
Journal of Environmental Chemical Engineering 11 (2023) 111343

Available online 1 November 2023
2213-3437/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Enhanced removal of emerging pollutants through visible light-activated 
carbon nitride materials immobilized over 3D printed structures 
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A B S T R A C T   

This study investigates the performance of carbon nitride (CN) photocatalysts immobilized on 3D printed cy
lindrical supports for the removal of selected emerging pollutants, namely venlafaxine (VFX), citalopram (CTP), 
fluoxetine (FXT), and carbamazepine (CBZ), due to their rising consumption as antidepressants and the signif
icant concerns for public health and the environment, mainly due to the direct impact of their presence in surface 
waters. The CN photocatalysts were synthesized using two precursors (dicyandiamide and urea), forming four 
different CN materials. Among the immobilized CN photocatalysts tested, the bulk CN prepared from urea (CNB- 
U/PLA) revealed the highest efficiency for the removal of VFX as the target antidepressant (above 90% after 30 
min), which was ascribed to the lower recombination of photogenerated charges of this photocatalyst. The reuse 
tests confirmed the robust and effective photocatalytic performance of the CNB-U/PLA photocatalyst over 
multiple cycles, while its versatility with different support configurations demonstrates its adaptability and broad 
potential for various photocatalytic applications. The simultaneous removal of the four antidepressants was 
performed at low concentrations (1.8 μM), employing the most efficient immobilized photocatalyst (CNB-U/ 
PLA), yielding remarkably high conversion rates (above 90% for VFX, CTP, and FXT, and around 70% for CBZ, 
after 60 min) under visible irradiation. The results demonstrate the ability of the immobilized CN system to 
effectively eliminate contaminants with different chemical properties. This study emphasizes the potential of this 
approach for comprehensive emerging pollutants removal, highlighting its significance in water treatment and 
environmental remediation strategies.   

1. Introduction 

The most prevailing mental disorders in current societies are related 
to depression and anxiety, affecting around 4% of the world population 
[1]. Regarding treatment, around 70% of depressive-related disorders 
are treated via the intake of antidepressants [2]. To reduce the number 
of side effects of the first-generation drugs, second-generation antide
pressants such as serotonin and noradrenaline reuptake inhibitors 
(SNRIs, e.g., venlafaxine or duloxetine) and selective serotonin reuptake 
inhibitors (SSRIs, including citalopram, fluoxetine, and others) were 
developed, being currently among the most prescribed antidepressants 
worldwide [3]. Indeed, the average consumption of antidepressants 
increased by around 35% in 2010–2020 within the OECD (Organization 

for Economic Co-operation and Development) countries, up to 67 daily 
doses per 1000 inhabitants [4]. 

The increasing rate of consumption not only poses a severe public 
health problem but also directly affects the presence of pharmaceutical 
compounds in surface waters. These compounds are commonly detected 
in the range of a few hundreds of ng⋅L− 1 to a few dozens of μg⋅L− 1) 
[5–7]. The secondary biological treatment of these compounds in 
wastewater treatment plants (WWTPs) [8,9] typically fails to achieve 
complete elimination, with removal efficiencies averaging below 50% 
and even dropping below 20% for specific substances such as ven
lafaxine (VFX), which is currently included in the Watch List of sub
stances for European Union monitoring [10]. 

Heterogeneous photocatalysis, within the advanced oxidation 
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processes, can be regarded as a promising tertiary treatment for elimi
nating refractory contaminants in wastewater [11,12]. In this sense, 
titanium dioxide (TiO2) has been previously evaluated in the removal of 
antidepressant drugs (e.g., venlafaxine [13–16], fluoxetine [15–17], or 
sertraline [18], among others), as the preferred semiconductor due to its 
suitable properties for photocatalytic applications [19,20]. However, 
the main drawbacks of this material are mostly related to its wide band 
gap (Eg ~3.2 eV), restricting the light-harvesting to the UV region, as 
well as the use in powder form in aqueous suspensions, avoiding an easy 
recovery of the photocatalyst after the reaction. 

A current trend in developing visible-light-responsive photocatalysts 
for improving light efficiency under solar irradiation or by inexpensive 
visible-light sources such as Light Emission Diodes (LEDs) tries to 
overcome the first drawback. Graphite-like carbon nitride (g-C3N4), 
based on a layered structure (similar to graphite with N atoms occupying 
certain C positions) of triazine or heptazine units [21], is a well-known 
photocatalyst active under visible irradiation (Eg ~2.7 eV). The good 
photocatalytic performance and physicochemical stability, together 
with the possibility of being prepared from different sources (e.g., 
dicyandiamide, urea, or melamine [22]), have promoted the use of this 
material for a wide range of applications (including organic synthesis 
[23,24], hydrogen production [25,26] or the elimination of refractory 
water contaminants [27,28], among others). 

To mitigate the challenges associated with the separation of catalysts 
from treated water, techniques such as the immobilization of powdered 
particles onto support materials appear as a promising solution. The 
deposition method should be ideally easy and non-expensive to perform, 
durable, and inert to the reaction [29]. Over the last few years, only a 
limited number of works have reported using supported photocatalysts 
to abate contaminants of environmental concern. For example, the 
excellent properties of embedded TiO2 within a polymeric framework in 
ablating microcystin algal toxin were recently demonstrated [30]. A 
recent review [31] refers to using recycled poly(ethylene terephthalate) 
to immobilize TiO2, showing good performance in eliminating up to 
eight antibiotics. Other examples are the preparation of a graphene 
oxide/TiO2 immobilized on nanofibers via electrospinning-calcination 
to remove propranolol [32]; or the removal of trimethoprim and quin
olones using an immobilized cercosporin (a toxin with photocatalytic 
activity) onto a poly(methylmethacrylate) structure [33]. Concerning 
this investigation, the elimination of VFX (as a representative antide
pressant) is hardly investigated compared to the considerable number of 
works reporting powder photocatalysts [13–16,34–36]. For example, 
some of us [37] recently described the deposition of g-C3N4 on a film and 
its use in successfully treating organic contaminants from WWTP efflu
ents. Thus, using PVDF as the principal polymeric matrix is interesting in 
terms of the intrinsic properties of the resulting membrane after phase 
inversion. Among them, hydrophobicity, inertness, high UV resistance, 
or good mechanical properties, can be highlighted for photocatalytic 
applications [38,39]. Moreover, the operation with the PVDF solution at 
mild conditions of temperature and pressure may represent an advan
tage regarding energy consumption. Another example [15] refers to 
using glass rings as proper support for environmental applications. Apart 
from g-C3N4, doped-TiO2 on glass film [40] and doped-bismuth oxy
halide anchored on alumina film [41] are among the scarce literature 
precedents. 

In this context, the novelty of this work relies on the use of cylindrical 
support of poly(lactic acid) (PLA), obtained by additive manufacturing, 
for the immobilization of g-C3N4 photocatalysts (here labeled as CN) 
using a PVDF-based polymeric solution and their high photocatalytic 
efficiency in terms of antidepressants removal under visible light, easy 
material recovery and performance stability. The choice of PLA is sup
ported by its accessible acquisition, easy processability, adequate me
chanical properties such as stiffness (tensile modulus between 
polypropylene and polyethylene terephthalate) and resistance at room 
temperature [42], as well as low toxicity (being considered as a 
biocompatible material [43]). Besides, using PLA support provides a 

high added value to this polymer, which can be produced from biomass 
resources [44]. Moreover, two common CN precursors, urea, and 
dicyandiamide, are compared to produce the most suitable photo
catalyst for removing VFX as the target contaminant. Different support 
configurations, such as modular features or shapes, were also investi
gated. The purification of a spiked water sample was examined 
considering the simultaneous removal of a mixture of antidepressant 
pharmaceuticals comprising carbamazepine (CBZ), citalopram (CTP), 
and fluoxetine (FXT), selected based on their potential impact on water 
ecosystems [7,45]. 

2. Materials and methods 

2.1. Reagents and materials 

Dicyandiamide (C2H4N4, 99%), polyvinylpyrrolidone (PVP, > 99%), 
1-methyl-2-pyrrolidone (NMP, 99.5%), poly(vinylidene fluoride) 
(PVDF, > 99%), venlafaxine (VFX) hydrochloride (> 99%), fluoxetine 
(FXT) hydrochloride (> 99%), and Nafion™ perfluorinated resin were 
purchased from Sigma-Aldrich. Urea (CH4N2O, 99.5%) was provided by 
Acros Organics. Citalopram (CTP) hydrobromide (> 99%) and carba
mazepine (CBZ, 98%) were obtained from Supelco and Alfa Aesar, 
respectively. Acetonitrile (ACN, LC-MS grade) and isopropanol (≥
99.5%) were purchased from VWR Chemicals, and formic acid (>
99.5%) was provided by Merck. Poly(lactic acid) (PLA) printer filament 
(1.75 mm in diameter and natural color) was purchased from Flash
Forge. Ultrapure (UP) water was produced in a Milli-Q water system 
(18.2 MΩ⋅cm− 1). Unless otherwise indicated, all experiments were 
performed in distilled water. 

2.2. Preparation of the supported photocatalysts 

2.2.1. Synthesis of the powder photocatalysts 
Two distinct bulk CN (CNB) materials were synthesized via the 

thermal treatment of dicyandiamide (D) or urea (U). The CNB using D 
precursor (Fig. S1a) was prepared following a microwave-assisted 
polymerization procedure previously reported [22,23,37]. Briefly, 2 g 
of dicyandiamide were placed in a closed crucible and submitted to a 
heating treatment in air at 450 ºC for 0.5 h, followed by a second step at 
550 ºC for 1 h using a Microwave Muffle Furnace Phoenix™ (CEM 
Corporative). After cooling, the resulting material was powdered in a 
mortar, washed with distilled water, dried overnight at 100 ºC, sieved (<
500 µm), and labeled CNB-D. For the U precursor (Fig. S1b), a similar 
procedure was followed using a muffle furnace (SNOL 8.2/1100), as 
previously described [46]. In this case, 40 g of urea in a closed crucible 
were heated at 450 ºC for 2 h and subsequently at 550 ºC for 4 h. To 
achieve the desired temperatures, a ramp of 2 ºC⋅min− 1 was used in all 
cases. The obtained material was also powdered, washed, dried, sieved, 
and labeled CNB-U. As schematized in Fig. S1c, the intermediate step at 
450 ºC is carried out to maximize the formation of the necessary 
tri-s-triazine intermediates (e.g., melem units) before the further 
condensation process to obtain the bulk g-C3N4 materials [47]. 

As can be observed from Fig. S1 (Supporting Information), both CNB 
materials were submitted to the same exfoliation process, reported 
elsewhere [22,37,46]. Concisely, 0.95 g were placed in an open crucible 
and heated at 500 ºC for 2 h (2 ºC⋅min− 1). The final material was 
recovered and labeled CNX-D and CNX-U, respectively, according to the 
precursor used. 

2.2.2. Printing of PLA support 
The support was prepared using a BEETHEFIRST+ 3D printer and 

PLA filament. The software SolidWorks (SolidWorks Corp.) was used to 
design the support. The support consists of a vertical column of 50.0 mm 
height and 36.5 mm internal diameter, as shown in Fig. S2. On the 
support’s outer surface, 36 vertical flaps (radius of 0.9 mm) are 
distributed equidistantly. 
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2.2.3. Immobilization of the powder photocatalyst on PLA support 
A polymeric solution was employed to anchor the synthesized pho

tocatalysts onto the external surface of the support. The preparation of 
this polymeric solution was adapted from a previously described pro
cedure [37,38,48]. Briefly, 0.07 g of PVP was dissolved in 6.0 mL of 
NMP via sonication for 3 h at room temperature. Then, 1.07 g of PVDF 
was added to the solution, stirring at 40 ºC for 48 h. The resulting 
polymeric solution was stored in a glass vial. Fig. 1 illustrates the steps 
followed to immobilize the photocatalyst on the support: 1) the poly
meric solution, used as adherent, was added onto the external surface of 
the PLA support using a paintbrush to apply a thin single coating layer; 
2) the photocatalyst powder was carefully dispersed; and 3) the photo
catalyst/support system was dipped several times (5 times for periods of 
5 min) in distilled water to promote the immobilization of the photo
catalyst via phase inversion. Once dried at 30 ºC (below the glass–liquid 
transition temperature of PLA, Tg ≈ 60 ºC) for 12 h, the resulting sup
ported photocatalyst (4 ± 2% the proportion of photocatalyst in the 
overall mass) was finally stored until use. These photocatalysts immo
bilized on PLA support were labeled using the PLA suffix (e.g., 
CNB-D/PLA for supported CNB-D). Fig. S3 provides the final appearance 
of the supported photocatalysts. 

2.3. Characterization of samples 

A Phenom ProX instrument was used to analyze the morphology of 
the supported photocatalysts via scanning electron microscopy (SEM). A 
JASCO FT/IR-6800 equipped with a MIRacle TM single Reflection 
accessory was used in attenuated total reflectance (ATR) mode to 
determine the Fourier transform infrared (FTIR) measurements in the 
range of 4000–600 cm− 1 with a resolution of 4 cm− 1. A Quantachrome 
Nova 4200e apparatus assessed the N2 adsorption-desorption isotherms 
at –196 ºC. Before analysis, the samples were outgassed at 150 ºC and 40 
ºC for powder and supported materials, respectively. The specific surface 
(SBET) and the non-microporous (or external, Sext) areas were estimated 
from the Brunauer-Emmett-Teller method [49] and t-plot method [50], 
respectively, whereas the amount of adsorbed N2 at a relative pressure 
(P/P0) of 0.99 was used to determine the total pore volume (VT). 
Elemental analysis for determining the C/N ratio was performed in 
triplicate in a Vario Micro Cube analyzer at a combustion temperature of 
1050 ºC. A JASCO V-560 spectrophotometer was used to examine the 
optical properties by ultraviolet-visible diffuse reflectance spectroscopy 
(UV-Vis DRS), using BaSO4 as reference material. The band gap (Eg) 
value was estimated by the Tauc plot method [51], considering CN as an 
indirect semiconductor [52]. For the photoluminescence (PL) proper
ties, a JASCO FP-8200 fluorescence spectrometer equipped with a 
150 W Xenon lamp was used. The excitation wavelength was set at 
370 nm, with both the excitation and emission bandwidths of 2.5 nm. A 
Zahner Zennium electrochemical workstation was used to obtain the 
Motts-Schottky plots. The measurements were made in a three-electrode 
open cell (working electrode: fluorine-doped tin oxide glass coated with 
a suspension of the selected photocatalyst; counter electrode: Pt wire; 
reference electrode: Ag/AgCl, 3 M KCl). The electrolyte was a 0.1 M 

Na2SO4 (pH 6.3) aqueous solution, deaerated with argon prior to each 
analysis. Each photocatalyst suspension was prepared following a 
methodology previously described [53], consisting of mixing 1 mL of 
distilled water, 250 μL of isopropanol, 50 μL of Nafion solution, and 
adding 5 mg of the catalyst. The mixture was submitted to ultrasounds 
for 30 min to obtain a homogeneous suspension, then deposited on the 
working electrode by a drop-casting method (drying step at 80 ºC). 
Mott-Schottky plots were recorded by varying the applied potential from 
− 1.5–1.0 V vs. Normal Hydrogen Electrode (NHE), using a frequency of 
1 kHz and an amplitude of 50 mV. The semiconductor flat band poten
tial, VFB, was estimated following the Mott–Schottky equation (Eq. 1) 
[54]: 

1
C2 =

2
ε⋅ε0⋅e⋅ND

⋅
(

V – VFB –
k⋅T
e

)

, (1)  

Backspace 
being C the capacitance at target voltage V; ε represents the semi

conductor permittivity and ε0 the void permittivity; e the electron 
charge; k the Boltzmann’s constant; and T the temperature. The con
duction band potential (VCB) is calculated following the Nernst equation 
at pH 7 (Eq. 2)[55]: 

VCB = VFB(Ag/AgCl, NHE, pH) – 0.059⋅(7 – pH) , (2) 

Eventually, Eq. (3) allows to estimate the valence band potential 
(VVB): 

VVB = VCB + Eg
/

e , (3)  

where Eg is the bandgap of the semiconductor. For all supported mate
rials, the analyses were assessed in (at least) three different areas of the 
surface to obtain a representative result. 

2.4. Photocatalytic setup and analytical techniques 

The photocatalytic performance of the different synthesized mate
rials was first evaluated for removing VFX (unless otherwise indicated, 
5 mg⋅L− 1) as a target antidepressant in distilled water under visible 
light. The removal of other pharmaceuticals from the psychoactive drug 
family, namely CBZ, CTP, and FXT, both individual (5 mg⋅L− 1) and in 
the mixture (1.8 μM each one, corresponding to a concentration of VFX 
of 0.5 mg⋅L− 1) was also evaluated. As schematized in Fig. 2a, a boro
silicate glass reactor containing 120 mL of distilled water spiked with 
the contaminant was placed inside an LED box equipped with four 
perpendicular visible LEDs (average nominal irradiance = 560 W⋅m− 2, 
λmax = 414 nm and full width at half maximum (FWHM) = 25 nm, 
Fig. 2b) located at 3 cm from the reactor wall. An OceanOptics 
USB2000 + spectroradiometer was used to characterize the LEDs. The 
borosilicate glass reactor was equipped with an internal glass cylinder 
that enables the cooling of the reaction medium (experiments temper
ature ~20 ºC) and allows the supported photocatalyst to be fixed in the 
center of the reactor without interacting with the reactor wall and being 
equidistant from the LEDs (Fig. 2c). The solution was stirred and 

Fig. 1. A schematic representation of the sequential steps involved in immobilizing CN materials onto the cylindrical PLA support using a polymeric solution.  
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saturated with air (~50 mL⋅min− 1, using an air pump) throughout the 
experiments. Some preliminary experiments used CN suspensions 
(1.0 g⋅L− 1). Before the beginning of the irradiation, the contaminant 
solution and the photocatalyst were left in the dark under stirring for 
60 min to achieve the adsorption equilibrium. The VFX conversion 
stability was tested with the supported photocatalyst with the best 
photocatalytic performance. After each cycle, the supported photo
catalyst was washed with distilled water and dried (40 ºC for 12 h). All 
experiments were duplicated, and average values were included. A third 
experiment was performed in case of more than a 3% difference in the 
duplicates. 

The evolution in the contaminant concentration was monitored by 
Ultra High-Pressure Liquid Chromatography (UHPLC). A Nexera X2 LC- 
30AD apparatus was used with an RF-20Axs Fluorescence detector (FD) 
and an SPD-M20A diode array detector. A Kinetex™ XB-C18 100 Å 
reverse phase column (100 × 2.1 mm i.d., 1.7 µm particle diameter) was 
used with a mobile phase (0.25 mL⋅min− 1 at 30 ºC) composed of 0.1% 
formic acid aqueous solution/ACN (A/B). The antidepressants VFX, 
CTP, and FXT were detected by fluorescence (λexc = 230 nm, λemi =

300 nm) using isocratic methods (A/B = 77/23% v/v for VFX and CTP, 
and A/B = 67/33% v/v for FXT), while the diode array detector 
(λ = 286 nm) was required for CBZ (isocratic methods of A/B = 65/35% 
v/v), respectively. A gradient method was employed to detect all the 
pharmaceuticals when used in a mixture, wherein the concentration of 
ACN varied from 23% to 33%. The apparent pseudo-first-order rate 
constant, kapp (min–1), was estimated through the equation: ln (C0/Ct) 

= kapp × t, where C0 and Ct are the concentrations at irradiation times 
0 and t, respectively. The half-conversion time (t1/2) was estimated 
considering Ct = C0/2. The identification of the main short-chain car
boxylic acids (using corresponding standards solutions) formed during 
the conversion of the contaminants was performed using a Hitachi Elite 
LaChrom instrument equipped with an L-2400 UV detector 
(λ = 200 nm), and a Hichrom Alltech 0A-1000 column 
(300 mm × 6.5 mm). A solution of 5 mM H2SO4 (0.5 mL⋅min− 1) was 
used as the isocratic mobile phase. 

3. Results and discussion 

3.1. Characterization of the supported photocatalysts 

The main characterization of the CN photocatalysts (powder form) 
was comprehensively analyzed in previous works of our research group 
[15,22,46]. Thus, the characterization included in this study aims to 
confirm if the supported materials maintain the main chemical, 
morphological, and optical properties. 

Fig. 3 shows the SEM images of the different synthesized CN 
deposited on the PLA support. Comparing the cross-section micrographs 
of the immobilized photocatalysts to the neat PLA support (Fig. 3a), it 
can be observed that the CN particles are successfully anchored over the 
surface, showing different thicknesses among materials. Indeed, the 
average photocatalyst thickness (Table S1) ranges from around 
105–70 µm in bulk (Fig. 3b-c) and exfoliated (Fig. 3e-f) samples, 

Fig. 2. a) Scheme of the experimental setup; b) average spectral irradiance of the LEDs; c) image of the photocatalytic reactor inside the LEDs system.  
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respectively. As previously reported, these differences can be directly 
related to the extent of the exfoliation degree (and, therefore, other 
properties such as density) [46]. The CN sheets tend to stack, forming 
compact aggregates in the bulk materials, whereas thinner plates are 
formed after the delamination process during the exfoliation step. 

Regarding the precursor used, the formation of CN sheets with a 

higher disorder degree occurs when using urea compared to the coun
terpart using dicyandiamide [22]. These observations are coherent with 
the morphology of the prepared supported materials depicted in Fig. 3 
and those of the frontal view micrographs collected in Fig. S4. The 
characteristic PLA layers, resulting from the 3D printing via additive 
manufacturing, can be observed in Fig. S4a, in contrast to the other 

Fig. 3. SEM images of the cross-sectional of neat PLA (a), the supported photocatalysts (a, b, c, e, and f), and a front view image of CNB-U/PLA (d).  
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micrographs in which the photocatalyst particles are well-distributed, 
covering the surface of the support (Fig. 3d and Figs. S4b-e). 

The powder materials show higher development of the porous 
texture (as can be seen in Fig. S5 and Table S2), depicting type II iso
therms with H3 hysteresis loops, typical of mesoporous plate-like par
ticles, in agreement with some previously reported studies [22,46,56]. 
According to Fernandes et al. [23], the porous texture of these materials 
is mainly ascribed to the interstitial distance between CN layers due to 
the absence of surface pores. Indeed, it is important to remark on the 
increment of the SBET areas of CNX samples in our study, related to the 
separation of sheets during the thermal exfoliation, as well as the higher 
specific area of urea-based materials, probably ascribed to the inter
mediate generation of gas bubbles (e.g., from the release of CO2) during 
the polymerization synthesis step [57,58]. However, it is also interesting 
to note that these textural differences of the powder CN are practically 
hindered once the materials are supported, probably due to the 
non-porous character of the PLA support (< 1 m2⋅g− 1) and the mass 
proportion of photocatalyst in the overall supported sample. 

Regarding the chemical structure of the supported photocatalysts, 
the FTIR-ATR analysis (Fig. 4a) shows four different regions, suggesting 
the presence of graphite-like sp2 structures [59–61]: (i) the first band 
centered around 3150 cm− 1, corresponding to the stretching vibrations 
of N–H and N–H2 and remaining adsorbed water molecules. The bands 
corresponding to stretching and bending vibrations of C=N appear at ca. 
1630 and 1545 cm− 1 (ii) and C-N at 1398, 1316, and 1228 cm− 1 (iii), 
respectively. The two bands centered ca. 880 and 804 cm− 1 (iv) are 
commonly ascribed to the vibration modes of s-triazine units [60,62]. 
Compared to the powder photocatalysts (Fig. S6), it can be observed a 
general reduction in the transmittance intensity (expected after the 
particles anchoring), but maintaining the main chemical structures, 
indicating that the supporting process does not affect the chemical 
structure of the photocatalysts, in agreement with the previous work of 
Sampaio et al. [37]. Besides these regions, some new bands can be 
identified from Fig. 4a in the supported samples related to the presence 
of the PLA. That is the case of the three bands with higher intensity 
centered around 1750, 1184, and 1082 cm− 1, which can be ascribed to 
the stretching vibrations of the ester groups (mainly –C=O and –C–O) 
within the aliphatic polyester PLA structure [63]. Those bands are 
present in all supported photocatalysts, again proving the intimate 
contact between photocatalyst particles and support. The transmittance 
intensity of those characteristic PLA bands is reduced by increasing the 
above-mentioned average photocatalyst thickness on the surface of the 
samples, which can be explained by considering the ATR analysis 
assessed. 

The light absorption profiles of the supported CN samples are 
depicted in Fig. 4b. It can be observed that the bulk materials present 
higher absorption compared to the exfoliated counterparts, which show 
a hypsochromic shift of around 10 nm, usually attributed to changes at 
the electronic level due to the modification in the interaction among 
aromatic structures after exfoliation [64], also causing a slightly paler 
color of the samples, even perceptible at the macroscopic scale (as 
previously shown in Fig. S3). The broad lower light absorption of 
urea-based materials can be ascribed to the more significant sheets 
disorder, as previously reported [22], and a higher atomic C/N ratio (as 
summarized in Table S2), probably due to the creation of N vacancies. 
Generating these nitrogen vacancies may allow the formation of defects 
in the CN sheets, resulting in different optoelectronic properties [23,65]. 
In general, all supported photocatalysts show maximal absorbance in the 
region ca. 365–385 nm, with intensity absorption above 50% up to 
400–425 nm and band gap energies in the range of ca. 2.7–2.9 eV 
(estimated from the respective Tauc plots, Fig. 4c). In addition, the 
obtained band gap values are consistent with previously reported find
ings regarding preparing similar materials [46,56,66]. 

It is noteworthy to observe the influence of PLA support depicted in 
Fig. 4b, wherein a prominent absorption band is observed within the 
250–300 nm range, accompanied by increasing absorption tails in the 

visible region (referred to as Urbach tails). These spectral characteristics 
are likely attributed to the amorphous nature of the polymeric structure 
resulting from the extrusion process during 3D printing [67]. Compared 
to the powder samples (Fig. S7), it can be inferred that the increased 
absorption profile observed in the supported photocatalysts can be 
ascribed to PLA support. However, this increment in the light absorption 
does not interfere with the band gap values. As can be observed from 
Fig. S8, the supported photocatalysts present the same band gap values 
as the powder materials, as expected, due to the simple deposition step 
used to anchor the photocatalyst particles on the support. 

The PL emission spectra shown by the supported photocatalysts 
(Fig. 4d) depict the characteristic profiles of CN-related materials: 
maxima emission around 2.65–2.70 eV (being ca. 2.84 eV for CNX-U 
sample), followed by two shoulders shifted to lower energies (placed 
ca. 2.4 and 2.5 eV). The maxima PL intensity corresponds to the energy 
emitted after electron-hole recombination in these materials [46,68] 
and the other emission bands related to intermediate energy states and 
defects acting as centers of lower energy transitions [69,70]. It can be 
observed that the powder samples (Fig. S9) depict similar PL profiles in 
all cases with higher intensities. Coherently with previous CN-related 
supported materials [37], the reduced PL intensity of supported pho
tocatalysts in this study can be explained as a consequence of the 
interference with the PLA support instead of a quenching effect due to 
lower recombination of photogenerated charges. Regardless of the 
support presence, the exfoliated materials show higher PL intensity, in 
agreement with the degree of structural and surface defects (which can 
act as recombination centers [23,71]) due to the thermal preparation 
step. 

The higher degree of structural defects of exfoliated samples can also 
be observed at the electronic scale, as can be rationalized from the 
estimated band configurations. The Mott–Schottky equation (Eq. 1) was 
used to determine the VFB for each powder material through the inter
cept point of the tangent line with the V-axis in the Mott–Schottky plot 
(Fig. S10a). Subsequently, the CB potential levels were estimated (Eq. 2) 
to be located at − 1.01 (CNB-D), − 1.07 (CNB-U), − 1.17 (CNX-D), and 
− 0.97 V (CNX-U), respectively, in agreement with similar g-C3N4-based 
materials [22]. Finally, the potential for the valence bands was calcu
lated following Eq. (3), being the values of VVB shown in Fig. S10b, in 
which the plausible band configuration for each synthesized material is 
proposed. 

3.2. Photocatalytic performance of supported photocatalysts 

3.2.1. Effect of the precursor and photocatalyst stability 
The photocatalytic performance of the supported photocatalysts in 

converting venlafaxine (VFX) under visible irradiation is depicted in  
Fig. 5a. Control experiments, including the photolytic removal of VFX, 
as well as using the bare cylindrical support with and without the 
polymeric film (used to anchor the photocatalyst), were also evaluated 
(Fig. S11a). The results revealed high photochemical stability of the 
contaminant in the absence of the photoactive phase (CN materials), 
which was expected since VFX does not absorb the emission band of the 
light source used (λmax = 414 nm). Besides, it can also be observed that 
the adsorption of the contaminant on the photocatalyst surface can be 
considered negligible (below 3%). Fig. 5a shows that, under visible 
irradiation, VFX is completely removed in 60 min, achieving conversion 
values ca. 80% after the first 20 min of photocatalytic treatment using 
the supported materials CNB-U/PLA, CNX-D/PLA, and CNX-U/PLA. 

On the other hand, using the CNB-D/PLA (D bulk material), a 
decrease in the removal rate was observed (Fig. 5a). The better photo
catalytic performance of exfoliated CN has been previously related to the 
higher porous development (and thus, better contact with contaminant) 
of these materials compared to the bulk counterpart [22,46]. Compari
son experiments using powder photocatalysts (Fig. S11b) exhibit two 
interesting features: i) faster removal rates of the contaminant compared 
to supported materials, which was expected due to the higher exposed 
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photocatalytic area of the non-supported samples, and ii) the resem
blance between the trend of bulk and exfoliated materials compared to 
the results shown by the supported photocatalysts. At this latter point, it 
should be remarked that the almost similar performance displayed by 

the supported CNB-U/PLA compared to the supported exfoliated sam
ples, CNX-D/PLA and CNX-U/PLA. Therefore, it can be inferred that 
some properties of the supported CNB-U photocatalyst may allow it to 
perform a comparable conversion of the target contaminant. The lower 

Fig. 5. Photocatalytic conversion of VFX under LED irradiation using a) supported photocatalysts and b) CNB-U/PLA under consecutive reuses. [VFX]0 = 5 mg⋅L− 1; 
LED λmax= 414 nm; Irradiance = 560 W⋅m− 2. 

Fig. 6. SEM images of as-prepared (a) and used CNB-U/PLA (b). Characterization of as-prepared and used CNB-U/PLA: c) FTIR-ATR; d) PL; e) UV-Vis DRS spectra; 
and f) Tauc plot. 
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development of the porous texture in CNB-U compared to exfoliated 
materials seems to be overcome by lower recombination of photo
generated charges, according to the lower PL profile, as previously 
discussed in the characterization results. Besides, and regarding the 
photocatalyst preparation, it is important to note the lack of necessity of 
driving the exfoliation step when using urea as a CN precursor due to the 
similar photocatalytic performance. Furthermore, examining the similar 
VFX conversion profile of CNB-U and CNX-D, it is highly recommended 
to consider more appropriate the first photocatalyst, considering two 
important aspects: i) a lower number of synthesis stages and ii) the least 
expensive character of urea (which can be obtained from biomass re
sources [72]) compared to dicyandiamide. 

Once the CNB-U/PLA sample was selected as the right supported 
photocatalyst, the stability of the performance was assessed. Fig. 5b 
shows that the photocatalytic conversion profiles of VFX using CNB-U/ 
PLA remain nearly constant after five consecutive reuses. Indeed, when 
evaluating only the initial 30 min of the reaction, the conversion of the 
antidepressant drug was kept around 90 ± 2% within the different reuse 
cycles. It is also important to highlight the main benefits of supported 
photocatalysts regarding the recovery of the photocatalysts after the 
reaction. In this sense, the novel system presented of CNB-U supported 
on PLA, in addition to maintaining the photocatalytic performance, al
lows a simple set-and-use approach. The straightforward procedure 
consists of placing the supported sample in the reaction system, using it 
throughout the required photocatalytic time, and finally collecting the 
supported photocatalyst for new uses. Conversely, using a powder 
photocatalyst (Fig. S12) requires separating the suspended solid mate
rial from the aqueous solution using mechanical approaches such as 
filtration and centrifugation. Besides, it should be also remarked that the 
use of the same supported photocatalyst represents another important 
advantage considering the savings in fresh powder photocatalyst for 
each new experiment. 

The characterization of the resulting CNB-U/PLA after consecutive 
use, including most experiments reported in this study (with a total 
service time of around 30 h), is shown in Fig. 6. The slight difference 
observed between the unused and used CNB-U/PLA may infer that a 
minor part of the photocatalyst was partially lost, probably by expected 
attrition after several uses, manipulation, and washing steps. These 
variations can also be due to the characterization measurements at 
slightly different points of the supported photocatalysts. 

Comparing the results obtained in the present study with those re
ported in the literature for the degradation of VFX is wide challenging 
due to the variable operation parameters used in each study, as 

summarized in Table 1. As mentioned previously, few works have 
documented the use of immobilized photocatalysts for water/waste
water treatment [15,37,40,41]. For example, some of us studied the use 
of a polymeric film for the degradation of a mixture of VFX and meto
prolol using a similar experimental setup [37]. Although in that work 
quite promising results for the degradation of several micropollutants 
found in wastewater were obtained, the versatility of the immobilized 
film remained to be investigated, which holds significant importance 
when considering its potential for pilot-scale growth. Therefore, in the 
present study, the evaluation of the photocatalytic performance was 
followed by the evaluation of different support configurations, including 
modular features or shapes as discussed below. Regarding the activity in 
the removal of the target antidepressant, the immobilized photocatalysts 
employed in our study show auspicious performance under visible light. 
Indeed, the apparent pseudo-first-order disappearance rate constant 
(kapp) displayed by the CNB-U/PLA sample (7.54×10− 2 min− 1, corre
sponding to t1/2 = 9.2 min) can be considered comparable, or even 
higher, to the other non-supported photocatalysts collected in Table S3. 
Focusing on supported materials, Mokhtari et al. [40] recently investi
gated the removal of VFX using Ag-doped TiO2 immobilized on glass 
slides under visible light, being reported a value of kapp 
(0.76×10− 2min− 1, t1/2 = 91.2 min) around an order of magnitude lower 
compared to the counterpart estimated for the CNB-U/PLA in this study. 
Another supported photocatalyst, Bi(0)-doped bismuth oxyhalide films 
[41] proved to remove VFX (around 60% after 60 min) in a mixture with 
other organic pollutants under solar light. In this respect, the absence of 
metallic elements in the photocatalysts described in our study represents 
an important advantage concerning the likely release of metals into the 
treated waters. 

3.2.2. Different configurations of the supported photocatalyst 
One important consideration regarding the potential utilization of 

the designed photocatalyst structures is to evaluate its modular char
acter, i.e., the feasibility of being used within different sizes. Thus, it can 
be ideally scaled up to higher or smaller systems. In this sense, Fig. 7a 
displays the evolution of the photocatalytic removal of VFX using the 
standard PLA support and extra support with ½ of the height (i.e., 5.0 
and 2.5 cm within the longitudinal axis of the PLA support, respectively, 
as can be seen from Fig. S13, keeping constant the rest of the parame
ters). As expected, the reduction in the height of the support (and 
consequently, the decrease of the available photocatalyst area) resulted 
in a reduction of the VFX conversion rate (even though achieving 
removal of ca. 90% after 60 min, two-fold the time required when using 

Table 1 
Removal of VFX using supported current and literature photocatalysts.   

Photocatalyst Light source Parameters (V ¼VFX,Ph ¼
Photocatalyst) 

% Photocatalytic removal /kapp 

(×10− 2min–1) / t1/2 (min) 
Ref 

Supported 
photocatalysts 

CNB-D/PLA Visible light(LED, 414 nm, 
560 W⋅m− 2) 

[V]0 = 5 mg⋅L− 1 91.1% (60 min) /3.65 / 19.0 This 
work 

CNB-U/PLA Visible light(LED, 414 nm, 
560 W⋅m− 2) 

[V]0 = 5 mg⋅L− 1 98.7% (60 min) /7.54 / 9.2 This 
work 

CNX-D/PLA Visible light(LED, 414 nm, 
560 W⋅m− 2) 

[V]0 = 5 mg⋅L− 1 99.1% (60 min) /7.68 / 9.0 This 
work 

CNX-U/PLA Visible light(LED, 414 nm, 
560 W⋅m− 2) 

[V]0 = 5 mg⋅L− 1 99.2% (60 min) /7.45 / 9.3 This 
work 

CNB-U/PLA Visible light(LED, 414 nm, 
560 W⋅m− 2) 

[V]0 = 0.5 mg⋅L− 1(Pharmaceuticals 
mixture) 

98.8% (60 min) /6.57 / 10.6 This 
work 

Exfoliated g-C3N4/PVDF 
film 

Visible light(LED, 417 nm, 
~350 W⋅m− 2) 

[V]0 = 0.25 mg⋅L− 1(Pharmaceuticals 
mixture in WW) 

100% (150 min) /n.r. [37] 

Exfoliated g-C3N4/glass 
rings 

Visible light(LED, 417 nm, 
~450 W⋅m− 2) 

[V]0 ≈ 4⋅10–4 mg⋅L− 1(Pharmaceuticals 
mixture in WW) 

~45% (c.m.) /n.r. [15] 

Ag-TiO2/glass film Visible light(LED, n.r. nm, n. 
r. W⋅m− 2) 

[V]0 = 5.0 mg⋅L− 1 ~75% (180 min) /0.76 / 91.2 [40] 

Bi-doped BiOCl 0.875Br0.125 

/ alumina film 
Simulated solar light(>
280 nm, 500 W⋅m− 2) 

[V]0 = 0.1 mg⋅L− 1(Pharmaceuticals 
mixture) 

~60% (60 min) /n.r. [41] 

kapp: apparent pseudo-first-order rate constant; t1/2: half-conversion time; n.r.: not reported; c.m.: continuous mode; WW: wastewater. Since different experimental 
conditions were used, the data in this Table is provided to summarize relevant studies and not to compare the results between them. 
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the standard CNB-U/PLA sample). Indeed, the pseudo-first-order kinetic 
constant reduced by around 55% its value (kapp = 3.44×10− 2 min–1) 
when the half-structure was used under the same reaction parameters, 
thus proving the modular character of the prepared supported 
photocatalyst. 

Besides the height of the support, different configurations (i.e., twist 
torsional angles of the original vertical flaps) of the PLA support were 
also investigated. As shown in Fig. S14, two opposite shapes, namely Z- 
or S-configuration (when the upward direction of support flaps follow a 
twist angle of +180º or − 180º, respectively, considering + the coun
terclockwise twist), were evaluated. According to the profiles displayed 
in Fig. 7b, it can be identified that the CNB-U/PLA (in which the flaps are 
vertically straight distributed) presents the most suitable performance 
for VFX conversion. This behavior can be explained by considering the 
orthogonal arrangement (90º) between the vertical flaps and the rota
tion of the aqueous solution (mainly in the horizontal plane), maxi
mizing the photocatalyst-contaminant contact. 

3.2.3. Photocatalytic conversion of different antidepressant 
pharmaceuticals 

Once proved the possibilities of the CNB-U/PLA on the photo
catalytic removal of VFX as a target antidepressant, the study was fol
lowed to investigate the performance of the removal of other 
pharmaceuticals, usually consumed to treat depression and anxiety ep
isodes. Carbamazepine (CBZ), citalopram (CTP), and fluoxetine (FXT) 
were selected as target pollutants, whose main pharmacological appli
cations and structural differences are summarized in Table S4. From  
Fig. 8a, it can be observed that each antidepressant compound is prac
tically eliminated from the solution in less than 2 h under visible irra
diation. As previously monitored for VFX, comparison experiments 
using the non-supported materials and photolysis tests were assessed for 
the rest of the contaminants (Fig. S15), as expected negligible 

conversion in the absence of photocatalyst was detected. To investigate 
the efficiency of the supported photocatalyst and assess performance 
with more accurate contaminant parameters, the conversion of all 
compounds within a mixture was examined (Fig. 8b) using equimolar 
concentration (1.8 μM, approximately 0.5 mg⋅L− 1 of VFX). Despite the 
presence of the other pharmaceuticals, an apparent similarity can be 
observed between the individual and the mixture of contaminants, 
yielding the total degradation of compounds with differences in their 
chemical structure, as in the case of VFX, CTP, and FXT. On the other 
hand, a lower conversion tendency was displayed by CBZ, probably 
ascribed to a superior refractory character for the breakdown of the 
olefinic double bond on the central heterocyclic ring, as previously 
described by Rao et al. [73]. 

A remarkable similarity among the kinetic constant values was 
registered (Table 2) considering the individual and the concomitant 
removal of antidepressants. Only a minor decrease in the kapp values was 
observed, probably due to a competitive reaction between the contam
inants, although a slight increment was found for FXT. That positive 
effect could be related to a better interaction with photogenerated 
oxidant species due to the lower initial concentration of contaminants. 

Fig. 7. Photocatalytic conversion of VFX under LED irradiation using CNB-U immobilized on a) standard and ½ PLA support and b) different PLA support con
figurations of PLA support. [VFX]0 = 5 mg⋅L− 1; LED λmax= 414 nm; Irradiance = 560 W⋅m− 2. 

Fig. 8. Photocatalytic conversion of VFX, CBZ, CTP, and FXT under LED irradiation using CNB-U/PLA. The removal of the antidepressant pharmaceuticals was 
evaluated: a) individually ([contaminant]0 = 5 mg⋅L− 1), and b) in mixture ([contaminant]0 = 1.8 μM (each one), approx. 0.5 mg⋅L− 1 VFX). LED λmax= 414 nm; 
Irradiance = 560 W⋅m− 2. 

Table 2 
Values of the apparent pseudo-first-order rate constant of the antidepressive 
pharmaceutical compounds investigated in this study using CNB-U/PLA.  

Antidepressive pharmaceutical kapp (×10− 2 min− 1) 

Individual treatment Mixture treatment 

VFX  7.54  6.57 
CBZ  1.43  1.40 
CTP  4.31  4.19 
FXT  2.69  3.56  
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Overall, these results demonstrate the appropriate behavior of the sup
ported CN photocatalyst for the abatement of a mixture of antidepres
sants at concentrations closer to actual environmental conditions. 

Indeed, a likely oxidation mechanism for the degradation of these 
antidepressants using the CNB-U/PLA can be proposed according to the 
band configuration determined by electrochemical characterization 
(Fig. S10b). As schematized in Fig. 9, the illumination of the photo
catalyst using visible irradiation (as LED lights used in this study) can 
induce the separation of charge carriers (e–/h+), responsible for the 
generation of reactive oxygen species (ROS, such as hydroxyl radical, 
HO•; and superoxide radicals, O2

•–). It is interesting to note that, ac
cording to the potential level of the CNB-U valence band, the generation 
of HO• from direct oxidation of water molecules is energetically pre
vented (+2.29 V vs NHE at pH 7 [74]). Therefore, it can be rationalized 
that the conversion of the target antidepressants may occur by the 
interaction with O2

•– or via direct oxidation with the photogenerated h+. 
The conversion of these contaminants could allow the generation of 
intermediates and the final mineralization into harmless inorganic 
compounds. In this respect, some intermediate byproducts, such as 
diverse carboxylic acids (up to six different short-chain compounds) 
were identified by HPLC (Table S5). Among them, fumaric, oxamic, and 
oxalic acids were simultaneously identified as degradation in
termediates for the four antidepressants. On the other hand, pyruvic acid 
was identified in the degradation of VFX, CBZ, and CTP, whereas acetic 
acid was detected during the conversion of VFX and CBZ, and formic 
acid was found only for VFX and FXT. It can also be observed from 
Table S5 that the area registered for most of the detected carboxylic 
acids decreased during the evolution of the reaction, indicating an 
adequate removal of these byproducts and confirming the conversion 
process of the antidepressants investigated in this study. 

4. Conclusions 

The successful immobilization of CN on cylindrical poly(lactic acid) 
supports was accomplished using a polymeric solution, resulting in 
immobilized photocatalysts with excellent photocatalytic performance 
for removing antidepressants under visible irradiation. 

The properties of CN (mainly textural, optical, and electronic ones) 
depend on the precursor and the number of thermal stages followed in 
preparing the photocatalyst. 

Regarding the photocatalytic performance under LED light, the bulk 
CN prepared from urea displayed similar conversion trends compared to 
the exfoliated photocatalysts, with almost complete conversion of the 
target pharmaceutical after a few minutes of treatment. The immobi
lized photocatalyst proved to be highly efficient in removing a mixture 
of antidepressants within a short period, demonstrating its effectiveness 
in efficiently degrading compounds with different chemical structures. 
Up to six different short-chain carboxylic acids (fumaric, pyruvic, oxa
mic, oxalic, acetic, and formic acids) were identified as likely in
termediates in the conversion process for each contaminant. 

Concerning the potential application, the immobilized photocatalyst 
depicted an adequate preservation of the photocatalytic conversion and 
properties after consecutive use and demonstrated the ability to operate 
modular-like systems. The simple set-and-use feature and the 
outstanding photocatalytic performance under visible light contribute to 
the conclusion that the supported photocatalyst represents a promising 
approach for its further environmental application in the elimination of 
refractory contaminants as antidepressant pharmaceuticals. 
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