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A B S T R A C T   

This work compared graphitic carbon nitride (g-C3N4) modified with different iron phases to maximize its cat-
alytic response in the phenol degradation at circumneutral pH under visible irradiation (Xe lamps, 70 W) and 
H2O2. The semiconductor was modified with different iron phases either: (i) supported (Fen+/g-C3N4, Fe3O4/g- 
C3N4 and α-Fe2O3/g-C3N4) or (ii) doped (Fe-g-C3N4). The materials were characterized by AAS, DRIFTS, DR- 
UV–Vis, N2 adsorption, TGA, H2-TPR, XPS, and XRD. Fe-g-C3N4 degraded 85 % of phenol (45 min), mineralized 
62 % of DOC (180 min), leaching negligible iron (0.00131 mg Fe/L) at 25.0 ± 0.2 ◦C and pH 7.0. At pH 3.0, both 
phenol degradation (90 min) and mineralization (210 min) reached 100 %. The highly specific location of the 
metal within the lattice of the semiconductor substantially improved the use of the visible-light-photogenerated 
electron-hole pairs by the heterogeneous Fenton catalytic system in comparison to the metal oxides deposited on 
its surface.   

1. Introduction 

Aquatic resources are essential for human life and economic devel-
opment. However, the contamination of water sources by the discharge 
of wastewater (WW) is one of the main environmental problems facing 
the world today [1]. Decontamination of WW before final discharge is 
crucial to prevent the spread of diseases, avoid damage to natural water 
sources, and protect public health [2]. Furthermore, its treatment can 
help reduce the contamination of freshwater sources and improve the 
availability of water resources in some areas of the planet [1,3]. Many 
organic contaminants have been reported in WW [4], including phenolic 
compounds, which can contaminate surface and groundwater [5,6]. 
These compounds are the least biodegradable, and their long-term 
accumulation causes serious harm, especially to humans [7]. 

Advanced oxidation processes (AOPs) have been widely studied due 
to their ability to significantly degrade and mineralize toxic organic 
contaminants dissolved in water, including phenolic compounds, 

contaminants of emerging concern (CECs), and a wide variety of re-
fractory azo dyes [8–12]. The versatility of AOPs comes from the high 
standard reduction potential of the reactive oxygen species (ROS) 
generated [10]. In addition to being highly oxidizing, these radical 
species are not particularly selective, and can be generated from oxidant 
precursors such as ozone (O3) or hydrogen peroxide (H2O2) [13]. The 
Fenton process is an advanced oxidation process that can be catalyzed 
with iron salts or iron-modified solid catalysts in the presence of 
hydrogen peroxide (H2O2). The Fenton process can be carried out in a 
homogeneous or heterogeneous phase, with the latter variant being 
more promising for large-scale applications due to the potential reus-
ability of the catalyst and the sustainability of the process [14,15]. The 
main disadvantages of the homogeneous Fenton process are the need to 
maintain an acidic pH lower than 4.0 to avoid metal precipitation, and 
the costly separation of the catalyst from the fluid phase once the re-
action is complete, as well as the generation of large quantities of sludge 
requiring additional treatment [15]. In contrast, photo-assisted 
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heterogeneous Fenton oxidation processes allow organic contaminants 
present in water to be eliminated more efficiently, even under condi-
tions of circumneutral pH (~ 7.0). This is because they improve the 
formation of reactive oxygen species and iron can be regenerated more 
quickly in its lowest oxidation state within the catalytic cycle (Fe3+/ 
Fe2+) [7,16]. Furthermore, this variant of the process is more environ-
mentally sustainable, since it reduces energy consumption if sunlight 
can be used as an energy source, instead of depending on non-renewable 
energy sources [17]. Solar radiation is a largely untapped resource in 
such applications, bearing in mind that the visible region (400 to 700 
nm) represents 47.5 % of its total energy [14]. Furthermore, heteroge-
neous Fenton processes significantly reduce operating costs by facili-
tating the separation of the catalyst from the reaction system. According 
to numerous investigations, the most useful and flexible catalysts to 
apply to photoactivated AOPs are semiconductors [7,18–20]. Recently, 
different variants of the photo-assisted Fenton process have been re-
ported using solid photocatalysts such as TiO2, ZnO, ZnWO4, Fe2O3/ 
TiO2, Fe3O4/TiO2 and ZnFe2O4 [18,21,22], but activity has primarily 
been limited to the ultraviolet region (UV) between 100 and 400 nm. 
This due to its characteristic bandgap being close to 3.2 eV which 
markedly restricts a more complete exploitation of solar radiation. In 
recent years, there has been a sharp increase in number of scientific 
publications on graphitic carbon nitride (g-C3N4), making it an ideal 
candidate for photocatalytic applications, including photo-assisted 
AOPs [23]. g-C3N4 is a metal-free organic semiconductor whose struc-
ture is made up of multiple parallel layers of stacked tri-s-triazine units 
[7,20,24]. These characteristics make it a stable and low-toxicity ma-
terial. Additionally, it has a bandgap of 2.7 eV [23] that allows it to be 
photoactive in the presence of visible light without having an inflated 
recombination rate for the photogenerated electron-hole pairs [18]. The 
preparation of g-C3N4 can be carried out through thermal treatment of 
relatively inexpensive nitrogen-rich precursors (like melamine, dicyan-
diamide, urea, among others), in an inert atmosphere [24,25]. 

Studies based on g-C3N4 have focused mainly on trying to reduce the 
recombination rate of photogenerated electron-hole pairs through 
different procedures, including the creation of semi-
conductor–semiconductor or metal–semiconductor heterojunctions to 
effectively separate electrons and holes, or the doping of g-C3N4 with 
metallic elements to act as electron capture centers, leaving highly 
oxidized holes [18,24,26]. These latest modifications have shown that 
the incorporation of metal ions (e.g. Pd, Fe, Cu, Zn, Ni, etc.) in the 
polymeric network of the semiconductor improves the useful life of the 
photocatalyst and the mobility of the charge carriers, while increasing 
light absorption [23,26]. Studies have been carried out on the modifi-
cation of graphitic carbon nitride type materials with different iron 
phases to eliminate a variety of organic contaminants in water, 
including dyes and phenolic compounds, demonstrating a high photo-
catalytic response in visible irradiation [7,27–30]. However, to the best 
of our knowledge, no study has yet been performed to compare the 
different phases of iron in the degradation of the same contaminant 
under identical reaction conditions (namely pH, temperature, same 
oxidizing agent, etc.). It is also worth mentioning that the studies on the 
photocatalytic activity of this type of materials mostly reported the use 
persulfate or PMS as an oxidizing agent [31–37]. There is scarce infor-
mation available on the use of H2O2 in this reaction [7,38,39], despite 
the proven efficiency of Fenton processes in the degradation of all types 
of contaminants [14,31,40]. Finally, it is important to mention that the 
existing studies have not evaluated the catalytic potential of these ma-
terials under circumneutral pH conditions for purposes of decontami-
nation prior to final discharge into natural bodies of water. 
Circumneutral pH is common in much of the water supplying surface 
water treatment plants (for purposes of purification) and in wastewater. 

Consequently, this research focused on preparing solid photo-
catalysts based on graphitic carbon nitride (g-C3N4) with iron doped 
structurally or used as a support of different metal phases (Fen+, Fe3O4 
and α-Fe2O3). All materials were characterized by modern 

physicochemical techniques to clearly elucidate their structure, and 
compared based on their catalytic response in the heterogeneous Fenton 
degradation of Phenol (PhO) photo-assisted with visible light, at cir-
cumneutral pH. 

2. Experimental 

2.1. Materials 

The graphitic carbon nitride used as a photocatalytic support was 
prepared from melamine (99 %, Sigma-Aldrich®). The following ma-
terials were prepared: FeCl3⋅6H2O (97 %, Panreac®), FeCl2⋅4H2O (99 %, 
Sigma-Aldrich®), Fe(NO3)3⋅9H2O (98 %, Panreac®), anhydrous FeCl3 
(97 %, Mexifloc®), absolute ethanol (99.8 %, Honeywell Fluka®), 
NH4OH (25 %, Emsure®) and FeSO4⋅7H2O (99 %, Panreac®), UAP Ni-
trogen (99.999 %, Cryogas) and UAP Hydrogen (99.999 %, Cryogas), all 
without any additional purification. Acid digestion for the elemental 
analysis of solids was performed using HCl (37 %, Panreac®), HClO4 (70 
%, Sigma-Aldrich®) and HNO3 (65 %, Emsure®, Merck). For the cata-
lytic experiments, phenol (99.0–––100 %, Sigma-Aldrich®) and 
hydrogen peroxide (50 %p/p, Chemí®) were used. 

2.2. Preparation of the photocatalytic support 

Graphitic carbon nitride was prepared from melamine placed in a 
crucible semi-closed with a lid and subjected to heat treatment up to 
550 ◦C for 4.0 h, under a heating ramp of 5.0 ◦C/min in a nitrogen at-
mosphere (~2.83 L/h N2 STP). Finally, the material was macerated to a 
particle size of 210 µm (70 mesh sieve) and placed in a closed container. 

2.3. Preparation of the photocatalysts 

Four photocatalysts were prepared with identical final nominal iron 
loading (5.0 w/w % Fe). Three of these were modified with different 
iron phases on g-C3N4: (i) iron supported on graphitic carbon nitride 
(Fen+/g-C3N4), (ii) magnetite supported on graphitic carbon nitride 
(Fe3O4/g-C3N4), and (iii) hematite supported on graphitic carbon nitride 
(α-Fe2O3/g-C3N4). The fourth (iv) was prepared by doping the support 
with anhydrous iron chloride from its initial preparation (Fe-g-C3N4). 
For the photocatalysts (i) to (iii), the carbon nitride support (g-C3N4) was 
previously suspended by dispersing 5.0 g of g-C3N4 in 200 mL of a so-
lution of EtOH:H2O (1:2), and subjected to ultrasound for 2.0 h at room 
temperature. 

(i) Fenþ/g-C3N4 photocatalyst: A solution of FeSO4⋅7H2O at 0.1 g of 
salt/mL of type II water was prepared, and under magnetic stirring the 
solution was dispersed over the carbon nitride suspension (g-C3N4). The 
mixture was stirred continuously until complete evaporation at 110 ◦C. 
The solid obtained was then macerated to a particle size of 210 µm (70 
mesh sieve), placed in a crucible semi-closed with a lid, and calcined at 
500 ◦C under a ramp of 10.0 ◦C/min in a hydrogen atmosphere (~2.83 
L/h H2 STP) for 4.0 h to promote the reduction of Fe supported on the 
surface. 

(ii) Fe3O4/g-C3N4 photocatalyst: This photocatalyst was prepared 
by adapting the methodology previously reported by Kumar et al. [41]. 
The FeCl3⋅6H2O and FeCl2⋅4H2O salts were dissolved separately at 0.1 g 
of salt/mL of distilled water, maintaining a 2:1 stoichiometric ratio 
between the Fe3+:Fe2+ chlorides. The solutions were added to the car-
bon nitride (g-C3N4) suspension under constant stirring and reflux. The 
system was heated to 80 ◦C for 0.5. 0.3 mL of NH4OH (25 %)/mmol Fe 
was added dropwise to the mixture, and left under stirring and reflux for 
0.5 h at 80 ◦C. Finally, the Fe3O4/g-C3N4 photocatalyst was separated by 
vacuum filtration, washed several times with type II water and absolute 
ethanol, and dried for 12 h at 80 ◦C. 

(iii) α-Fe2O3/g-C3N4 photocatalyst: This photocatalyst was pre-
pared by adapting the methodology reported by Li et al. [42], in which 
100 mL of a FeCl3⋅6H2O solution (46 mmol/L) was added to 5.0 g of g- 
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C3N4. The mixture was dispersed by ultrasound for 10 min, stirred for 
30 min at 40 ◦C, and dried at 50 ◦C for 2 days. Subsequently, the material 
was calcined at 430 ◦C under a ramp of 5.0 ◦C/min in an oxygen at-
mosphere (~2.83 L/h O2 STP) for 4.0 h. 

(iv) Fe-g-C3N4 photocatalyst: This photocatalyst was prepared by 
adapting the methodology previously reported by Hu et al. [7]. 5.0 g of 
melamine were dissolved in 20 mL of water at 80 ◦C. Anhydrous FeCl3 
was added to the dispersion under magnetic stirring and left for 1.0 h at 
80 ◦C. The mixture was then completely evaporated at 120 ◦C and 
macerated. The powder was placed in a crucible semi-closed with a lid 
and calcined at 550 ◦C at a heating rate of 2.0 ◦C/min under a nitrogen 
atmosphere (~2.83 L/h N2 STP) for 4.0 h. 

For comparative purposes, the magnetite (Fe3O4) and hematite 
(α-Fe2O3) mass phases were also prepared, maintaining the same heat-
ing conditions and calcination atmospheres used in the preparation of 
their supported photocatalysts. 

2.4. Analytical methods 

The carbon, hydrogen and nitrogen (CHN) content of the materials 
was determined by elemental analysis of solids in a Thermo Scientific 
FlashEA 1112 CHN analyzer. The iron content was determined by 
atomic absorption spectroscopy (AAS) using an ICE 3500-Series 3000 
Thermo Scientific spectrophotometer after acid digestion of the photo-
catalysts with a 2:1:1 mixture of HCl, HClO4 and HNO3. 

The diffuse reflectance infrared spectroscopy (DRIFTS) spectra of the 
support and photocatalysts were obtained in the mid wavelength range 
(4000–400 cm− 1) using an IRXross Shimadzu instrument equipped with 
an accessory to measure in DRS 8000A diffuse reflectance mode. The 
analyses were performed in transmission mode. The samples were 
diluted in KBR (1.0 g of sample in 150 mg of KBr). 

The powder X-ray diffraction (XRD) patterns of the precursor ma-
terials, the photocatalysts and the reference oxides were determined 
from the powder samples between 10 and 80 ◦(2θ) in a Bruker D8 
Advance diffractometer operated at 40 kV and 30 mA with a scanning 
speed of 2.5 ◦(2θ)/min, using filtered CuKα radiation (λ = 1.5406 Å). 
The average crystallite size for the supported phases of the metal were 
calculated using the Scherrer equation Eq. (1) with the signal of the most 
intense peak, for Fe3O4 with signal (311) and for α-Fe2O3 with signal 
(104), where K is the corresponding dimensionless quantity for each 
crystalline structure: 0.94 (Fe3O4) [43] and 0.9 (α-Fe2O3) [44], λ is the 
wavelength of the incident radiation, β is the full width at half maximum 
(FWHM) and θ is the diffraction angle. 

D =
K.λ

β.Cosθ
(1)  

The TGA thermal analysis of the g-C3N4 photocatalytic support, photo-
catalysts and reference oxides was carried out using a SDT Q600 
analyzer from TA Instruments. A heating ramp of 10 ◦C/min was used 
under a flow rate of 20 mL/min of chromatographic Zero air (mix of 
78.1 % of N2 99.999 % and 21.9 % of O2 99.6 ± 0.5 % of absolute 
precision, Indura Cryogas ®) from 30 ◦C up to 800 ◦C. 

Hydrogen temperature programmed reduction (H2-TPR) analyses 
were carried out in a Micromeritics Chemisorb 2750 analyzer provided 
with a TPx unit to control the temperature and heating rate. Around 10 
to 20 mg of sample were pretreated at 200 ◦C for 1.0 h in a nitrogen 
atmosphere and analyzed between 150 ◦C and 900 ◦C at 10 ◦C/min 
under a total flow of 50 mL/min of the reducing gas (9.78 % H2/Ar). 
Hydrogen consumption was recorded using a thermal conductivity de-
tector (TCD) and Ag2O (99.99 % Fisher Scientific) was used as an 
external standard for peak area calibration. 

The textural analysis of the materials was carried out using nitrogen 
adsorption/desorption isotherms at − 196 ◦C in a Micromeritics 3-Flex 
analyzer, in a range of relative pressures from 10-3 to 0.99, on samples 
of around 100 to 200 mg previously degassed at 200 ◦C for 12 h. The BET 

specific surface (SBET) was determined using the multipoint model, with 
the Keii-Rouquerol criteria to define the zone with best linearity [45]. 
The external surface area (Sext) was calculated using the t-plot method 
(Harkins-Jura). The pore size distribution was determined by BJH 
desorption analysis, using the statistical thickness of Harkins and Jura. 

The bandgap of the photocatalysts and the support was calculated by 
DR UV–Vis spectroscopy using a Shimadzu UV-2600 spectrophotometer 
provided with an ISR-2600Plus integration sphere in a spectral range 
between 200 and 1200 nm. Each material was compacted and placed in 
the sample container of the integration sphere. The bandgap was esti-
mated using the Kubelka-Munk F method Eq. (2), coupled to the 
graphical method for calculating the bandgap energy (Eg) proposed by 
Tauc Eq. (3), where α is the absorption coefficient, hν is the energy of the 
photon, A is a constant and n = ½ is the allowed direct transition. To 
estimate the bandgap value from the UV–Vis spectrum, a straight line 
was extrapolated from the absorption curve (αhν)2 to the abscissa axis 
(hν) when α had a value of zero and Eg = hν [46]. 

(R) = (1 − R)2
/2R ≈ α (2)  

(αhν)1/n
= A(hν − Eg) (3)  

The elemental composition was determined at the surface level and the 
oxidation states of the active metal were estimated by means of X-ray 
photoelectron spectroscopy (XPS) using a SPECs NAP-XPS system and 
employing the CasaXPS® Version 2.3.25PR1.0 software to analyze the 
general spectrum and the high resolution for the most representative 
signals of Fe3+ and Fe2+ [47]. 

2.5. Photocatalytic experiments 

The graphitic carbon nitride support and the prepared photocatalysts 
were evaluated as active solids in the heterogeneous Fenton reaction for 
the degradation of phenol in UHP water photo-assisted with visible light 
(Xenon HID bulb light, 35 W, 12 V, 6000 K) [48]. The experiments were 
carried out at 25.0 ± 0.1 ◦C and atmospheric pressure (74 kPa) in a 500 
mL semi-batch glass reactor (Pyrex®) jacketed to control the tempera-
ture, coupled to 2 Xenon lamps of 35 W each, a thermostatic bath, a 
peristaltic pump to dose H2O2 under controlled flow, and a 600 rpm 
mechanical stirrer. For each test, the reactor was loaded with 350 mL of 
phenol solution (10 mg/L Dissolved Organic Carbon - DOC equivalent) 
and 50 mg Fe/L of photocatalyst and set to provide constant air bubbling 
(2.0 L/min). The pH of the solution was adjusted to 7.0 at the starting 
point of the reaction by adding HCl or 0.1 M NaOH dropwise. Xenon 
lamps were switched on and H2O2 solution (1.94 mmol/L, equivalent to 
the theoretical stoichiometric amount necessary for complete mineral-
ization of phenol), was added after 30 min of stirring and air bubbling 
(equilibration period) under a flow rate of 50 mL/h. Zero time of reac-
tion began by adding the hydrogen peroxide solution to the reactor, after 
which 15.0 mL samples were taken every 45 min for a total reaction time 
of 3.0 h. Once the addition of H2O2 was complete, the system was 
irradiated for additional 30 min, maintaining constant stirring and 
bubbling, and a final sample of 15.0 mL was taken 4.0 h after the pho-
tocatalytic test had started. Each sample was microfiltered (0.45 μm, 
Millipore) to remove the dispersed photocatalyst before analysis. In each 
experiment, the concentration of phenol was monitored using high- 
efficiency liquid chromatography (HPLC-PDA, Prominence Shimadzu) 
to calculate the level of degradation and Dissolved Organic Carbon to 
calculate the extent of carbon mineralization (TOC-L CPH, Shimadzu 
analyzer). At the end of each catalytic test, the chemical stability of the 
active metal in the photocatalyst was checked by determining the con-
centration of dissolved iron in the reaction’s effluent using atomic ab-
sorption spectroscopy (AAS). Finally, in the presence of the best 
photocatalyst, five sequential reuse catalytic cycles were performed to 
assess its catalytic stability and reusability over time. After each cycle, 
the photocatalyst was recovered through vacuum filtration, washed 
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three times with deionized water, and dried in a vacuum drying oven at 
60 ◦C. 

3. Results and discussion 

3.1. Physicochemical characteristics of the photocatalysts 

It was possible to obtain materials with yields greater than 25.0 % 
(Table 1). Compared to the small quantity of results available in the 
literature that report yields in the preparation of this type of photoactive 
material, the results of this study are among the highest achieved. In 
general, yields reported using thermal polymerization range from 4 % to 
50 % [49–51]. The magnetite and hematite phases supported on carbon 
nitride (Fe3O4/g-C3N4 and α-Fe2O3/g-C3N4) obtained yields of 51.9 % 
and 44.2 %, respectively. The high yield for Fe3O4/g-C3N4 can be 
attributed to the methodology used in the preparation of the material, in 
which 80 ◦C was not exceeded. The yield of the Fe-g-C3N4 photocatalyst 
(49.5 %) was close to that obtained in the preparation of the support (g- 
C3N4, 52.2 %). On the other hand, the iron content in g-C3N4 ranged 
from 2.06 to 5.26 w/w % Fe (Table 1), with greater retention of the 
metal in the photocatalysts prepared by methods (i) to (iii). It would 
therefore seem that supporting the metallic phase on the previously 
prepared g-C3N4 favors the incorporation of iron. On the other hand, the 
metal oxides Fe3O4 and α-Fe2O3 prepared as a reference showed prep-
aration yields of 96 % and the iron contents were very close to the 
theoretical values (72.42 % Fe and 67.44 % Fe, respectively). The CHN 
elemental analysis of the solids showed that when the Fe phases were 
supported on the g-C3N4, the carbon (maximum of 5 %) and nitrogen 
(maximum 10 %) contents decreased. In the solids Fen+/g-C3N4 and 
α-Fe2O3/g-C3N4 the decrease in the content of C and especially N was 
more significant than with g-C3N4, which may be related to the reducing 
and oxidizing atmospheres, respectively, used during their final calci-
nations. When carbon nitride was structurally doped with iron (method 
iv), there was a negligible decrease in the contents of these elements. 
However, the hydrogen content increased slightly, reaching a value 
close to 2.50 % for all photocatalysts. It is important to clarify that the C/ 
N ratio for all materials remained unchanged (~0.51). The sum of the 
weight percentages of C, H and N and the iron content had a value close 
to 100 % only for the g-C3N4 and Fe-g-C3N4 materials. In contrast, for the 
three supported photocatalysts, the sum was lower, suggesting that the 
iron supported in these materials was stabilized in an oxidized state at 
different levels, even for the solid Fen+/g-C3N4, despite having been 
calcined in a reducing atmosphere. 

The XRD patterns of the powder materials were analyzed to inves-
tigate the structure and crystallinity of the photocatalysts and support 
(Fig. 1). In the g-C3N4 support and in all the prepared photocatalysts, 
two pronounced diffraction peaks were observed mainly around 13.2 
◦2θ and 27.4 ◦2θ, assigned to the 100 and 002 planes of the g-C3N4 
phase, with a hexagonal structure (space group P-6 m2) that 

corresponds to the structural packing in the tri-s-triazine plane of g-C3N4 
and the interplanar distance between the C3N4 sheets, respectively 
[7,25]. Furthermore, the conjugated aromatic structure for all materials 
has a distance of d002 between sheets of approximately 3.25 Å (Table 2), 
which is characteristic of carbon nitrides [52]. This demonstrates that 
the graphitic C3N4 structure was formed with a negligible presence of 
organic impurities in the semiconductor support. 

However, the intensity of the 100 and 002 diffraction peaks clearly 
decreases in the photocatalysts prepared by methodologies (i) to (iii) 
where different iron phases were supported (Fen+/g-C3N4, Fe3O4/g-C3N4 
and α-Fe2O3/g-C3N4), affecting to a large extent the crystallinity of the 
semiconductor phase (Fig. 1). In contrast, for the Fe-g-C3N4 photo-
catalyst, the intensity of the signals was better maintained, suggesting 
that the Fe species were chemically coordinated with the nitrogen atoms 
of the aromatic rings of tri-s-triazine, probably forming Fe-N bonds, as 
mentioned by other researchers [26,53]. The above is consistent with 
the full width half maximum (FWHM) in plane 002 (Table 2), where the 
Fe-g-C3N4 material (1.52 ◦2ϴ) presented a narrower value than that of 
the other photocatalysts, Fen+/g-C3N4 (1.63 ◦2ϴ), Fe3O4/g-C3N4 (1.59 
◦2ϴ), and α-Fe2O3/g-C3N4 (1.60 ◦2ϴ), and a value almost equal to that of 
g-C3N4 (1.51 ◦2ϴ), indicating that the lamellar structure was preserved 
[18]. Additionally, the (100) diffraction plane for Fe-g-C3N4 showed a 
wide signal (FWHM = 2.64 ◦2ϴ) with lower intensity than the other 
photocatalysts (Table 2), suggesting a greater proportion of Fe species 
doping the layered structure of the semiconductor [53]. On the other 
hand, for the Fen+/g-C3N4 solid, the signal in the 100 plane was affected 
to a lesser extent with a FWHM of 1.87 ◦2ϴ. This could indicate that 
preparing the materials in an H2 atmosphere largely avoided the for-
mation of larger iron oxide particles and that part of the Fen+ (n = 2 or 3) 
was probably interlayered between the sheets of g-C3N4, significantly 
affecting the crystallinity in this plane. 

In addition to the above, characteristic signals of iron oxides were 
not observed in the Fe-g-C3N4 and Fen+/g-C3N4 photocatalysts. In 
contrast, in Fe3O4/g-C3N4 and α-Fe2O3/g-C3N4 there were diffraction 
peaks that agreed with those observed for the prepared pure magnetite 
and pure hematite (Fig. S1) which also coincide with peaks reported in 
the literature [28,41]. The signals correspond well with the (220), 
(311), (400), (422), (511) and (440) diffraction planes of the cubic 
crystal structure centered on the faces of pure Fe3O4 (space group: 
Fd3m), and the diffraction planes (012), (104), (110), (113), (024), 
(116), (018) (214) and (300) for the rhombohedral structure of pure 
α-Fe2O3 (space group: R-3C) [54]. Such two photocatalysts did not show 
change in the crystalline phase of the iron oxides after being supported. 
However, a slight increase in the crystallite size was observed for the 
Fe3O4 phase from 10.19 nm to 12.62 nm in Fe3O4/g-C3N4 and a decrease 
for the α-Fe2O3 phase from 21.61 nm to 14.75 nm in α-Fe2O3/g-C3N4, in 
comparison with the reference mass oxide phases. 

The FTIR spectra (Fig. 2) showed strong bands in the region from 
1200 to 1700 cm− 1 characteristic of the C-N and C=N bond tension in 
the heterocyclic structure of g-C3N4 [18,36]. Additionally, strong bands 
at 810 cm− 1 and 883 cm− 1 were conserved, attributed to the stretching 
vibrations of the tri-s-triazine ring and to the N-H deformation of the 
amino groups, respectively [36]. Finally, a broad signal can be observed 
between 3100 and 3500 cm− 1 associated with the vibrations of NH and 
NH2 groups that could be generated in incomplete polymerizations or 
through vibrations of the -OH group due to physisorbed water [36]. The 
Fe-g-C3N4 material was the only photocatalyst that did not present 
characteristic bands of Fe–O oxides in the 450 and 550 cm-1region, in 
strong agreement with what was observed by the XRD analysis. The 
supported oxides Fe3O4/g-C3N4 and α-Fe2O3/g-C3N4 presented vibration 
bands similar to those of their pure oxides (Fig. S2), but of lower in-
tensity. It is important to highlight that Fen+/g-C3N4 presented a vi-
bration between 500 and 650 cm− 1, similar to that observed in Fe3O4/g- 
C3N4, inferring that calcination in a reducing atmosphere did not 
guarantee that the metal was stabilized in elemental form, and instead 
small oxide particles were generated with very small crystallite sizes, 

Table 1 
Elemental composition and yield in the preparation of photocatalysts, graphitic 
carbon nitride and reference oxides (dry basis).  

Sample Elemental compositiona (w/w %) [Fe]b (w/w 
%) 

Yield 
(%) 

C 
content 

H 
content 

N 
content 

g-C3N4 33.45 2.38 64.17  NA  52.2 
Fe-g-C3N4 32.81 2.50 62.70  2.06  49.5 
Fen+/g-C3N4 27.91 2.51 54.27  5.26  28.5 
Fe3O4/g-C3N4 30.67 2.49 59.74  4.56  51.9 
α-Fe2O3/g- 

C3N4 

27.92 2.47 54.73  4.45  44.2 

Fe3O4 NA NA NA  72.42  96.5 
α-Fe2O3 NA NA NA  67.44  96.0  

a Determined by CHN elemental analysis of the solids; 
b Determined by AAS; NA: not applicable. 

E.A. Burbano et al.                                                                                                                                                                                                                             



Chemical Engineering Journal 485 (2024) 149766

5

which could not be observed by XRD analysis. 
The textural properties of the g-C3N4 starting material and the pho-

tocatalysts were estimated from type IV adsorption/desorption iso-
therms with type H3 hysteresis (Fig. 3), characteristic of mesoporous 
materials and structures with slit-shaped pore morphology [25], formed 
from sheets of non-uniform shape and/or size [18]. 

The specific surface area (SBET) for all photocatalysts was mainly 
represented by their external surface area (Sext) (Table 2). It is important 
to highlight that the specific surface area of the Fen+/ y α-Fe2O3/ iron 
phases supported on g-C3N4, was conserved, while for Fe3O4/g-C3N4 it 
increased due to the incorporation of the magnetite phase which 
generated an increase in the pore volume (cm3/g). On the other hand, 
the photocatalyst prepared by doping it with iron (Fe-g-C3N4), had a 
notable decrease in the SBET (9 m2/g). This suggests that doping with Fe 
significantly obstructed the porosity, as also evidenced by the substan-
tial decrease in the pore volume (Fig. 3). However, the type of porosity 
remained unchanged, correlating properly with the results found by the 
XRD analyses concerning the (100) diffraction planes. According to 
recent reports [7,55], such incorporation of iron species into the crys-
talline structure of the graphitic carbon nitride takes place by 

coordination with the nitrogen atoms of the tri-s-triazine aromatic ring, 
which disturb the regular arrangement of the carbon and nitrogen atoms 
without appreciable changes in the morphology of the particles, but 
affecting the porosity of the material, which in turn contributes to 
reducing its specific surface. 

Using the DR UV–visible spectra, the light absorption range of the 
photocatalysts was determined by looking at the bandgap value 
(Table 2), which is especially important for the photodegradation of 
organic pollutants. The graphitic carbon nitride support (g-C3N4) 
showed a bandgap of 2.86 eV corresponding to a λ of maximum ab-
sorption of 434 nm, which means that it exhibits photocatalytic activity 
under visible light radiation [28,56]. For all photocatalysts, the band 
gap decreased slightly, increasing the proportion of visible light to the 
same degree, suggesting that the change altered the electronic structure 
and improved light absorption. There was a clear change in the bandgap 
for the Fe-g-C3N4 and Fen+/g-C3N4 photocatalysts, reaching values of 
2.80 eV (λ = 443 nm) and 2.81 eV (λ = 441 nm). On the other hand, the 
stabilization of the iron oxide particles improved when they were sup-
ported on g-C3N4 since they seem to have promoted more photo-induced 
electron pairs under visible light irradiation [56] than those obtained by 

Fig. 1. Powder XRD patterns of graphitic carbon nitride and photocatalysts as compared with reference oxides (α-Fe2O3 in red, Fe3O4 in blue): (a) full comparison; 
(b) zoomed XRD patterns of the supported photocatalysts. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 

Table 2 
Physicochemical properties of photocatalysts, graphitic carbon nitride and reference oxides (dry basis).  

Sample d002 (Å) FWHM002 (◦ θ) FWHM100 (◦ θ) Bandgap (eV)a Db (nm) SBET (m2/g) Sext (m2/g) Pore volumec (cm3/g) 

g-C3N4 3.25 1.51 1.61  2.86  NA 31 29  0.12 
Fe-g-C3N4 3.26 1.52 2.64  2.80  NA 9 8  0.03 
Fen+/g-C3N4 3.25 1.63 1.87  2.81  NA 31 29  0.13 
Fe3O4/g-C3N4 3.24 1.59 1.62  2.83  12.6 51 46  0.27 
α-Fe2O3/g-C3N4 3.24 1.60 1.63  2.84  14.7 29 27  0.13 
Fe3O4 NA NA NA  1.78  10.2 112 112  0.31 
α-Fe2O3 NA NA NA  2.04  21.6 39 37  0.31  

a Determined by DR UV–Vis; 
b D: average size of crystallite calculated from the XRD signal (002) by the Scherrer equation, for Fe3O4 from signal (311) and for α-Fe2O3 from signal (104); 
c Determined by BJH analysis over the desorption branch, from the N2 adsorbed at p/p0 ≥ 0.95; FWHM: full width at half maximum; SBET: BET specific surface; Sext: 

external surface from the t-plot; NA: not applicable. 
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Fig. 2. IR spectra of graphitic carbon nitride and photocatalysts.  

Fig. 3. N2 adsorption–desorption isotherms and pore-width distributions of the photocatalysts at 77 K: (a) Fe-g-C3N4, and Fen+/g-C3N4, (b) Fe3O4/g-C3N4 and (c) 
α-Fe2O3/g-C3N4. 
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their pure oxides. 
The thermogravimetric analysis of the materials (Fig. 4) showed 

resistance of the support to decomposition up to temperatures of 550 ◦C 
and 620 ◦C in air and nitrogen atmospheres, respectively. In contrast, 
the stability of all photocatalysts in air atmosphere decreased to values 
close to 440 ◦C (Fig. 4 and Fig. S3). This suggests that close contact was 
established between the iron and iron oxides and the semiconductor 
support, causing a decrease in the stability of their C-N bonds [28]. In 
the nitrogen atmosphere, the photocatalysts were stable up to 550 ◦C for 
Fe-g-C3N4 and 500 ◦C for the supported photocatalysts (Fig. S3). In other 
words, the Fe-doped material maintained a thermogram practically 
identical to that of g-C3N4 in a N2 atmosphere, and the thermal stability 
only slightly decreased in the supported Fe oxides. 

For all the prepared materials, the H2 reduction curves at a tem-
perature programmed (Fig. 5) showed a reduction event at 677 ◦C for g- 
C3N4 that can be attributed to the decomposition of the support. As 
observed in TGA analysis in inert atmosphere, g-C3N4 sublimes and C-N 
bonds are completely destroyed between 600 ◦C and 700 ◦C. All pho-
tocatalysts exhibited a single reduction event which completely over-
lapped with the decomposition signal of graphitic carbon nitride. The 
total consumption of experimental H2 per gram of material to 
completely reduce the iron and iron oxides in each photocatalyst 
(Table 3) was very close to the theoretical values (Table 1). On the other 
hand, it was observed that the complete reduction of iron in an inert 
atmosphere occurred at lower temperatures (~620 ◦C − 630 ◦C) for the 
supported photocatalysts (Fen+/g-C3N4, Fe3O4/g-C3N4 and α-Fe2O3/g- 
C3N4) than for the support (Fig. S3). The Fen+/g-C3N4 photocatalyst 
exhibited a small shoulder at approximately 531 ◦C. This could be 
attributed to iron oxide particles in their Fe3O4 phase that, during 
calcination in a H2 atmosphere in their preparation, were able to form 
with a crystallite size so small that they could not be identified by XRD 
analysis. This complements the assumption made when analyzing the X- 
ray diffraction pattern for the Fen+/g-C3N4 photocatalyst. It is also 
important to mention that the iron-doped photocatalyst (Fe-g-C3N4) 
exhibited a reduction temperature slightly higher than that of the sup-
port (687 ◦C), revealing that there is a notable difference in the location 
of the active metal in the structure of the photocatalyst, between the Fe- 

g-C3N4 and Fen+/g-C3N4 materials. 
The pure iron oxide magnetite (Fig. 5) experienced two reduction 

events that corresponded to the gradual reduction of the oxides to 
elemental iron (Fe3O4 → FeO → Fe0). These events overlap slightly. The 
reduction of the iron phase from Fe3O4 to FeO occurred at 587 ◦C and 
the subsequent reduction of FeO to Fe0 occurred at 715 ◦C [57]. There 
were three reduction events for hematite (Fe2O3 → Fe3O4 → FeO → Fe0). 
The first was a narrow reduction event, with a maximum temperature of 
324 ◦C that can be attributed to the reduction of α-Fe2O3 → Fe3O4 [58]. 
The other two events correspond to the gradual reductions of Fe3O4 
[59]. There was a slightly lower total hydrogen consumption for 
magnetite (17,372 μmol H2/g) than for hematite (18,091 μmol H2/g). 

Additionally, in order to further explore the state of the iron in the 
graphitic carbon nitride modified by each method, the photocatalysts 
were analyzed by X-ray photoelectron spectroscopy (XPS). The general 
spectrum (Fig. 6) of the g-C3N4 support shows peaks characteristic of 
carbon (C1s) at 283 eV, nitrogen (N1s) at 392 eV and oxygen (O1s) at 528 
eV. The presence of oxygen in the g-C3N4 and Fe-g-C3N4 materials may 
be due to O2 or H2O adsorbed onto the surface [29]. When the support 
was modified with the different iron phases, an additional signal could 
be seen at 709 eV corresponding to the binding energy of iron (Fe2p). 
The intensity of this signal is directly correlated with the iron concen-
tration determined by AAS. The high-resolution spectra are presented in 
Fig. 7. For g-C3N4, the XPS spectrum of C1s (Fig. 7(a)) can be deconvo-
luted into two peaks with binding energies of 283.9 eV and 287.2 eV 
which can be assigned to the sp2 hybridized carbon (C = C) and carbon 
bonds of the nitride heptazine structure (N-C = N), respectively [7,29]. 
These signals are very well defined in all the prepared photocatalysts. 
Strikingly, an additional signal was observed at a binding energy higher 
than 287 eV in the photocatalysts Fen+/g-C3N4, Fe3O4/g-C3N4 and 
α-Fe2O3/g-C3N4, which can be associated to C-O and C=O [60], thanks 
to the oxygen most likely coming from the iron oxides. It should be noted 
that the modification with the metal brought a small variation in the 
bond energy with respect to g-C3N4 for the materials in which the metal 
oxides were supported, since the bond energies increased slightly, while 
for Fe-g-C3N4 they decreased. This may be due to the incorporation of 
iron in g-C3N4, the carbon nitride structure, rather than on the surface of 

Fig. 4. TGA diagrams of the g-C3N4 support and the photocatalyst Fe-g-C3N4 under either N2 or air atmospheres: full lines represent weight loss; dotted lines 
represent first derivative of the weight loss. 
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the semiconductor. The XPS spectrum of N1s (Fig. 7(b)) for g-C3N4 can be 
split into three subpeaks at 395.8 eV, 397.6 eV and 399.3 eV. These can 
be assigned to the nitrogen atoms with sp2 bonds in the triazine rings (C- 
N=C), to the presence of the N-(C)3 or H-N-(C)2 bonds and to the –NH2 
or =NH groups, respectively [29]. Compared to the C1s spectrum, the 
N1s peaks were slightly shifted towards higher energies, especially for 
the Fe-g-C3N4 photocatalyst, suggesting that the Fe3+ ions bind to the 

lattice atoms of nitrogen rather than to the carbon atoms. 
The XPS spectrum of O1s (Fig. 7(c)) for g-C3N4 and Fe-g-C3N4 

revealed a single signal with a binding energy of 530.9 eV and 530.5 eV 
respectively, attributed to water adsorbed on the surface. However, for 
the other photocatalysts, two signals were observed, one at approxi-
mately 531.0 eV and another at 528.7 eV, which confirms the presence 
of Fe-O-Fe and Fe-OH bonds in these materials [30]. The above confirms 
what was suggested by the XRD diffractograms, establishing that 
through preparation methodology (iv), for Fe-g-C3N4 it was effectively 
possible to incorporate iron into the g-C3N4 structure due to the absence 
of the characteristic Fe-O bond signal. The same can be said for Fen+/g- 
C3N4, where signals were not observed in XRD, but they were in XPS. It 
can therefore be established that the preparation in an H2 atmosphere 
did not favor the stability of the metal in the elemental state, but rather 
in Fen+/g-C3N4 it led to the formation of highly dispersed particles very 
similar to that of supported Fe3O4 (Fig. 7(d)). 

Finally, in the XPS Fe2p spectrum (Fig. 7(d)), for all photocatalysts 
there were two main peaks between 709 eV and 730 eV, which corre-
spond to the high-spin multiplet Fe2p1/2 and Fe2p3/2. In the Fen+/g-C3N4 
and Fe3O4/g-C3N4 photocatalysts, binding energies at 711.1 eV and 
724.3 eV were observed, characteristic of the presence of iron in the 
form of magnetite. In other words, there were two oxidation states: Fe2+

(711 eV) and Fe3+ (715 eV) [60]. This suggests that for Fen+/g-C3N4, the 
metal was most likely stabilized when oxidized in the magnetite phase, 
as stated before. On the other hand, in Fe-g-C3N4 and α-Fe2O3/g-C3N4 the 
binding energies were approximately 715 eV and 729 eV. This indicates 
the presence of iron in its oxidation state (3+) only, the difference being 
that the iron in Fe-g-C3N4 is stabilized in the structure through coordi-
nated Fe-N bonds, as emerged from the analysis of the high-resolution 
N1s spectra, while in α-Fe2O3/g-C3N4 the iron oxide was apparently 
stabilized by interacting at the same time with the N and C atoms of g- 
C3N4. The combined analyses by X-ray diffraction, X-ray photoelectron 
spectroscopy, and H2 - temperature programmed reduction, were also 
consistent with some recent reports trying to understand the high redox 
reactivity of Fe-doped-g-C3N4 materials by means of DFT calculations 
[61–63]. Furthermore, based on this background and the methodology 
of similar, though not identical, synthesis methods reported by some 
authors [7,18,26], it is very likely that the coordination structure of the 
active sites stabilized in the photocatalyst Fe-g-C3N4 to be of the type Fe- 
N6 [63]. 

Fig. 5. H2-TPR thermal diagrams of g-C3N4, photocatalysts and refer-
ence oxides. 

Table 3 
Total hydrogen consumption by the semiconducting support and the photo-
catalysts through the Temperature Programmed Reduction (H2-TPR).  

Sample H2 consumption (μmol/g) 

Measureda Expectedb Expected from the Fe contentc 

g-C3N4 11,559 NA 11,559 
Fe-g-C3N4 12,334 552 12,111 
Fen+/g-C3N4 13,503 1,490 13,049 
Fe3O4/g-C3N4 12,989 1,086 12,645 
α-Fe2O3/g-C3N4 12,963 1,192 12,751 
Fe3O4 17,372 17,243 17,243 
α-Fe2O3 18,091 18,064 18,064  

a Experimental consumption in the range 200–800 ◦C; 
b Theoretical expected consumption from the stoichiometric reduction of the 

measured Fe content (AAS): for Fen+/g-C3N4, Fe3O4/g-C3N4, and Fe3O4, 
magnetite distribution of oxidation states in Fe is assumed, whereas full iron 
content is assumed to be Fe3+ in the other samples; 

c Theoretical expected consumption from the Fe content plus the experimental 
consumption of g-C3N4. 

Fig. 6. General XPS spectra of g-C3N4 and the photocatalysts.  
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3.2. Evaluation of photocatalysts in the degradation of phenol 

Fig. 8 compares the evolution of the degradation and concentration 
of dissolved organic carbon in phenol solutions through the photo- 
assisted heterogeneous Fenton reaction, in the presence of a set of g- 
C3N4 photocatalysts modified with iron phases at neutral initial pH. It 
should be noted that Fen+/g-C3N4 and Fe-g-C3N4 exhibited close to 100 
% phenol degradation in only 45 min of reaction, with maximum 

mineralization of 77 % and 64 %, respectively (Table 4), in 3 h of re-
action. However, Fen+/g-C3N4 showed a much higher concentration of 
dissolved Fe than that of Fe-g-C3N4, suggesting that its catalytic response 
significantly followed homogeneous Fenton activation. On the other 
hand, although the iron-oxide-supported photocatalysts exhibited 
leached Fe concentrations lower than 0.018 mg Fe/L, their efficiency at 
both degrading phenol and mineralizing DOC was clearly lower. Ac-
cording to very recent reports [62,63], the combined photocatalytic- 

Fig. 7. High-resolution XPS spectra of g-C3N4 and the photocatalysts: (a) C1s, (b) N1s, (c) O1s and (d) Fe2p.  
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Fenton performance exhibited by this kind of solids is strongly ruled by 
the efficiency of the photoelectron transfer from the g-C3N4 photoactive 
phase onto the Fe-active sites; this phenomenon seems largely facilitated 
by the high-electron density occurring on the Fe-N bonds in this type of 
metal-doped semiconducting phases, as in the case of the Fe-g-C3N4 
material. Thus, in Fe-g-C3N4 the photoinduced electronic charge can 

promptly migrate from g-C3N4 onto (Fe3+-Nx) sites here revealed, sub-
sequently being quickly reduced into Fe2+ promoting the faster Fenton 
activation of H2O2 [7,61–63]; this of course accompanied by a faster 
generation of reactive oxidizing species, and eventually translated in 
better phenol and DOC degradation efficiencies as observed (Fig. 8). In 
contrast, the electron density on the metal sites in the supported oxides 

Fig. 8. (Photo)-catalytic response of the materials in the heterogeneous Fenton degradation of phenol (PhO) under visible-light irradiation: [Fecat] = 50 mg/L; 
[PhO]0 = 13.07 mg/L (10.0 mg DOC/L); [H2O2]add. = 11.34 mmol/L, Vadd-H2O2 = 60 mL; pH0 = 7.0; irradiation power = 70 W; T = 25.0 ± 0.2 ◦C. 

Table 4 
Photocatalytic performance of the iron-modified g-C3N4 solids in the degradation of phenol (PhO) at circumneutral pH under visible-light irradiation.  

(photo)-catalytic test PhO degradationa (%) DOC mineralizationb (%) (H2O2)reacted
c (%) [Fe]leached

d (mg/L) 

g-C3N4 18 11 19 0.000 
Fe-g-C3N4 100 64 78 0.013 
Fen+/g-C3N4 100 77 92 1.490 
Fe3O4/g-C3N4 48 24 58 0.016 
α-Fe2O3/g-C3N4 41 18 52 0.018 
Fe3O4 40 18 48 0.467 
α-Fe2O3 30 17 39 0.312 
g-C3N4 dark 10 7 10 0.000 
Fe-g-C3N4 Fenton 99 17 27 0.013 
Fe-g-C3N4 Photocat. 25 3 NA 0.012 
Fe-g-C3N4 Ads. 5 2 NA 0.010 
H2O2 + light blank 14 9 100 NA 
Light 10 2 NA NA 
Fe-g-C3N4 pH 3.0 100 100 100 0.094  

a Determined by HPLC-PDA at 270 nm; 
b Determined by TOC analysis of the 0.45 µm – filtered samples; 
c Determined by colorimetric analysis at λmax = 444 nm; 
d Determined by AAS; (H2O2)reacted = reacted fraction of H2O2; [Fe]leached = Fe concentration in the reaction’s effluent measured by AAS; t of reaction: 3 h. NA = not 

applicable. 
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like Fe3O4/g-C3N4 and α-Fe2O3/g-C3N4 may decrease due to the crys-
talline aggregates of iron oxides formed [63]. 

Fig. 9 shows the catalytic response of Fe-g-C3N4 together with a series 
of blank experiments. Neither the simple adsorption of phenol and its 
byproducts (Fe-g-C3N4 Ads.), which was insignificant, nor the purely 
photocatalytic reaction (without H2O2 addition) from the irradiation of 
the functionalized semiconductor (Fe-g-C3N4 Photocat.) explain indi-
vidually or additively the high degradation of phenol in less than 60 min 
of reaction, and a DOC mineralization of over 60 % in 3 h of reaction. 
Instead, comparing the Fe-g-C3N4 (with visible-light-irradiation) and Fe- 
g-C3N4 Fenton (without irradiation) experiments revealed that the effi-
ciency of Fenton degradation significantly increases in the presence of 
visible-light irradiation, especially DOC mineralization which triples 
when irradiated. This increase was accompanied by a significant in-
crease in the fraction of reacted H2O2, which went from 27 % to 78 %. 
Simple irradiation of the contaminated solution, with or without the 
presence of H2O2, also did not explain the outstanding catalytic per-
formance of the Fe-functionalized semiconductor phase (Fig. S4). The 
catalytic results demonstrated that the structurally doped Fe in g-C3N4 
notably increases its reactivity in the heterogeneous photo-Fenton re-
action in the presence of visible light, even in conditions of circum-
neutral pH. This could be attributed to the fact that the photoelectrons 
excited to the conduction band of semiconductor can accelerate the 
reduction of Fe3+ into Fe2+, the kinetically slowest stage of the Fenton 
mechanism, as has been widely reported in the literature [7,27]. It is 
then possible claiming that the activity of the Fe-g-C3N4 catalyst was 
significantly improved through the synergistic effect between photo-
catalysis and the Fenton reactions, similar to others investigations made 
in the presence of other contaminants or under different reaction con-
ditions [7,55,61,63,64], where the process has been called in dissimilar 
ways such as “heterogeneous photocatalysis-Fenton” or “photo-Fenton- 
like” processes. 

It is remarkable that decreasing the pH to 3.0 (Fe-g-C3N4 pH 3.0, 
Fig. S4), the optimal pH where the Fenton process operates most effi-
ciently (2.4–3.4) [65], resulted in a large increase in the degradation and 

mineralization rate of the contaminant and the reaction byproducts 
compared to the response at circumneutral pH. While the differences in 
terms of phenol degradation are not as impressive, with 120 min of re-
action achieving a degradation of 96 % under both conditions, the 
mineralization of DOC after 4.0 h of reaction at pH 3.0 reached 100 %, 
which is very rarely observed even in conventional homogeneous Fen-
ton processes. 

Finally, reusability is a crucial parameter in the practical application 
of the Fenton solid catalysts. Therefore, the photocatalyst with the best 
performance was used for five sequential cycles in the visible-light- 
assisted heterogeneous Fenton degradation of phenol (Fig. 10). After 
five cycles in the presence of the Fe-g-C3N4, there was a reduction of 
approximately 19 % and 24 % in the phenol conversion and the DOC 
mineralization, respectively. This reduction can be attributed in part to 
the Fe leaching during the reuse cycles R1 (0.010 mg Fe/L) and R2 
(0.004 mg Fe/L), but after that the metal was remarkably stable since 
dissolved Fe was below the LOD of the AAS equipment (0.0034 mg/L). 
According to previous reports, such a decrease in the (photo)-catalytic 
performance could be typically ascribed to iron complexing with phenol 
degradation by-products [66], mainly catechol and oxalic acid whose 
hydroxyl and carboxylic functional groups [67–69], are sufficiently 
strong ligands at pH values around 6.0 [70] to stablish competition 
against the tri-s-triazine -Nx chelating groups. However, to realize the 
intricacy of the visible-light photo-assisted Fenton degradation process 
and the reusability of this functional photocatalyst from the third re-
action cycle at circumneutral pH, it is advisable to conduct further in-
vestigations on the nature and stability of such iron complexes. 

4. Conclusions 

Photocatalysts based on g-C3N4 modified with different iron phases 
and their performance at degrading phenol was studied at very mild 
temperature and circumneutral pH. These characteristics are common of 
most contaminated surface water or wastewater streams. The XRD, 
FTIR, H2-TPR, and XPS analyses altogether demonstrated the method of 

Fig. 9. (Photo)-catalytic response of the materials in the heterogeneous Fenton degradation of phenol (PhO) under visible-light irradiation against blank experi-
ments: [Fecat] = 50 mg/L; [PhO]0 = 13.07 mg/L (10.0 mg DOC/L); [H2O2]add. = 11.34 mmol/L, Vadd-H2O2 = 60 mL; pH0 = 7.0; irradiation power = 70 W; T = 25.0 
± 0.2 ◦C. 
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thermal polymerization of the nitride precursors in the presence of Fe to 
promote the incorporation of the metal as Fe3+, in a very specific loca-
tion within the framework of the graphitic g-C3N4, predominantly co-
ordinated by the N atoms of the heptazine rings. The Fe-g-C3N4 catalyst 
displayed excellent performance in the heterogeneous Fenton degrada-
tion of phenol (85 %, 45 min) photo-assisted with visible light (Xe 
lamps). It also resulted in an impressive mineralization of dissolved 
organic carbon (62 %, 180 min) at circumneutral pH, which was higher 
than that demonstrated by either magnetite or hematite supported on 
the same substrate or their reference mass oxides. The metal showed to 
be highly stable even under the stringent oxidizing environment of the 
photo-assisted Fenton reaction exhibiting insignificant Fe leaching, even 
throughout five sequential reuse catalytic cycles, degradations and DOC 
mineralization remaining higher than 80 % and 40 % respectively. 
Furthermore, the outstanding catalytic performance of this material 
under unfavorable circumneutral pH was ascribed to a synergistic 
relationship between visible light-activated photocatalysis and the het-
erogeneous Fenton process taking place. The results are quite promising 
in the context of both water purification for drinking water production 
and tertiary wastewater treatments taking advantage of the solar 
irradiation. 
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