of 50 mL/min, and this yielded the mesoporous
graphitic carbon nitride with Tween-40 and mesoporous gra-
phitic carbon nitride with Pluronic F127. The bulk graphitic
carbon nitride was synthesized of melamine polymerization
at 550 °C (2.5 °C) for 2 h under nitrogen flow (50 mL/min).

Characterization

Thermogravimetric and differential thermogravimetric
(TG-DTG) analysis was carried out to obtain the ther-
mogravimetric data (TG and DTG curves) under range of
24-1000 °C, at a heating rate of 10 °C/min under nitrogen
gas flow (50 mL/min), with a thermal analyzer (Shimadzu,
TGA-DTA, DTG-60H).

X-ray diffraction (XRD) was performed using a Bruker
D8 Advance, with CuKa (1=1.5406 A), and the scan rate
employed was 0.2°/min for a 26 (5°-80°).

Photoluminescence spectra (PL) were measured using a
USB Ocean Optics, and time-resolved photoluminescence
spectroscopy signal was acquired through a Horiba, Delta
Flex, equipped with light-emitting diode (LED), 352 nm
(Supplementary Material, Figure S1).

Measurements of ultraviolet—visible diffuse reflectance
spectra (DRS) were measured using spectrophotometer
(ISR-2600, Shimadzu) using barium sulfate (BaSO,) as ref-
erence (Supplementary Material, Figure S2).

The morphologies of the samples were examined using
scanning electron microscopy (SEM, Tescan, Vega3 micro-
scope) which was performed at an accelerating voltage of
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20 kV and transmission electron microscopy (TEM, FEI
Tecnai G2T20) (Supplementary Material, Figure S3).

Surface area, pore diameter and volume were calcu-
lated according to the Brunauer—Emmett-Teller and Bar-
rett—Joyner—Halenda (BET/BJH) method using a Micromer-
itics Vacprep061-Degas System with treatment for degassing
at 200 °C for 2 h (Supplementary Material, Table S1).

Photocatalytic performance

Photocatalytic activity was evaluated by degradation of
rhodamine B under visible-light irradiation using a 120-W
metal vapor lamp at room temperature. More precisely,
50 mg of photocatalyst was added to 100 mL of rhodamine
B (10 mg/L). Prior to irradiation it was stirred in the dark
for 30 min. At 15-min intervals of irradiation exposure
for 120 min, the photocatalytic mechanism of rhodamine
B degradation was performed, Yan et al. (2009) and Fang
et al. (2015), with the addition of hydroxyl (OH), super-
oxide ('0,7) and hole (h*) radical markers, such as isopro-
pyl alcohol (1%), benzoquinone (10 mM) and ammonium
oxalate (10 mM). During the photocatalytic test, at regular
intervals, 3 mL of the suspension was collected, centrifuged
and analyzed using a spectrophotometer ultraviolet—visible
(Thermo Evolution Array) at 553 nm (Supplementary Mate-
rial, Figure S5 and Figure S6). In order to verify the stability
of the catalysts, five tests of reuse of the mesoporous gra-
phitic carbon nitride with Tween-40 and mesoporous gra-
phitic carbon nitride with Pluronic F127 were carried out for
the degradation of rhodamine B, under the same conditions
previously described (Supplementary Material, Figure S8).

Allium Cepa bioassay

Bioassays with Allium Cepa were carried out to verify the
effects of using the new catalyst on flora, and the methodol-
ogy was based on the method proposed by Pittol et al. (2017)
described below. The experiment consisted of initially sol-
ubilizing the mesoporous graphitic carbon nitride catalyst
with Tween-40 in deionized water, and the suspension was
maintained in an ultrasonic bath for 30 min. After this pro-
cess, it was placed in a transparent flask and the sample
of Allium Cepa, previously cleaned with deionized water
was added. The solution resulting from the photocatalytic
degradation test of rhodamine B catalyzed by mesoporous
graphitic carbon nitride with Tween-40 was also used in
the Allium Cepa bioassay, using the same method described
above. The samples of deionized water and rhodamine B
were called negative and positive controls. The tests were
carried out for a period of 14 consecutive days at room tem-
perature (Supplementary Material, Figure S9).

Results and discussion
Characterization of photocatalysts

Thermogravimetric and differential thermogravimetric
analysis, Fig. la, b, were essential for understanding the
synthesis of mesoporous graphitic carbon nitride, allow-
ing a follow-up of the steps described in the mechanism
of synthesis proposed by Yan et al. (2009), in which bulk
graphitic carbon nitride was obtained from melamine
pyrolysis.

In Fig. 1a, the pure melamine thermogravimetric curve
(pink line) shows one mass loss event in 200-366 °C, cor-
responding to melamine sublimation, corresponding to
approximately 100% mass loss. In this temperature range,
melamine sublimation occurs, as described in the work of
Yan et al. (2009) with no thermal condensation because
the crucible was kept fully open during thermogravimetric
analysis.

In the thermogravimetric and differential thermogravi-
metric curves of Tween-40 and Pluronic F127 (Fig. la,
b), a simplified mass loss event can be observed, indicat-
ing the occurrence of two successive reactions that can be
attributed to the thermal degradation profile of the sur-
factant, from 159 to 425 °C for Pluronic F127 (violet line)
and for the Tween-40 of 150-460 °C (green line).

For the polymeric precursor with Pluronic F127
(Fig. 1c) if a mass loss is observed in the temperature
range between 60 and 165 °C, this event can be attributed
to the precursor polymer constitution water loss because
the thermogravimetric profile of this step does not match
the adsorption water outlet. The formation of the precursor
polymer with water in its constitution was not observed
when the Tween-40 surfactant was used, thus proving the
specificity of the Pluronic F127 surfactant. Moreover,
concerning the polymeric precursor with Pluronic F127
(marine blue line) and polymeric precursor with Tween-40
(orange line), three main mass loss events are observed.

The first event (I), over the range from 280 to 390 °C,
as highlighted in the graph of the differential thermogravi-
metric curve (Fig. 1d), may be associated with melamine
sublimation, which did not react in the formation of the
precursor polymer because the beginning of the event is
very close to the onset of the single melamine mass loss
event.

The second event (II), over the range from 390 to
520 °C, suggests two successive reactions, as highlighted
in the graph of the differential thermogravimetric curve
(Fig. 1d); the first reaction is possibly related to the ammo-
nia output, and the second reaction is possibly related to
surfactant elimination. The degradation or exit tempera-
tures of pure surfactants occurred at lower temperatures.
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Fig.1 Thermogravimetric and differential thermogravimetric curves
of the samples: pure melamine, Pluronic F127 and Tween-40 (a,
b); polymeric precursor with Tween-40 and polymeric precursor
with Pluronic F127 (e, d); mesoporous graphitic carbon nitride with
Tween-40, mesoporous graphitic carbon nitride with Pluronic F127

This phenomenon can be explained by the fact that the
bonds between melamine and surfactant that are formed
in the polymeric precursor give rise to graphitic carbon
nitrides.

The third event (III), over the range from 520 to 630 °C,
can be associated with the degradation of formed graphitic
carbon nitride. According to Yan et al. (2009), the pres-
ence of endothermic peaks and the higher percentage of
mass loss characterize the processes of deamination and
thermal degradation of the material.

From the analysis of the thermogravimetric and dif-
ferential thermogravimetric curves of the samples
mesoporous graphitic carbon nitride with Tween-40,
mesoporous graphitic carbon nitride with Pluronic F127
and bulk graphitic carbon nitride, as seen in Fig. le, f, we
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and bulk graphitic carbon nitride (e, f). The thermogravimetric and
differential thermogravimetric analyses describe the steps of the syn-
thesis mechanism of bulk graphitic carbon nitride and mesoporous
graphitic carbon nitride using Tween-40 and Pluronic F127 (see also
Figure S4)

can observe similar decomposition profiles with two mass
loss events.

The thermogravimetric curve of the bulk graphitic carbon
nitride (black line) showed two events, the first from 69 to
191 °C, corresponding to approximately 2.5% of mass loss.
Thermogravimetric curve of mesoporous graphitic carbon
nitride with Tween-40 (red line) reveals the first event in the
temperature range from 30 to 124 °C, which corresponds to
6.5% of mass loss. For sample mesoporous graphitic carbon
nitride with Pluronic F127 (blue line), the first mass loss
is observed in the temperature range of 46 to 120 °C, cor-
responding to approximately 6.3% of the mass loss, which
can be attributed to water loss from surface adsorption (Yan
et al. 2009; Hao et al. 2016). It is then observed that there is
a greater predisposition of nitrides synthesized by the soft
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template method to adsorb water molecules, probably due
to the larger surface area.

As can be seen in Fig. le, f, the thermogravimetric and
differential thermogravimetric curves reveal that the main
mass loss event occurs at 714 °C for bulk graphitic carbon
nitride, at 699 °C for graphitic carbon nitride mesoporous
with Pluronic F127 and 644 °C for graphitic carbon nitride
mesoporous with Tween-40, corresponding to approximately
96.5, 93.7 and 93.5% of mass loss, respectively.

In the temperature range 550-700 °C oxidation of gra-
phitic carbon nitride occurs to form graphite and nitrogen
(N,) and at 740 °C oxidation of graphite in carbon dioxide
(CO,) (Li et al. 2008). Furthermore, mesoporous graphitic
carbon nitride with Tween-40 and mesoporous graphitic car-
bon nitride with Pluronic F127 had lower thermal stability
than the bulk graphitic carbon nitride, demonstrating that it
is energetically and structurally more stable, as confirmed
by X-ray diffraction results.

As seen in Fig. 2a, the X-ray diffraction pattern of bulk
graphitic carbon nitride shows two characteristic peaks
located at around 13.0° (100) and 27.4° (002) referring to the
interlayer stacking of aromatic systems and the melon struc-
tural packaging formed by triple-unit units tri-s-triazines,
respectively (Yan 2012).

The structure of mesoporous graphitic carbon nitride with
Tween-40 and mesoporous graphitic carbon nitride with
Pluronic F127 shows similarity to bulk graphitic carbon
nitride, except for a subtle peak widening (002) and a nota-
ble decrease in peak intensity of 27.4°. Result similar to that
was observed by Goettmann et al. (2006), relating it to the
effect of geometric confinement on the walls of nanosized
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Fig.2 X-ray diffraction patterns of mesoporous graphitic carbon
nitride with Tween-40, mesoporous graphitic carbon nitride with
Pluronic F127 and bulk graphitic carbon nitride (a). The diffrac-
tion peaks decrease peak intensity (002) and, in addition, occurs the
shift to a smaller angle, indicating the increase in defects and of the

—_
O
~

Intensity (arb.units)

pores. In addition, there was a slight change in peak posi-
tion 27.4° in the bulk graphitic carbon nitride to 27.21° in
mesoporous graphitic carbon nitride with Tween-40 and
27.05° in mesoporous graphitic carbon nitride with Pluronic
F127. Wu et al. (2019) relate the shift to a smaller angle to
the increasing interlayer distance and associate decrease in
peak intensity with defects in abundance.

Photoluminescence spectra, Fig. 2b, showed peaks in 444,
475, 508 and 535 nm, attributed to the n—m* transitions and
n—r* emission (Wang et al. 2017) and also demonstrated a
low-intensity peak located at 600 nm, which may originate
from the nitrogen vacancy neutral charge state (Chidham-
baram and Ravichandran, 2017).

Photoluminescence spectra showed the hypsochromic
displacement of the emission bands of the mesoporous gra-
phitic carbon nitride with Tween-40 and mesoporous gra-
phitic carbon nitride with Pluronic F127, which is assigned
to a band in the blue—violet region that indicated the exist-
ence of the x state in both samples (Zhang et al. 2013b),
was observed gradual shift toward the blue region of the
electromagnetic spectrum.

To understand the recombination dynamics of the pho-
togenerated loads time-resolved fluorescence emission
spectrometry was used. Two lifetimes were observed at four
emission wavelengths, suggesting the existence of two spe-
cies: one with a shorter life span, 0.20-0.68 ns, and another
with a longer life span, between 2.09 and 3.31 ns. There was
a decrease in the lifetime of mesoporous graphitic carbon
nitride with Tween-40 and mesoporous graphitic carbon
nitride with Pluronic F127 in relation to the bulk graphitic
carbon nitride. However, the mesoporous graphitic carbon

e hulk graphitic carbon nitride
= mesoporous graphitic carbon nitride with Tween-40
= mesoporous graphitic carbon nitride with Pluronic F127

500 525 550 575 600 625

Wavelength (nm)

T T
450 475

distance between layers. Photoluminescence spectra of mesoporous
graphitic carbon nitride with Tween-40, mesoporous graphitic car-
bon nitride with Pluronic F127 and bulk graphitic carbon nitride
(b). Comparing the samples, a gradual displacement toward the blue
region of the electromagnetic spectrum was observed
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nitride with Tween-40 showed a longer lifetime than the
mesoporous graphitic carbon nitride with Pluronic F127.
The decreasing electron lifetime indicates the existence of
an additional channel for conduction band electron transfer
to electronically trapped states may also be associated with
the increase in defect density; the photogenerated electrons
in the sample are captured by the defects at short distances
(Ruan et al. 2018). Furthermore, according to Tian et al.
(2017), the decrease in lifetime indicates that the photogen-
erated carriers of the sample are captured more quickly by
reactive substrates and therefore are able to conduct redox
reactions and also more efficient separation of electrons and
holes.

The ultraviolet—visible reflectance spectra of mesoporous
graphitic carbon nitride with Tween-40 and mesoporous
graphitic carbon nitride with Pluronic F127, demonstrate
that the use of surfactant causes the band gap variation
between 2.77 and 2.84 eV for mesoporous graphitic carbon
nitride with Tween-40 and mesoporous graphitic carbon
nitride with Pluronic F127, respectively, suggesting a slight

(a

—— mesoporous graphitic carbon nitride with Pluronic F127
—e— mesoporous graphitic carbon nitride with Tween-40
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deviation of the blue absorption region of 0.28 and 0.20 eV
from bulk graphitic carbon nitride (2.59 eV), associated with
nitrogen vacancies and the effect of quantum confinement, in
which photon-generated electron—hole pairs in the ultra-thin
sheets can be quickly transferred along the surface, moving
loads to reactive locations along the plane (Niu et al. 2012).
Nitrogen adsorption—desorption analysis was used to
measure the Brunauer—-Emmett—Teller surface area. As
shown in Fig. 3a the isotherms indicated that the samples
of mesoporous graphitic carbon nitride with Tween-40
and mesoporous graphitic carbon nitride with Pluronic
F127 have Type IV behavior, meaning the formation of the
mesoporous structure (Yan 2012; Tan et al. 2017).
Mesoporous graphitic carbon nitride with Tween-40
and mesoporous graphitic carbon nitride with Pluronic
F127 obtained an increase in surface area of 28.2 and
27.9 m? g7!, respectively, compared to bulk graphitic car-
bon nitride with 8.8 m? g‘l. Furthermore, as illustrated in
Barrett—Joyner—Halenda (BJH) curve of Fig. 3b, there was
an increased average pore diameter of mesoporous graphitic
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Fig.3 Nitrogen adsorption—desorption isotherm curves of samples
(a). Pore size distribution curves of samples (b). Scanning electron
microscopy image of samples: mesoporous graphitic carbon nitride
with Tween-40 (c), mesoporous graphitic carbon nitride with Plu-
ronic F127 (d) and bulk graphitic carbon nitride (e). Results indi-
cated that mesoporous graphitic carbon nitride with Tween-40 and
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mesoporous graphitic carbon nitride with Pluronic F127 present typi-
cal mesoporous behavior. Besides, the use of surfactant increased the
disorganization of the surface and the presence of small holes, mainly
in the mesoporous graphitic carbon nitride with Tween-40 (see
Table S1, Supplementary Material)
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carbon nitride with Tween-40 and mesoporous graphitic
carbon nitride with Pluronic F127, inducing the increase
in light capture capacity and multiple dispersion effects by
improving photocatalytic activity (Yan et al. 2010).

Figure 3 shows scanning electron microscope images
of mesoporous graphitic carbon nitride with Tween-40
(Fig. 3c), mesoporous graphitic carbon nitride with Pluronic
F127 (Fig. 3d) and bulk graphitic carbon nitride (Fig. 3e)
with irregular surface formation of extremely thin leaf-
like structures. In addition, the use of surfactant increased
surface disorganization and the presence of small vacan-
cies in all material, especially in the mesoporous graphitic
carbon nitride with Tween-40. As corroborated by trans-
mission electron microscopy image of the mesoporous gra-
phitic carbon nitride with Tween-40, the typical structure of
mesoporous materials (Jiang et al. 2017) with a nanoporous
network are with pores approximately 10-50 nm.

Mechanism of formation of mesoporous graphitic
carbon nitride

Tween-40 is a nonionic surfactant that has a very special
shape that favors the formation of mesopores. The mecha-
nism of formation of mesoporous structures from the use of
the surfactant Tween-40 has already been well reported in
the literature for other materials in the researches carried out
by Suh and Rhee (2003) and Garcia-Benjume et al. (2009).

In this work, for the formation of mesoporous graphitic
carbon nitride, initially, the neutral amines of precursor
(melamine) and the nonionic surfactant Tween-40 are ini-
tially partially protonated or charged with the addition of
the acid solution (H,SO,), causing electrostatic interac-
tions and hydrogen bonds between the melamine and the
surfactant (Yang et al. 1998; Ha and Park 2018); during
the aging process, the formation of the polymeric precur-
sor of mesoporous graphitic carbon nitride occurs. The
mesoporous structure of graphitic carbon nitride is finally
obtained after the calcination process of the polymeric pre-
cursor, as corroborated by the thermogravimetric analysis
results, and the polymerization of polymeric precursor with
Tween-40 in mesoporous graphitic carbon nitride with
Tween-40 occurs simultaneously with the elimination of sur-
factant. Subsequent structural, textural and morphological
analyses confirm that the structural organization was main-
tained and there is evidence of formation of mesoporous
material.

Photocatalytic performance and degradation
mechanism of rhodamine B

Figure 4a shows the relative degradation (C/C,) in relation
to the irradiation time. (C, is the concentration of rho-
damine B (mg L™!) in the adsorption equilibrium before

irradiation, and C is the concentration of rhodamine B
(mg L) at the time (¢) of reaction.) Mesoporous graphitic
carbon nitride with Tween-40 showed higher photodegra-
dation of rhodamine B compared to bulk graphitic carbon
nitride and graphitic carbon nitride with Pluronic F127,
eliminating 93.0% of rhodamine B after 60 min of visible-
light irradiation, where the bulk graphitic carbon nitride
degraded only 30.5% and graphitic carbon nitride with
Pluronic F127 degraded 86.0%.

After 120 min of reaction the bulk graphitic carbon
nitride degraded 58.8% of rhodamine B, while the sam-
ples of mesoporous graphitic carbon with Tween-40
and mesoporous graphitic carbon nitride with Pluronic
F127 achieved 100% rhodamine B degradation, but in
mesoporous graphitic carbon nitride with Tween-40
degradation was faster throughout the process. The high
catalytic performance observed for mesoporous graphitic
carbon nitride with Tween-40 was associated with a larger
surface area (28.2 m* g71), a larger pore diameter and vol-
ume (29.5 and 0.234 nm), mesoporous morphology, in
addition to the increase in the defect density of nitrogen
vacancies, which were confirmed using textural and opti-
cal analysis by photoluminescence spectroscopy, nitrogen
adsorption—desorption analysis and by scanning and trans-
mission electron microscopy images.

As seen in Fig. 4b, the graph of the degradation kinetics
of rhodamine B for the evaluated samples suggests that
the degradations of the present study follow a pseudofirst-
order kinetic model, and results similar to those reported
by Wang et al. (2016) and photo-degradation of rhodamine
B were carried out in the research conducted by Saeed
et al. (2018).

The absorption spectra of rhodamine B exhibited a sig-
nificant reduction in the vibrational mode at 553 nm, char-
acteristic of chromophore groups of rhodamine B (He et al.
2009). Thus, it can be clarified that the mesoporous graphitic
carbon nitride with Tween-40 and mesoporous graphitic
carbon nitride with Pluronic F127 photocatalysts are highly
effective for the degradation of rhodamine B under visible
light.

During the photocatalytic process some active species
can be formed, such as hydroxyl, superoxides and holes
radicals. In general, the hydroxyl radical stems from direct
hole oxidation or electron-induced dynamic reduction; in
turn, superoxide formation is associated with direct pho-
togenerated electron-induced oxygen reduction (Yan et al.
2009). To investigate the possible photocatalytic mechanism
of rhodamine B degradation through mesoporous graphitic
carbon nitride with Tween-40 and mesoporous graphitic car-
bon nitride with Pluronic F127 catalysts, experiments were
performed with the addition of hydroxyl, superoxide and
hole radical markers, such as isopropyl alcohol, benzoqui-
none and ammonium oxalate. Based on the results obtained
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Fig.4 Relative photodegradation C/C, (C is the concentration of rho-
damine B (mg LY, C, is the concentration of rhodamine B in the
adsorption equilibrium before irradiation) against time (min) (a).
Pseudofirst-order kinetic fitting (b). Reaction rate constant (k) in the
presence of markers agents using mesoporous graphitic carbon nitride
with Pluronic F127 (¢) and mesoporous graphitic carbon nitride with
Tween-40 (d). In the blank test (without catalyst), rhodamine B was

by ultraviolet—visible reflectance absorption spectra, the
degradation rate of the organic pollutant was calculated.

As can be seen in Fig. 4c, d, the photocatalytic per-
formance of rhodamine B with the addition of isopropyl
alcohol did not significantly inhibit the catalytic action of
mesoporous graphitic carbon nitride with Pluronic F127
and mesoporous graphitic carbon nitride with Tween-40,
implying that hydroxyl played a role relatively minor in the
photocatalytic reaction. The addition of ammonium oxalate
had a weak influence with subtle inhibition of the catalyst.
However, in the presence of benzoquinone, there was a con-
siderable decrease in the rate of rhodamine B degradation,
suggesting that superoxide radicals are the main species
active in the degradation of rhodamine B by mesoporous
graphitic carbon nitride with Tween-40 and mesoporous
graphitic carbon nitride with Pluronic F127.

Similar results were found in studies carried out by Hao
et al. (2016), in which the photocatalytic performance of
rhodamine B degradation catalyzed by mesoporous graphitic
carbon nitride decreased dramatically after the addition of
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very stable during lighting, but the mesoporous graphitic carbon
nitride with Tween-40 and Pluronic F127 showed superior degrada-
tion in comparison with the bulk graphitic carbon nitride. Moreover,
on presence of benzoquinone, there was a decrease in the rate of deg-
radation, suggesting that superoxide radicals are the main active spe-
cies (see also Figure S6 and Figure S7)

superoxide and hole inhibitors, suggesting that these radicals
were the main species reactive. In the work carried out by
Igbal et al. (2017), superoxide radicals and holes were also
essential for the photodegradation of rhodamine B under
visible light.

In the recent research conducted by Xia et al. (2019)
evaluated the yield of photoelectrons by detecting superox-
ide radicals in photocatalytic reactions based on graphitic
carbon nitride obtained from melamine and urea, the results
of electron paramagnetic resonance spectroscopy (EPR)
revealed that both graphitic carbon nitrides synthesized can
thermodynamically produce superoxide radicals under light-
ing, as the conduction band (CB) positions are more nega-
tive than the potential for O,/'O,™ (—0.33 V, NHE: normal
hydrogen electrode). It was found that both graphitic carbon
nitride samples produce O,; however, they do not produce
hydroxyl radicals under lighting, due to the graphitic carbon
nitride obtained from melamine and urea valence band (VB)
positions more positive than the H,0/O, potential (0.82 V,
NHE: normal hydrogen electrode), but less positive than
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the H,0/'OH potential (2.34 V, NHE: normal hydrogen
electrode).

To evaluate the stability five mesoporous graphitic car-
bon nitride with Tween-40 and mesoporous graphitic car-
bon nitride with Pluronic F127 catalyst reuse tests. After
five cycles of use, the catalysts showed 100% rhodamine B
degradation, thus demonstrating its excellent recyclability.

Allium Cepa bioassays

Allium Cepa bioassays can evaluate the genotoxic potential
of textile dye-contaminated effluents such as rhodamine B.
Genotoxicity is associated with the presence of azo dyes and
aromatic amines present in dyes of the industrial effluent
tested (Sudhakar et al. 2001; Pittol et al. 2017).

The photographs show the root growth of the Allium Cepa
species when compared to the sample containing negative
control (deionized water); it was observed that the tests con-
taining the mesoporous graphitic carbon nitride catalyst did
not present damage to the structures of the onion samples.
In contrast, the rhodamine B solution test (positive control)
showed a reduced development of the Allium Cepa root.
According to Pittol et al. (2017), this root reduction may be
related to changes in the division cycle and damage to DNA.
Thus, it is suggested that the use of mesoporous graphitic
carbon nitride with Tween-40 catalysts for photocatalytic
degradation of rhodamine B does not cause damage to the
flora.

Conclusion

The photocatalysts mesoporous graphitic carbon nitride was
prepared via the soft template method for the first time using
Tween-40 as a template for mesoporous graphitic carbon
nitrides. For comparison purposes, catalysts were also syn-
thesized using the Pluronic F127 surfactant as a template, in
addition to bulk graphitic carbon nitride. Structural analy-
sis revealed that the mesoporous graphitic carbon nitride
polymeric structure was maintained; however, electronic
properties were altered, causing not only light absorption
with slight deviation from the blue absorption region but
also improved electronic conductivity. The textural charac-
teristics were significantly altered, resulting in a high surface
area, larger diameter and pore volume. The morphological
analyses showed a mesoporous and nanopore construction
that guaranteed the largest number of sites available for the
photocatalytic reaction, contributing to the excellent pho-
tocatalytic degradation performance of pollutants under
visible-light irradiation. Bioassays with Allium Cepa spe-
cies revealed that the samples synthesized by this method
do not cause damage to the environment. Therefore, the

mesoporous graphitic carbon nitride possesses great poten-
tial for application in water treatment.
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