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Graphitic carbon nitride (g-C3N4) was synthetized by a one-step thermal method from different N-rich pre-
cursors, namely melamine, dicyandiamide, urea, thiourea and cyanamide. The structure, optical and physico-
chemical properties of g-C3N4 materials were studied by transmission electron microscopy (TEM), X-ray

g;ictl;l:aotrasl s photoelectron spectroscopy (XPS) and Raman spectroscopy, among others. Both melamine and dicyandiamide
5_ﬂu0muraycﬂ provided a less porous structure composed by large flake sheets, whereas urea and thiourea favoured g-C3N4
Cyclophosphamide composed by small flat sheets and wrinkles with a larger porosity. The establishment of more condensed g-C3N4

networks with a reduced band gap was also evidenced for melamine and dicyandiamide precursors, while urea
favoured less condensed melem or melon structures. The photoactivity of the different g-C3N4 was assessed for
the removal of an aqueous solution containing 5-fluorouracil (5-FU), cyclophosphamide (CP) or a mixture of both
cytostatic drugs, under near UV-Vis and solar-LED irradiations. The best performing photocatalysts under near
UV-Vis irradiation, were those prepared from melamine (kgp, = 14.6 x 1072 min™! for 5-FU) and thiourea (kg =
2.5 x 102 min™! for CP), while urea was the most active under solar-LED irradiation (kqyy = 0.183 x 102 min™!
for 5-FU). In addition, CP was more resistant to be degraded than 5-FU, and a competitive effect for the generated
hydroxyl radicals was evidenced when both pollutant molecules were in the same solution. The photoactivity of
g-C3N4 materials was justified by the combination of various effects: (i) surface area, (ii) well-connected and

condensed g-C3Ny structures and (iii) high surface C/N ratios with nitrogen vacancies.

1. Introduction

The number of patients requiring chemotherapy increases every
year, resulting in a higher consumption of cytostatic drugs for their
treatment. The World Health Organization (WHO) classifies the anti-
neoplastic pharmaceuticals into five subgroups according to their
chemical structure and cancer cell inhibition mechanism, i.e., alkylating
agents, plant alkaloids, antimetabolites, cytotoxic antibiotics, and other
antineoplastic agents [1,2]. 5-Fluorouracil (5-FU) and cyclophospha-
mide (CP) are cytostatic drugs usually used for the treatment of colo-
rectal cancer and non-Hodgkin’s lymphoma, respectively. CP is an
alkylating agent that inhibits cell proliferation by electro-nucleophilic
interaction with the DNA and/or RNA protein, whereas 5-FU is an
antimetabolite preventing somatic cell division [3]. In general, cyto-
static drugs are consumed at very low concentrations (ppb), however,
they have been detected in water and wastewater of several countries
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worldwide, facing a serious risk to human health and wild life due to
their mutagenic, genotoxic and teratogenic effects [4,5]. Moreover,
5-FU and CP exhibit a low biodegradability and are not entirely removed
by the standard treatments used in the municipal wastewater treatment
plants (WWTPs), alternative processes for their removal being deman-
ded [5].

Advanced oxidation processes (AOPs) have demonstrated to be
effective for water and wastewater decontamination by the effect of
highly reactive and non-selective species such as, hydroxyl radicals
(HOe) [6]. Among them, heterogeneous photocatalysis employing
semiconductors is one of the most promising AOPs for mineralization of
a several organic pollutants, or their degradation into easily biode-
gradable compounds [7,8]. Benchmark metal oxide-based semi-
conductors, such as TiO, and ZnO, have severe limitations in terms of
their active sites, high photo-charge carrier recombination rates and
poor visible light absorption [9]. Graphitic carbon nitride (g-C3N4) is a
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metal-free polymeric n-type semiconductor that has claimed significant
attention as a visible light-driven material, due to its simple synthesis,
low cost, abundant precursors, non-toxic composition, high thermal
stability, high corrosion resistance, narrow band gap (i.e., 2.7 e€V) and
both conduction (CB) and valence bands (VB) encompass the reduction
and oxidation potentials of water, respectively [10,11]. Generally,
g-C3Ny possesses different allotropes, such as a-C3Ny, p-C3Ny, cubic
C3Ny, pseudo-cubic C3Ny, graphitic C3N4, depending on the distribution
of basic repeating units based on s-triazine or tri-s-triazine (referred also
as heptazine) rings [12,13]. However, g-C3Ny4 is considered the most
stable allotrope under ambient conditions [14,15]. Furthermore, Kroke
et al. [16] determined by DFT calculations that the structure of tri-s--
triazine is 30 kJ mol™! more stable than s-triazine, mainly due to an
electronic connection of nitrogen atoms. The g-C3N4 structure is shows
certain similarity with graphene because both of them are 2D materials
with alternative sp?/sp® hybridized conjugated carbon atoms, but the
layers in g-C3Ny are linked by Van der Wall forces with a distance be-
tween them of 3.29 A and thereby, it may be considered as a
graphite-like structure ending in NH and NH; groups [17,18]. Moreover,
the existence of nitrogen atoms into carbon skeleton can improve the
physicochemical properties, since they can act as electron donor sites to
enhance photocatalytic conductivity [18].

In general, the g-C3Ny4 synthesis is described as a combination of
polyaddition and polycondensation reactions involving a N-rich pre-
cursor, which yields long extended 2D networks of triazine/heptazine
repeating units. Among other synthetic parameters, the selection of the
N-rich precursor influences on the morphology, electronic structure and
surface chemistry, and consequently, the photoactivity of synthetized g-
C3Ny4. The most reported precursors in literature were dicyandiamide,
melamine, thiourea, urea, among others, which are abundant monomers
that generate non-toxic polymeric g-C3N4 [12]. Nguyen et al. [19] re-
ported a thermal synthesis method followed by chemical oxidation for
the synthesis of water-dispersible photocatalysts from thiourea, showing
a high activity for the methylene blue removal. In the same way, Oh
et al. [20] demonstrated that polymerization of urea by sequential
heating resulted in faster kinetics and enhanced photodegradation of
Rhodamine B. Liang et al. [21] found that g-C3N4 synthetized from urea
exhibited an enhanced catalytic activity for photoreduction of Cr(VI),
while Dong et al. [22] pointed out that the type of precursor is one of the
main factors to prepare high activity photocatalysts. Recently,
Torres-Pinto et al. [23] studied different precursors for a
microwave-assisted synthesis method, concluding that urea was the
most recommended precursor to prepare g-CsN4 with improved photo-
activity for the phenol degradation and HoO5 production.

In this work, g-CsN4 was synthetized by a one-pot thermal synthesis
from the most used N-rich precursors in literature. The physicochemical
and optical properties of g-C3N4 materials were analyzed with special
attention to unveil the role of the precursor on the band gap energy and
less and more g-C3N4 condensed structures, such as melem or melon
ones. In addition, the photoactivity of the samples was assessed for the
photodegradation of 5-FU and CP in aqueous solution and a mixture of
both cytostatic drugs under different irradiation sources, in particular
near UV-Vis and solar-LED.

2. Materials and methods
2.1. Synthesis of graphitic carbon nitride

Graphitic carbon nitride (g-C3N4) was synthetized by a one-pot
thermal decomposition from different N-rich precursors such as cyana-
mide (CY), dicyandiamide (DCY), melamine (M), thiourea (TU) and urea
(U), adapting a methodology described in a previous wok [24]. Cyana-
mide, thiourea and urea were selected as starting molecules of the
synthetic pathway, and dicyandiamide and melamine as reaction in-
termediates. The list of chemicals and details regarding the material
synthesis can be found in Supporting Information (Section S1).
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2.2. Characterization techniques

g-C3N4 materials were characterized by a set of complementary
techniques (ATR-FTIR, Raman spectroscopy, XRD, STEM, XPS, DRUV,
Ny physisorption and point of zero charge — pHpzc —) to determine
physical (porosity, surface area, morphology, crystalline phase, etc),
chemical (bulk and surface composition) and optical (band gap) prop-
erties, according to the procedures and methods detailed in the Sup-
porting Information (Section S2) and elsewhere [25-30].

2.3. Photocatalytic reactions

The photocatalytic activity of the synthetized materials was assessed
for the degradation of cyclophosphamide (CP) and 5-fluorouracil (5-FU)
in aqueous solutions under both near UV-Vis and solar-LED irradiations.
The experiments were performed in a glass reactor with 100 mL of so-
lution containing 5-FU (10 mg L™ or 76.9 umol L™!) or CP (10 mg L™! or
38.3 pumol LH pollutants, or a mixture of 5-FU and CP (5 mg L' /each)
and a catalyst concentration of 1 g L. The concentration of 5-FU and CP
was monitored by ultra-high performance liquid chromatography
(UHPLC). More details regarding the photocatalytic experiments and
analysis method for the pollutants are described in Supporting Infor-
mation (Section S3).

3. Results and discussion
3.1. Materials characterization

The transformation of the different N-rich precursors into g-C3Ny4
depended on the type of selected starting molecule. In Fig. 1 is shown the
reaction pathway, in which CY, U and TU are starting molecules, while
DCY is a reaction intermediate from CY and M is a common intermediate
from all of them. For simplicity, the formation of less and more
condensed g-CsNy4 structures through the clustering of only heptazine
units is depicted in Fig. 1, because this phase is considered the most
stable under ambient conditions. It is well-known the formation of
heptazine (or s-triazine) units occurs via rearrangements of melamine
molecules, evolving different gases as CO3, NHs, CS; and H,S at different
temperatures [31], and after that, the polymeric g-C3N4 structure is
obtained at ~520 °C through the further condensation of the heptazine
units [12,32]. In the one-pot thermal synthesis, 550 °C was selected to
complete the transformation of the selected N-rich precursor into
g-C3Ny, and taking into account that it is thermally unstable between
600 and 700 °C, beyond which the g-C3Ny structure disappears evolving
nitrogen and cyano fragments.

At a first glance, the yield of g-C3N4 evidently depended on the
chemical composition of each selected N-rich precursor (Table 1), M and
DCY, as expected in a weight base (g/g), showing the highest yields
(~59%) and TU and U the lowest values (~ 14% and 10%, respectively).
This fact is in agreement with several works in literature indicating a low
degree of polymerization or even, the presence of defects in the corre-
sponding g-C3N4 prepared from both TU and U monomers [31,33]. On
the other hand, and for a fair comparison, the abundance and the price
of the different N-rich monomers should be considered, once the
experimental conditions were maintained constant during the material
synthesis. Thus, the order of preference should be DCY =M > U > TU
> CY. Nevertheless, other aspects related with the structure and physi-
cochemical properties of the obtained materials, as well the perfor-
mance on the required application should be investigated.

The morphology of the samples was analyzed by STEM. Fig. 2 shows
STEM images of g-C3N4 photocatalysts, main differences being attrib-
uted to the thermal decomposition pathway. Thus, two main structures
can be clearly identified depending on the type of N-rich precursor used.
In the case of oxygen-containing urea and sulfur-containing thiourea, a
thin crumpled paper-like structure with small flat sheets and wrinkles is
observed (Fig. 2a and c, respectively). These samples even show the
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Fig. 1. Reaction pathway of g-C3N, from cyanamide, urea, thiourea, dicyandiamide and melamine precursors.

Adapted from Ong et al. [12].

Table 1
Yield and textural properties of the synthetized photocatalysts.
Samples  Yield SBET Vineso Viotal Lerystal diayer Number
(%) (m? (cm® (cm?® (nm) (A) of layers
g gh gh
CY 20.6 13 0.029 0.176 3.9 3.295 12
DCY 58.7 7 0.024 0.096 4.9 3.274 15
M 59.0 <5 0.022 0.061 6.3 3.266 19
TU 13.9 15 0.030 0.150 4.0 3.281 12
1) 10.0 39 0.031 0.373 2.9 3.302 9

Sger = BET surface area; V.5, = mesopore volume; Vio, = total pore volume;
Lerystal = crystallite size; djayer = interlayer spacing.

presence of large voids or interstitial spaces, as consequence of the large
amount of pyrolysis gases released (e.g. NHs3, COy, HyS) during the
synthesis procedure, which could act as templates [12]. On contrast,
DCY and M displayed aggregates of flake sheets with a smooth and slack
surface without appreciated voids (Fig. 2d and e, respectively). Finally,
g-C3Ny prepared from cyanamide exhibited a combination of both
structures, i.e., smaller and fluffier flat sheets with other large flakes
(Fig. 2f). Of note, the formation and arrangement of these different
structures will have a significative effect on the corresponding textural
properties. On the other hand, a homogenous distribution of carbon and
nitrogen atoms was observed throughout the g-C3N4 surface, as
observed in the mapping of the U sample as an example (Fig. 2b).

The textural properties of the synthetized materials was evaluated by
Ny physisorption at — 196 °C. Fig. 3 depicts the Ny adsorption isotherms
of g-C3Ny4 obtained from the different N-rich precursors. In general, all
materials showed isotherms classified as type-II and type-IV in concor-
dance with IUPAC classification, which designates the low porosity of
the samples [17,34] and the formation of interstitial pores in the mes-
oporosity range [35], respectively. In fact, the Ny volume adsorbed at
very low relative pressure (P/Py) was negligible as a result of the
micropore absence in the samples. As previously observed by TEM, the
presence of large mesopores was corroborated by the high Ny volume
adsorbed at high P/Pj and a small hysteresis loop of type-H3, attribut-
able to agglomerates composed by plate-like particles or materials with
slit-shaped pores [24,30].

In general, all prepared g-C3N4 materials presented a very low
porosity regardless the type of precursor employed. BET surface areas
(Sger) were between 4 and 39 m> g’l, while the total pore volume (Vr)
was in the range 0.061 and 0.373 cm?® g‘1 (Table 1) depending on the
morphology and the size of the g-C3N4 sheets, as previously observed.
Thus, large flake sheets displayed for M and DCY led to the lowest
porosity (Spgr and Vrp) [19,21]. On the contrary, the presence of
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Fig. 2. STEM micrographs of (a) U, (c) TU, (d) DCY, (e) M and (f) CY. A STEM
mapping is also included for U (b).

additional heteroatoms (regarding C and N), such as oxygen-containing
and sulfur-containing monomers, promoted the formation of porous
aggregates as consequence of the large amount of volatile products (i.e.,
CO3, H0, NHj3, CS5) generated during the thermal polycondensation of
heptazine or s-triazine units, which could act as soft templates.
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Fig. 3. N, adsorption-desorption isotherms of (a) CY, (b) DCY, (c) M, (d) TU and (e) U.

Therefore, structures of small flat sheets and wrinkles obtained with U
and TU favoured the largest porosity, namely for U, whose Sggr
increased almost ten-folds compared to M (i.e., 4 and 39 m? g™! for M
and U, respectively). Concerning the mesopore volume (Vpeso), the same
trends were identified depending on the type of structure and size
formed during the synthesis. In general, the textural properties, namely
Sger, of the different g-C3N4 materials is comparable with the values
reported in literature for other synthesis (Table S1).

XRD patterns of the different g-C3N4 samples are depicted in Fig. 4a.
All materials presented two peaks at 20 ~12.6 and ~27.2° corre-
sponding to the (100) and (002) diffraction planes and due to in-plane
heptazine structural packing and the interlayer stacking of g-C3Ny,
respectively (JCPDS 87-1526) [14,36]. On the other hand, the absence
of any XRD peak placed at ~17.5° corresponding to the diffraction plane
of the s-triazine units of the aromatic system [37,38], should confirm the
major occurrence of the heptazine phase in the different g-CsN,4 mate-
rials. In general, a higher intensity in the first peak is related to the
formation of polymeric units, while a weak peak is associated to the
presence of surface defects and less planar and amorphous character
[23]. On the other hand, the sharp peak at ~27.2° is related with more
regular repetitions between graphenic layers of graphitic structure,
following the order melamine > dicyandiamide = thiourea
> cyanamide > urea. The lowest crystallinity of U could be due to the
presence of oxygen atoms, which evolved a large amount of gases (COo,
H,0 and NHj3) during the synthesis and inhibited the crystal growth
[17]. The crystallite size (Lerystal) and interlayer spacing (djayer) for the
different g-C3N4 materials were also determined and collected in
Table 1, the largest crystallites and lowest interlayer spacing being

obtained for M and DCY. In general, the crystallite size obtained for the
different g-C3N4 materials was lower than that reported in literature for
the same N-rich precursor (Table S1). Furthermore, the number of
g-C3Ny layers estimated from the XRD parameters varied between 9 and
19 layers (Table 1), increasing as follows: U < TU = CY < DCY < M.
Therefore, it seems that dicyandiamide and melamine favoured a higher
number of more condensed g-C3N4 layers, while U promoted a few
layers of less condensed structures.

ATR-FTIR spectra of all synthetized materials showed typical peaks
or bands from the stretching vibration of g-C3N4 heterocycles and amine
(N-H) groups (Fig. 4b). The peaks placed at 806 and 887 cm™ are
characteristic of g-C3N4 materials and associated to the vibrational
modes of heptazine rings [21,39]. The bands at around 1240, 1330 and
1417 cm™! are assigned to stretching vibrations of C-N-C bridging
bonds between amine groups and heptazine rings [40], whereas the
peaks at 1562 and 1645 cm™! are ascribed to C=N bonds [23]. The
broad band between 3000 and 3500 cm™ belongs to stretching modes of
N-H or O-H bonds, due to the residual NH or NHjy groups or adsorbed
water molecules, respectively [19,41]. In general, all materials pre-
sented the characteristic bands of the g-C3N4 structure without appre-
ciable differences among the different N-rich precursors.

Since all samples exhibited comparable ATR-FTIR results, the spec-
tral properties were also investigated from Raman spectra, which
showed some peaks between 400 and 1300 cm™ ascribed with the vi-
bration modes of g-C3N4 aromatic units (Fig. 5). As a rule for carbon-
based materials, Raman peaks at 1550 — 1590 and 1310 — 1350 cm™!
correspond to the graphitic band occurring from the bond stretching of
spz—C atoms and the defect activated band, respectively [42,43]. The D
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Fig. 4. (a) XRD patterns and (b) ATR-FTIR spectra of g-C3N,4 photocatalysts.
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Fig. 5. Raman spectra recorded between (a) 1600 — 1300 em™! and (b) 1300 — 400 cm™! of g-C3N, materials obtained with 785 nm laser.

and G bands of g-CsNy4 placed at ~1305 and ~1555 cm™ are due to
disordered sp? microdomains incorporated by the linking with nitrogen
atoms and the vibrational mode in graphite-like structures, respectively
[44]. In general, D and G bands showed a low intensity for all g-C3Ny4
materials (Fig. 5a), those for U and TU being really difficult to
discriminate from the background noise and fluorescence interference.
In fact, the absence of D and/or G bands was also reported by g-C3Ny4
materials [41,45,46]. The intensity ratio of D and G bands (Ip/Ig) was
observed to increase as follows: CY < DCY < M (Table 2), which means
that the generation of more condensed g-C3N4 networks is favoured by
high Ip/Ig ratios [47,48], i.e., with dicyandiamide and melamine
precursors.

On the other hand, other peaks observed in Raman spectra give
important information about g-C3Ny4 structure (Fig. 5b). The strong
peaks placed at ~704 and ~749 em! correspond to the bending vi-
brations of melon oligomers, while the bands at ~470, ~586 and
~977 ecm™ are ascribed to heptazine ring vibration in melem/melon
units. Analogously to the Ip/Ig ratio, the intensity ratios calculated at
749 and 704 em ™! (I749/1704) and at 586 and 470 em ™' (Isge/1470) pro-
vide information about the layer-layer deformation vibrations [49].
High I749/I704 or Isge/l47¢ ratios corresponded to g-C3N4 materials
formed by individual or few layers and thereby, urea would be the
optimal precursor to obtain individual g-C3Ny4 layers, while M and DCY
with the lowest ratios should possess a large number of layers. These
observations are in agreement with the number of layers determined
from XRD. Finally, the sharp peak placed at 1232 cm™ corresponds to
typical stretching vibration of C-N and C=N heterocycles [41,46].

The surface chemical composition of g-C3N4 materials was studied
in-depth by XPS. The high-resolution spectra corresponding to Cls and
N1s regions are depicted in Fig. 6, while the surface chemical compo-
sition (C, N, O) is gathered in Table 2. The surface Cxps/Nxps atomic
ratio was also determined for the different samples and resulted to be
higher than the stoichiometric C/N value of g-C3Njy (i.e., 0.75) [12]. This

fact was described to enhance the photoactivity due to the creation of
abundant nitrogen vacancies, in comparison with nitrogen atoms linked
to form heptazine units [50]. Among g-C3N4 materials, M and DCY
presented the lowest Cxps/Nxps ratio, which would be explained by a
structure formed of more condensed heptazine units, in agreement with
Raman results. In all cases, a residual oxygen content was detected and
due to some oxygen-functionalities incorporated during the synthesis or
water molecules adsorbed at the surface.

For the sake of analyzing whether the incorporation of surface
chemical functionalities depends on the type of N-rich precursor, the Cls
and N1s regions were deconvoluted in Fig. 6. In this context, the Cls
spectra were deconvoluted in four components (Fig. 6a), the first
component placed at ~284.8 eV corresponds to the typical adventitious
carbon (Advent. C), such as carbon impurities or defects of sp?-C atoms
in the samples [51,52], while the second one at ~286.2 eV corresponds
to C—(N)3 bonds from sp®>~C atoms bonded nitrogen atoms in heptazine
rings [23,52]. The third peak placed at ~288.2 eV was attributed to
sp>~C atoms from N-C—=N bonds, while the last peak was assigned to the
presence of residual carbonates [19,43], as well as some C-O and/or
C—O0 containing groups could have certain contribution to the previous
assigned peaks. Concerning the N1s spectra (Fig. 6b), the deconvolution
was carried out on three peaks at ~398.7, ~400.0 and ~401.2 eV
ascribed to C-N = C bonds from sp2-N in the heptazine rings, tertiary
nitrogen atoms from N—(C)3 bonds, and residual amino groups (C-N-H),
respectively [20]. For the TU sample, a fourth peak at 402.5 eV corre-
sponding to terminal nitro groups was also identified [23].

The incorporation of different chemical functionalities is evidenced
in Fig. 7. The formation of partially condensed polymeric melem or
melon oligomers containing terminal amine groups and more condensed
heptazine units with tertiary N-(C)3 bonds can be determined from the
N1s deconvolution [20]. The N—(C)3/C-N-H ratio for the different
g-C3N4 materials decreased as follows: M (2.00) > DCY (1.92) > CY
(1.84) > TU (1.47) > U (1.46). J. Oh et al. [20] reported that g-C3N4

Table 2

Chemical and optical properties of the g-CsN4 samples.
Samples In/Ig 1749/T704 Isgs/T470 Cxps (%) Nxps (%) Oxps (%) Cxps/Nxps ratio PHpzc Eg (eV)
CY 0.83 0.61 0.18 51.0 44.6 4.4 1.14 6.1 2.70
DCY 1.11 0.51 0.18 48.8 48.5 2.7 1.01 4.9 2.68
M 1.64 0.42 0.22 47.3 50.0 2.7 0.95 5.8 2.68
TU - 0.55 0.18 52.1 42.9 5.0 1.21 5.0 2.73
U - 1.07 0.25 55.3 40.4 4.3 1.37 5.2 2.90

Ip/IG, I749/1704, Isge/1470 = intensity ratios at selected Raman shifts; Cxps, Oxps, Nxps = atomic surface content determined by XPS; pHpzc = point of zero charge; Eg

= band gap energy.
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Fig. 7. Species percentages of the g-C3N4 materials determined from the deconvolution of (a) Cls and (b) N1s regions.

from DCY presented the highest N-(C)3/C-N-H ratio and followed of M,
whereas U possessed the lowest value. Therefore, M and DCY seem to
favour the formation of more condensed g-C3N4 networks, while U and
TU could provide more melem or melon structures. Finally, the pHpz¢ of
synthetized materials was determined and showed a slightly acidic
character with values between 4.9 and 6.1. (Table 2).

The UV-Vis diffuse reflectance spectra of synthetized materials,
expressed in terms of Kubelka-Munk (K-M) absorption units, are shown
in Fig. 8a. All g-C3N4 photocatalysts showed a strong intensive absorp-
tion band in the visible range, associated with n-n * transitions of con-
jugated ring system [24]. The lowest UV-Vis absorption of U and TU
could be related with the occurrence of less condensed melem or melon
oligomers. On the other hand, Tauc’s plots were used to calculate the
band gap (Eg) of prepared materials (Fig. 8b). In general, the band gaps
were narrow in the range of 2.68 and 2.90 eV (Table 2), being U with the
highest Eg, which may be attributed to a low crystalline structure of less

condensed oligomer layers, in agreement with XRD, Raman and XPS
analysis. In fact, the low crystallinity of g-C3N4 can motivate an increase
of the n-n * stacking distance and, consequently, to a larger band gap
and faster charge recombination [53]. On the other hand, a more con-
nected structure of g-C3Ny4 resulted in a larger overlapping of the aro-
matic p-orbitals [54], which allowed to obtain a reduced E; ~2.7 eV,
which is in agreement with those values reported often in literature for
the selected N-rich precursors (Table S1).

3.2. Photocatalytic degradation of 5-FU and CP under near UV-Vis and
solar-LED irradiations

The photocatalytic activity of g-C3N4 photocatalysts for the 5-FU and
CP degradation under near UV-Vis or solar-LED irradiations are depicted
in Fig. 9b-d. The pollutants conversion (X,%), kinetic rate constant
(kapp), and regression coefficient () are gathered in Table 3. Firstly, the
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Fig. 9. Removal of 5-FU and CP as a function of time for the synthetized g-C3N4 by (a) adsorption at 30 min, (b, ¢) photocatalysis under near UV-Vis and (d) solar-
LED irradiations.

adsorption-desorption equilibrium in dark conditions was established adsorption capacity, since U was the most porous material with the
for all samples after 30 min at room temperature for both contaminants. highest pollutants removal. Once saturated the photocatalysts, the
The adsorption capacity of 5-FU was 4.0%, 1.5%, 1.8%, 1.9% and 11.1% pollutant removal should be only due to the photocatalytic efficiency. In
for CY, DCY, M, TU and U (Fig. 9a), respectively, while the adsorption of the absence of photocatalysts (i.e., photolysis), the degradation of both
CP was lower (i.e., 1.2 — 8.4%). In general, the textural properties (Sggr pollutants was negligible under near UV-Vis and solar-LED irradiations
and Viga, Table 1) of the materials were well-correlated with the (Fig. 9b-c). Nevertheless, almost total degradation of 5-FU within
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Pollutant conversion (Xx min), kinetic rate constant (kqyp) and regression coefficient () of 5-FU and CP degradation under near UV-Vis and solar-LED irradiations at

different conditions.

Catalyst 5-FU CP

Near UV-Vis Solar-LED Near-UV/Vis

X30 min (%) Kappx 1072 (min™) r X420 min (%) Kgppx 107 (min?) e X120 min (%) Kappx 1072 (min?) 7
Photolysis 15.1 - - 0.4 - - 6.7 - -
CcYy 97.4 10.1 0.993 26.3 7.6 0.985 79.6 1.4 0.991
DCY 95.8 11.4 0.992 32.7 9.4 0.991 89.1 2.1 0.990
M 98.7 14.6 0.991 46.0 14.1 0.997 89.8 2.1 0.993
TU 99.4 11.1 0.992 37.6 10.2 0.972 94.6 2.5 0.993
18) 97.7 111 0.989 55.1 18.3 0.989 75.3 1.2 0.975

30 min under near UV-Vis irradiation was obtained with all g-C3Ny
materials regardless the N-rich precursor used (Fig. 9b). Only small
differences were found in the kinetic ratio constants (kqp), M showing
the highest value of 14.6:102 min™! (Table 3).

In the case of the CP pollutant, all g-C3N4 materials were also active
with differences in the efficiency depending on the N-rich precursor
(Fig. 9¢). Thus, g-C3N4 synthetized from thiourea, dicyandiamide and
melamine showed a CP degradation close to 95% in 180 min and
thereby, structures of more condensed heptazine units (M and DCY) or
individual melem or melon oligomers (TU) are active enough to remove
both 5-FU and CP. By comparing both pollutants, CP was more difficult
to degrade than 5-FU probably to the electrophile hydroxyl radicals
generated by the photocatalysts, which prefer to attack molecules with a
high density of electrons (i.e., C—C bonds) compared to aliphatic
compounds like CP. The activity of all g-C3N4 materials for the photo-
degradation of 5-FU was also studied under solar-LED irradiation
(Fig. 9d). In this case, the photolysis of 5-FU was more negligible, i.e.,
< 0.5%. Once again, all materials were active under these conditions
due to their reduced band gap, the kg, increasing as follows: U > M
> TU > DCY > CY (Table 3). The photoactivity of the samples could be
justified by the combination of various effects: (i) surface area, (ii) well-
connected g-C3Ny structures and (iii) high surface Cxps/Nxps ratios.

Finally, g-C3N4 materials derived from melamine and thiourea were
selected to evaluate their efficiency in the photodegradation of an
aqueous solution containing both 5-FU and CP contaminants under near
UV-Vis and solar-LED irradiations (Fig. 10). Both photocatalysts were
selected taking into account that TU presented mainly a structure
formed by less condensed melem and melon oligomers, while M is
typical precursor used due to a structure of more condensed heptazine
units. Once again, CP was degraded slower than 5-FU regardless the
material and the irradiation source used. In addition, both pollutants
were removed to longer reaction times compared to an aqueous solution

containing each contaminant under both irradiation sources. Thus, the
total removal of 5-FU and CP in the same solution was achieved at ~60
and ~180 min, respectively, using the M photocatalyst and near UV-Vis
irradiation (Fig. 10a), while only ~30 and ~120 min were need to
achieve similar removal values when the pollutants were tested sepa-
rately (Table 3). Analogously, the experiments under solar-LED required
longer reaction times for the photodegradation of both pollutants in the
same solution (Fig. 10b vs. Table 3) than a solution with only one
contaminant. These facts could be explained by a competitive effect
between CP and 5-FU molecules by the generated hydroxyl radicals. On
the other hand, the TU photocatalyst demonstrated to be more efficient
than M to treat aqueous solutions containing both pollutants specifically
under solar-LED, since TU showed a higher kg, for both contaminants
(e.g, kapp, spu= 11.3 x10™* and 8.8 x10™* min™ for TU and M,
respectively), which demonstrate that g-C3N4 materials with less
condensed structures can be as active as typical more condensed g-C3N4
materials.

For comparison purposes, Table 4 summarizes studies regarding
different photocatalysts recently published for the removal of 5-FU or CP
cytostatic drugs. Some experimental details are listed, such as concen-
tration, pollutant, the light source used, catalyst load, and the pollutant
conversion at a given time. Of note, an accurate comparison of the
material photoactivity prepared in this work with those collected in
Table 4 is really difficult because of operating parameters, such as
irradiation source, catalyst loading and pollutant concentration, among
others, were different. For instance, the total 5-FU degradation was
achieved in 180 min under UV-LED over g-C3N4/ZnO composites with a
band gap around 3.00 — 3.15 eV and BET surface area ca. 10 - 30 m? g™
[24]. Swedha et al. [55] reported g-C3N4 embedded Ni3(VO4)2/ZnCry04
by co-precipitation method showing a high BET surface area of 150 m?
g™ and a reduced band gap of 2.3 eV, the total 5-FU degradation being
obtained in 200 min under a full spectrum halogen lamp. By comparing,
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Fig. 10.

Photocatalytic degradation of an aqueous solution containing both 5-FU and CP pollutants under (a) near UV-Vis and (b) solar-LED irradiations.
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Table 4
Recently published works regarding photocatalysts for cytostatic drugs removal.
Photocatalyst Irradiation source Catalyst loading Pollutant Conversion (%) / time (min) Ref.
P25 UV lamp (A > 254 nm) 0.005 g L™ 5-FU - 200 pg L! 100 / 120 [4]
0.3gL? CP-27.6 mg L 100 / 240
Bi-B doped TiO, Xe-arc lamp (A > 420 nm) 0.25 mg L! 5-FU - 50 mg L™! ~95 / 240 [56]
CP-50 mg L™! ~70 / 240
Pt-TiO, Xe-arc lamp (A > 290 nm) 0.005 g L™ CP-50 mg L™! 100 / 60 [57]
N/S doped TiO, Xe lamp (% > 300 nm) 0.1gL? 5-FU-10 mg L™} ~80 /180 [58]
solar-LED (A > 400 nm) ~40 / 360
TiO, TBMA Xe lamp (A > 420 nm) 05gL! 5-FU-15mg L~} 100 / 180 [59]
Medium pressure Hg lamp (Amax = 366 nm) 100 / 60
BiOCl Medium pressure Hg lamp (A > 200 nm) 0.2gL! 5-FU-15mgL ! 100 / 60 [60]
BiOCIBr Medium pressure Hg lamp (A > 200 nm) 0.5gL™" 5-FU-15mg L™ 100 / 90 [61]
CP-15mgL?! 79 /120
§-C3N4/ZnO UV-LED (Amax = 385 nm) 1gL? 5-FU - 20 mg L™! 100 / 180 [24]
g-CNQDs/CuFe;0,/Cu’ Xe lamp (A > 420 nm) 02gL! 5-FU - 3.9 mg Lt 100 / 60 [62]
g-CN/Ni3(VO4)2 /ZnCry04 Halogen lamp (A > 200 nm) 0.02¢g Lt 5-FU - 20 mg Lt 100 / 200 [55]
g-C3N4 (TU) Medium pressure Hg lamp (A > 350 nm) 1gL?! 5-FU - 10 mg L™ 99 /30 This work
CP-10mgL™? 95 /120
g-C3N4 (U) solar-LED (A > 410 nm) lg Lt 5-FU-10 mg L! 55 /420 This work

TMBA= tributylmethylammonium; g-CN= graphitic carbon nitride; QDs= quantum dots

the photocatalysts of this work showed a good photoactivity for the
degradation of 5-FU or CP under near UV-Vis and solar-LED irradiations
compared to the described materials and those reported in literature
(Table 4).

4. Conclusions

Graphitic carbon nitride (g-C3N4) was prepared by a one-pot thermal
synthesis from different N-rich precursors. Melamine and dicyandia-
mide provided a low porous structure composed by large flake sheets
with a smooth surface, whereas urea or thiourea favoured small flat
sheets and wrinkles with a larger porosity, as consequence of volatile
gases generated during thermal polycondensation. The major evidences
of the role of N-rich precursor were obtained from XRD, Raman and XPS
results. Thus, M and DCY displayed the highest Ip/Ig ratios leading to the
generation of a high number of g-C3N4 layers composed of more
condensed structures, while U and TU were better precursors to obtain
individual melem or melon layers. In general, all materials presented
narrow band gaps with a high light absorption in the visible range
favoured by the overlapping of aromatic p-orbitals of g-C3Ny4 structures.

All g-C3N4 materials showed a high photoactivity for the degradation
of 5-FU and CP under near UV-Vis and solar-LED irradiations. The total
degradation of 5-FU was achieved for 30 min, while almost complete
removal of CP was obtained for 120 min, which corroborated a more
resistance to be degraded than 5-FU. The most active photocatalysts for
both pollutants under near UV-Vis irradiation were M, DCY and TU,
whereas U was the most active material for the 5-FU removal under
solar-LED with half of the conversion for 420 min. Finally, TU and M
were tested for the degradation of a solution containing both pollutants
near UV-Vis and solar-LED irradiations, a competitive effect between
pollutant molecules for the generated hydroxyl radicals being observed.
Overall, the photoactivity of g-C3N4 materials can be justified by the
combination of various effects: (i) surface area, (ii) well-connected and
condensed g-C3Ny structures and (iii) high surface Cxps/Nxps ratios with
nitrogen vacancies.
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