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A B S T R A C T   

Photocatalysts are an attractive solution for pollutant degradation under sunlight irradiation. One approach that 
has been proposed to enhance their activity is to combine two semiconductors, which can broaden the photon 
energy harvesting regions and improve charge separation. Herein, a facile approach to fabricating a g- 
C3N4@porphyrin nanorods hybrid material is presented using CTAB surfactant-assisted self-assembly of mono-
meric porphyrin molecules and g-C3N4 nanomaterials. Using different technical methods, the hybrid material 
was studied, and it was found that the porphyrin nanorods on the surface of g-C3N4 were all in the same place. 
The photocatalytic performance of the hybrid material was evaluated by investigating its behavior for the photo- 
oxidation and -degradation of Cr6+ ions and methylene blue organic dye under simulated sunlight irradiation. 
High photocatalytic performance towards these two pollutants was exhibited by the hybrid material with a 
removal percentage of nearly 100% after 100 min of reaction time under the simulated sunlight spectrum. Also, a 
possible photocatalytic mechanism of the C3N4@porphyrin nanorods photocatalyst was proposed. This mecha-
nism involved the efficient separation and transfer of photo-induced electrons and holes on the surface of the 
hybrid material. This work offers a simple and efficient method for creating high-performance photocatalysts, 
and we have made progress in our understanding of their photocatalytic mechanisms. The findings have 
important implications for wastewater treatment and solar energy conversion. The use of this hybrid material 
may contribute to addressing environmental challenges and assist in building sustainable energy systems.   

1. Introduction 

Organic-based supramolecular nanoassemblies are a promising 
approach for preparing nanostructured materials with controlled mor-
phologies [1–5]. The obtained nanostructured materials reveal unique 
physicochemical properties, which can be effectively employed in many 
applications such as sensing, medical and healthcare, photocatalysis, 
energy storage, and electronic devices [6–11]. Among the methods of 

organic-based nanomaterials, self-assembly of π-conjugated building 
block porphyrin derivatives could render the formation of soft 
solid-state nanomaterials exhibiting interesting light-harvesting prop-
erties for photocatalytic reactions, thanks to the low bandgap energy in 
visible light and capability of mimicking biological processes [12–18]. 
Many self-assembly strategies have been successfully utilized to prepare 
π-conjugated porphyrin nanomaterials, including, but not limited to, 
surfactant-assisted self-assembly, ionic self-assembly, re-precipitation 
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self-assembly… [19–23]. The resultant free-standing porphyrin aggre-
gates revealed remarkable photocatalytic activity for the degradation of 
the organic compound under visible light irradiation [24–28]. 
Free-standing porphyrin nanostructures such as nanosheets, nanofibers, 
nanotubes, and microspheres, obtained via self-assembly, revealed 
highly photocatalytic activity toward organic compounds [27,29]. 
However, because of fast electron/hole recombination and relatively 
poor stability, the free-standing porphyrin nanomaterials have been 
limited for large-scale environmental treatment. To address these 
problems, the combination with other photocatalysts has been consid-
ered a promising solution to improve the absorption of photon energy, 
and stability, and prevent electron/hole recombination of nano-
structured porphyrin, as a result, enhancing the photocatalytic perfor-
mance of porphyrin-based nanomaterials. Many inorganic 
semiconductors, such as TiO2, CuFe2O4, TiO2/Fe2O3, and graphene, 
have been successfully incorporated with porphyrin aggregates [30–33]. 
The resultant porphyrin-based hybrid materials showed enhanced 
photocatalytic efficiency for the degradation of organic compounds. 

An inorganic semiconductor of graphitic carbon nitrides (g-C3N4) is 
intensively applied for pollutant treatment, hydrogen production, 
sensing, and solar cells, thanks to their high thermal and chemical sta-
bilities and activation with visible light [34–36]. The g-C3N4 nano-
material could be fabricated by sol-gel, mixing, solvothermal, and 
microwave approaches [37]. Even though free-standing g-C3N4 showed 
that organic compounds in an aqueous solution could be broken down 
by light, it has not been used in real life because it has a small surface 
area, does not absorb light well, and loses its charges quickly [38,39]. 
Like free-standing porphyrin nanomaterials, g-C3N4 also needs to 
incorporate or dope with metals and other semiconductors to improve 
the surface area, energy harvesting, and charge separation. Many inor-
ganic semiconductors, like NiSO4, TiO2, Ca2Fe2O5, etc., have been suc-
cessfully mixed with g-C3N4 to make hybrid materials, which improved 
the photocatalytic performance of removing organic compounds by a 
large amount [40,41]. Notably, most materials with g-C3N4 are inor-
ganic semiconductors, and only a few works have been published so far 
to reveal the integration of g-C3N4 with organic semiconductors. Most 
recently, our group was able to combine g-C3N4 with porphyrin nano-
fiber to make a nanocomposite that was better at removing organic dyes 
through photocatalysis [42]. 

Heavy metals have been considered highly toxic substances in water, 
posing many serious problems for human health and ecosystems [43]. 
Among them, hexavalent chromium, a carcinogen, and mutagen, are 
found in many industrial wastewaters such as paper processing, wood 
processing, paint manufacturing, metal plating, and the leather industry 
[44,45]. In water, chromium commonly is of two oxidation states 
trivalent (Cr3+) and hexavalent (Cr6+). It has been well-demonstrated 
that hexavalent (Cr6+) is extremely hazardous to animal and human 
lives because of its easy migration through water and soil. In contrast, 
trivalent chromium (Cr3+) reveals low toxicity to humans due to the 
formation of Cr(OH)3 precipitation at neutral pH in water [46,47]. Thus, 
the quest to find an effective way to remove Cr6+ from water is urgent to 
protect the environment and human health. 

Herein, this study aims to develop a facile and effective method for 
fabricating a g-C3N4@porphyrin nanorod hybrid material using CTAB 
surfactant-assisted self-assembly. The combination of nanostructured 
porphyrin with g-C3N4 materials has several advantages such as 
enhanced photocatalytic performance, increased stability, improved 
charge separation, and tunable properties. It might contain several 
disadvantages of high-cost materials, limited long-term stability, and 
potential agglomeration. The physicochemical properties of the ob-
tained hybrid materials are characterized using various techniques, 
including UV–vis spectroscopy, scanning electron microscopy (SEM), 
FTIR, and XRD pattern analysis. The photocatalytic performance of the 
C3N4 @porphyrin nanorods is evaluated for removing Cr6+ and meth-
ylene blue (MB) under simulated sunlight irradiation, and the proposed 
photocatalytic mechanism is investigated and discussed to gain a better 

understanding of the material’s photocatalytic activity. 

2. Experimental section 

2.1. Materials 

4,4,4,4-(Porphine-5,10,15,20-tetrayl)tetrakis(benzoic acid) porphyrin 
was purchased from Shanghai Macklin Biochemical Company. Cetyl-
trimethylammonium bromide (CTAB) surfactant, methylene blue, 
K2Cr2O7, MB organic dye, sodium hydroxide, hydrochloric acid, urea, and 
ethanol were obtained from Xilong Chemical Co., Ltd, China. The 
chemicals were utilized as received and all experiments used double- 
distilled water as solvent. 

2.2. g-C3N4 fabrication 

Graphitic carbon nitrides were synthesized by the introduction of 
10 g urea into a heat-resistant reactor and annealed at a temperature of 
550 ◦C with a reaction time of 3 h. After annealing time, the reactor was 
cooled down to ambient temperature. The resultant yellow g-C3N4 
powder thoroughly rose with double-distilled water and ethanol three 
times each. The purified g-C3N4 powder was dried for 5 h at a temper-
ature of 70 ◦C to obtain g-C3N4 nanomaterial and stored at ambient 
conditions for the next experiment. 

2.3. Preparation of g-C3N4@porphyrin nanorods hybrid material 

g-C3N4@porphyrin nanorods were fabricated via a CTAB-assisted 
self-assembly approach of porphyrin monomer and g-C3N4 nano-
material. Typically, 2 mL of NaOH 0.1 M was used to dilute 8 mg of 
monomeric porphyrin molecule with the addition of 10 mg CTAB sur-
factant. The g-C3N4 was then introduced to the solution with a g-C3N4/ 
porphyrin ratio of 3:1 (this ratio was adopted from our previous work) 
under ultrasonic conditions for 30 min [42]. To induce the 
self-assembly, 0.1 M of HCl was dropwise to the mixture until the pH 
solution was in the range of 6–7. The product was centrifuged, rinsed 
with doubled-distilled water, and thoroughly dried at a temperature of 
60 ◦C overnight. The final product was stored at ambient conditions for 
further experiments. 

2.4. Characterizations 

The morphology of the prepared g-C3N4@porphyrin hybrid material 
was observed by scanning electron microscopy (SEM, Hitachi S-4600). 
The elements composition in the g-C3N4@porphyrin was studied by 
using Energy Dispersive X-ray spectroscopy (EDX, Hitachi S-4600). The 
UV–vis spectrophotometer (Jasco V730) was used to study the optical 
properties of the obtained material. The bandgap energy of the g- 
C3N4@porphyrin nanorods semiconductor was determined using the 
Tauc plot drawn from the UV–vis diffuse reflectance spectrum. The 
photocatalytic experiment was also studied using a UV–vis 
spectrophotometer. 

2.5. Photocatalytic activity testing 

The simulated sunlight testing chamber was fabricated using a xenon 
lamp 350 W as a light source with water surrounding the jet for cooling 
down the reaction chamber. For the Cr6+ photocatalytic removal 
experiment, 0.4 mg of the photocatalyst was added to the 20 mL of Cr6+

solution with a concentration of 20 ppm. Before placing it into the re-
action chamber, the adsorption equilibrium of the mixture was estab-
lished in dark conditions overnight. After introducing it to the simulated 
sunlight chamber, at specific time intervals, 3 mL of the mixture was 
withdrawn, and its UV–vis spectrum was measured. The Cr6+ removal 
percentage was determined by monitoring the change in absorption 
peaks at the wavelength of 373 nm. Another experiment was conducted 
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to examine the photocatalytic efficiency of the g-C3N4@porphyrin 
nanorods photocatalyst in the photodegradation of MB with a concen-
tration of 10 ppm recorded at the wavelength of 662 nm. 

3. Results and discussion 

Illustrated in Fig. 2 are the SEM images of, free-standing g-C3N4, and 
porphyrin aggregates. The g-C3N4@porphyrin nanorods were prepared 
with CTAB-assisted self-assembly at the g-C3N4/porphyrin ratio of 3:1. 
The nanosheet shape of free-standing g-C3N4 is observed in Fig. 1a with 
a diameter on the microscale and thickness on the nanoscale. The 
porphyrin aggregates without the presence of g-C3N4 reveal a rod-like 
structure with a diameter of around 50 nm and a length in a range of 
200–500 nm (Fig. 1b). After the CTAB-assisted self-assembly process of 
porphyrin monomer with the presence of g-C3N4, well-defined 
porphyrin nanorods were uniformly observed on the surface of g- 
C3N4, indicating the successful formation of g-C3N4@porphyrin nanorod 
materials. 

The elemental composition of the material was investigated by 
Energy-dispersive X-ray spectroscopy. Fig. 2 shows the EDS spectra of 
free-standing g-C3N4 and g-C3N4@porphyrin nanorods nanocomposite 
prepared via CTAB-assisted self-assembly at the g-C3N4/porphyrin ratio 
of 3:1. The elemental analysis showed that the atomic percentages of C 
and N in g-C3N4 were 36.92% and 63.08%, respectively, this is 
consistent with the expected stoichiometric ratio of C and N in the g- 
C3N4 compound [48]. After self-assembly with porphyrin molecules, the 
atomic percentage of N decreased to 46.82% and the atomic percentage 
of C increased to 43.21%. The O element was also observed in the EDS 
spectrum of g-C3N4@porphyrin nanorod hybrid material with an atomic 
percentage of 8.9%. This change in the atomic percentages is ascribed to 
the presence of N, C, and O elements from the porphyrin molecules, 
demonstrating the successful integration of g-C3N4 and porphyrin 
nanorods to form hybrid material. 

Illustrated in Fig. 3 are the UV–vis spectra of porphyrin monomers 
and g-C3N4@porphyrin nanorods prepared at the g-C3N4/porphyrin 
ratio of 3:1 to investigate the optical properties of the material. It has 
been well-perceived that the porphyrin monomer’s UV–vis spectrum 
consists of two bands named the Soret band and Q-absorption bands (in 
the range of 500–700 nm). While the Soret band is formed by the a1 u (π)
to e*g(π) transition, the presence of Q-absorption bands is due to the 
transition of the a2 u (π) to e*g(π) transition in porphyrin molecules [49, 
50]. In this work, these two bands were also observed at 411 nm (Soret 
band) and 04 weak Q absorption bands (in the range of 500–700 nm) in 
the UV–vis spectrum of the porphyrin molecule as can be seen in Fig. 3 
(black line). The UV–vis spectrum of the g-C3N4@porphyrin nanorods 
nanocomposite exhibited a broad absorption peak at 417 nm, which 
belonged to the Soret band with significantly low intensity in compar-
ison to that of monomeric porphyrin molecule, indicating the aggregate 
phenomenon of the porphyrin monomer. The UV–vis spectra of the 
porphyrin monomer and aggregates displayed a red shift in the Soret 
band, from 411 nm to 420 nm, respectively, indicating the distinct 
bathochromic and hypsochromic shift of J-type aggregates induced by 

the self-assembly process of monomeric porphyrin molecules [21,51, 
52]. The J-type aggregates were also evident by the integration of four 
weak peaks in Q bands of porphyrin monomer into one broadband at 
671 nm in porphyrin aggregates. This result demonstrates that the 
porphyrin monomer has successfully assembled into nanostructures on 
the surface of g-C3N4 nanomaterials, which is observed in the SEM 
image above. 

Fig. 1. The SEM images of (a) free-standing g-C3N4 nanomaterial, (b) free-standing porphyrin aggregates, and (c) g-C3N4 @porphyrin nanorods prepared via CTAB- 
assisted self-assembly at the g-C3N4/porphyrin ratio of 3:1. 

Fig. 2. EDS spectra of free-standing g-C3N4 and g-C3N4@porphyrin nanorods 
nanocomposite prepared via CTAB-assisted self-assembly at the g-C3N4/ 
porphyrin ratio of 3:1. 

Fig. 3. UV–vis spectra of porphyrin monomer and g-C3N4@porphyrin nanorods 
prepared at the g-C3N4/porphyrin ratio of 3:1. 
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The crystallinity properties of the g-C3N4@porphyrin nanorods 
fabricated at the g-C3N4/porphyrin ratio of 3:1 were investigated by X- 
ray diffraction (XRD) technique and the result is exhibited in Fig. 4. In 
the XRD pattern, the diffraction peak at around 12.8 and 28◦ is ascribed 
to the (100) and (002) planes, respectively, of the g-C3N4 nanomaterials 
(JCPDS No. 87–1526) [53–55]. While the (002) plane is formed by the 
aromatic layers stacking, the stacking of tri-s-triazine units in the g-C3N4 
is responsible for the formation of the (100) plane. These diffraction 
peaks of g-C3N4 nanomaterial reveal a small shift compared to the 
pristine g-C3N4 demonstrating the electronic interaction between 
g-C3N4 and porphyrin aggregates. Furthermore, the XRD pattern of the 
hybrid material also appears strong peaks at approximately 32, 33, 45, 
and 47◦, which are assumed as diffraction peaks of the nanostructured 
porphyrin, indicating that the self-assembled porphyrin is of high crys-
talline in nature as well as well-defined crystallinity of the resultant 
g-C3N4@porphyrin nanorods nanocomposite. 

The Fourier transform infrared technique was employed to investi-
gate the chemical bonding in the material. The FTIR spectrum of the 
produced material showed a vibrational band at around 3249 cm− 1, 
which can be attributed to the –COOH and –OH groups of the porphyrin 
molecules and moisture absorbed on the hybrid material (Fig. 5). The 
C––O and C-O sketching vibration modes in the carbonyl groups of the 
porphyrin monomer are also observed in the FTIR spectrum with the 
appearance of absorption peaks at 1625 and 1396 cm− 1, respectively 
[56]. The absorption bands at 1312 and 1227 cm− 1 are ascribed to the 
presence of the C-NH-C bridge and C-N(-C), respectively, in g-C3N4 
material [57]. The other firm peaks presented in the range of 1950 – 
1630 cm− 1 of the FTIR spectrum are assigned to the sketching vibrations 
of heptazine-derived repeating units and C-N heterocycles of the g-C 3N4 
[58]. The absorption bands at around 820 and 707 cm− 1 are the char-
acteristic sketching of tri-s-triazine modes. This result provides further 
evidence of the successful formation of the well-integrated 
g-C3N4@porphyrin nanomaterial. 

The bandgap energy of the g-C3N4@porphyrin nanorods nano-
composite was determined using the Tauc plot drawn from the diffuse 
reflectance UV–vis spectrum, as exhibited in Fig. 6. The Tauc plot in-
dicates that the hybrid material has two bandgap energies of 2.3 and 
2.64 eV, making it capable of absorbing photon energy within the visible 
light spectrum. The results suggest that the prepared hybrid material has 
potential as a novel photocatalyst that can activate in the visible light 
region for environmental treatment purposes. 

It has been well-known that the molecular structure of porphyrin 
aggregates are similar to the photoactive molecules, which are respon-
sible for the many biological photo-transduction processes in ecosystems [59,60]. Among the photocatalytic activity of the porphyrin nano-

structures, porphyrin nanorods seem to have higher photocatalytic 
performance compared to the nanostructured porphyrin with other 
morphologies reported previously [61]. The g-C3N4 nanomaterials have 
been reported to have highly photocatalytic activity in the near-UV and 
visible light region because of their low bandgap energies ranging from 
2 to 3 eV [62,63]. The formation of hybrid material resulted in two 
bandgap energies (2.3 and 2.64 eV), suggesting that the material could 
serve as an efficient photocatalyst across a broad range of the light 
spectrum. The formation of an interface junction between g-C3N4 and 
porphyrin nanorods could significantly suppress the charge recombi-
nation; as a result, enhancing the photocatalytic performance. To test 
this hypothesis, we conducted a photocatalytic experiment using 
g-C3N4@porphyrin nanorods as the photocatalysts to degrade Cr6+ ions 
and MB under simulated sunlight irradiation. The photocatalytic activ-
ity of the prepared photocatalyst for the removal of Cr6+ ions under 
simulated sunlight irradiation is depicted in Fig. 7. As illustrated in 
Fig. 7a, the Cr6+ concentration noticeably decreases upon exposure to 
the sunlight spectrum in the presence of the photocatalysts. The Cr6+

was observed to be removed from the aqueous solution after 30 min of 
the reaction time. This evidence is seen in Fig. 7b with more than 50% of 
Cr6+ degraded only after 10 min and nearly 96% of Cr6+ was removed 
from the aqueous solution was removed after 30 min of reaction time. Fig. 4. XRD pattern of g-C3N4@porphyrin nanorods prepared at the g-C3N4/ 

porphyrin ratio of 3:1. 

Fig. 5. FTIR spectrum of g-C3N4@porphyrin nanorods prepared at the g-C3N4/ 
porphyrin ratio of 3:1. 

Fig. 6. The Tauc plot of g-C3N4@porphyrin nanorods hybrid material prepared 
at the g-C3N4/porphyrin ratio of 3:1. 
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The Cr6+ was witnessed to be entirely removed from the aqueous solu-
tion after 80 min of light irradiation. This result indicates that the 
g-C3N4@porphyrin nanorods could be utilized as a highly effective 
photocatalyst for the removal of toxic Cr6+ in an aqueous solution only 
using photon energy from sunlight. 

Fig. 8 displays the study of the photodegradation of MB by the g- 
C3N4@porphyrin nanorods photocatalyst prepared under simulated 
sunlight irradiation. In the absence of photocatalyst condition, virtually 
no MB degradation is observed even after 100 min of light irradiating. 
However, when g-C3N4@porphyrin nanorods photocatalyst was intro-
duced, the MB dyes were degraded quickly and reached nearly 100% MB 
removal after 100 min of reaction time. These findings provide further 
confirmation of the exceptional photocatalytic activity exhibited by the 
photocatalyst hybrid material prepared when activated by simulated 
sunlight irradiation. 

Three kinetic models of photo-degradation of Cr(VI) and MB were 
studied. The investigated models are followed by Eqs. (1), (2), and (3) 
for the linear forms of the zero-, first-, and second-order kinetic models, 
respectively. 

Ct = C0 − k0t (1)  

ln
Ct

C0
= − k1t (2)  

1
Ct

=
1

C0
+ k2t (3)  

Where, C0, Ct are the initial concentrations and the concentrations at 
reaction time t (mg/L) of the pollutants solution; k0, k1, and k2 are the 
constant rates of the zero-, first- and second-order kinetic models, 
respectively. The results are presented in Fig. 9 and Fig. 10. The kinetic 
parameters of zero-order, first-order, and second-order models for the 
degradation of Cr(VI), and MB are mentioned in Table 1. 

Comparing the regression coefficients (R2) obtained in Table 1, it can 
be seen that the kinetic degradation of Cr(VI) is well-fitted by the 
second-order model, while the kinetic degradation of MB solution is well 
fitted by the first-order model. The apparent kinetic rate constant, k2, k1, 
of the degradation of Cr(VI), and MB solution were found to be 
0.0162 L/mg.min, and 0.0279 min− 1, respectively. 

The recyclability of the g-C3N4@porphyrin nanorods was investi-
gated for the photodegradation of Cr(VI) and MB upto 5 cycles. After 
each cycle, the catalyst was centrifuged, rinsed thoroughly with double 
distilled water, dried completely before use for the next cycle. The re-
sults are shown in Fig. 11. It is obvious that the removal percentages of 
the MB and Cr(VI) decrease negatively after 5 cycles of testing, 
demonstrating that the g-C3N4@porphyrin nanorods photocatalyst is 
relatively stable in the aqueous solution. The XRD pattern of the spent 
photocatalyst was obtained and shown in Fig. S1. The diffraction peaks 
appear in the XRD pattern of the spent catalyst are similar to that of the 
pristine g-C3N4@porphyrin nanorods before the photodegradation 
process. This result further confirms the stability of the catalyst for the 
photodegradation of the MB and Cr(VI) in aqueous solution. 

The photo-semiconductor property of J-type porphyrin aggregates’ 
π-conjugate arises from the rigid π-π intermolecular interactions within 
the porphyrin’s core [33]. The photo-semiconductor property means 
that there exists a bandgap energy in the molecular structure of 
porphyrin aggregates, which enables the material to absorb photon 
energy and generate electron/hole pairs for the photocatalytic reaction 
[52,56,64]. Because of the interface junction between g-C3N4 and 
porphyrin nanorods, the photon-induced charge could transfer between 
these two semiconductors to prevent the electrons and holes recombi-
nation; as a result, enhancing the photocatalytic performance [65,66]. 
The g-C3N4@porphyrin nanorods possess two bandgap energies (2.3 and 
2.64 eV), allowing them to effectively harvest photon energy across a 
broad range of the solar spectrum, particularly in the visible region. 
Based on these results and established knowledge, we propose and 

Fig. 7. (a) UV-spectra of Cr6+ in aqueous solution and (b) Cr6+ removal percentage at various photocatalytic reaction times by g-C3N4@porphyrin nanorods 
photocatalyst under irradiation of simulated sunlight. 

Fig. 8. Methylene blue (MB) removal percentage at various photocatalytic 
reaction time by g-C3N4@porphyrin nanorods under simulated irradiation 
of sunlight. 
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discuss a potential mechanism for the improved photocatalytic perfor-
mance of the nanorods photocatalyst prepared in degrading Cr6+ and 
MB. In the first stage after irradiating with the sunlight, electrons in the 
valence band of the porphyrin nanorods and g-C3N4 absorb enough 
energy from the photon to jump to the conduction band and left holes in 
the valence band [27]. The newly generated electrons in the conduction 
bands will move from g-C3N4 to porphyrin nanorods and in the reverse 
direction, the holes will diffuse through the interface from porphyrin 
nanorods to g-C3N4. These exciton-coupled charge transfer processes 
significantly suppress the recombination of photon-induced electron/-
hole pairs. This, in turn, allows for greater participation of electrons and 
holes in the photocatalytic reaction. For the Cr6+ degradation, the newly 
generated electrons could directly reduce highly toxic Cr6+ to less toxic 
Cr3+. For the MB photodegradation, free radicals such as •O−

2 , OH•. 
generated from the reduction reaction between electrons and O2 and/or 
H2O will oxidize MB to less harmful substances; and the holes could also 
directly oxidize MB dyes to less toxic compounds. 

4. Conclusion 

In short, the g-C3N4@porphyrin nanorods hybrid material has been 
successfully fabricated via CTAB-assisted self-assembly of porphyrin 
monomers and g-C3N4 nanomaterials at the g-C3N4/porphyrin ratio of 
3:1. The prepared hybrid material demonstrated excellent integration 
between the porphyrin nanorods, which had a diameter of 

Fig. 9. Fitting of Cr(VI) degradation data with the (a) zero-, (b) first-, and (c) second-order kinetic model.  

Fig. 10. Fitting of MB degradation data with the (a) zero-, (b) first-, and (c) second-order kinetic model.  

Table 1 
Parameters of the zero-,first-, and second-order kinetic models for pollutant degradation.  

Kinetic models Parameters For Cr (VI) degradation For MB degradation 

Zero-order kinetic model k0 (mg/L.min)  0.1337  0.0876 
R2  0.3755  0.9129 

First-order kinetic model k1 (min− 1)  0.0313  0.0279 
R2  0.7592  0.9714 

Second-order kinetic model k2 (L/mg.min)  0.0162  0.0154 
R2  0.9825  0.6859  

Fig. 11. The reusability of g-C3N4@porphyrin nanorods for Cr(VI) and MB 
degradation for five cylces. 
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approximately 50 nm and a length ranging from 200 to 500 nm. The 
resulting g-C3N4@porphyrin nanorods exhibit two bandgap energies of 
2.3 and 2.64 eV, enabling them to absorb photon energy across a wide 
range of the solar spectrum, particularly in the visible light region. When 
used as the photocatalyst, the hybrid material revealed quick and highly 
effective photodegradation of Cr6+ ion in an aqueous solution with more 
than 95% removal percentage only after 30 min of reaction time under 
simulated sunlight irradiation. The g-C3N4@porphyrin nanorods also 
exhibited remarkably photocatalytic behavior toward methylene blue 
with a removal percentage of 100% after 100 min of irradiating time. 
The superior photocatalytic performance of the resulting hybrid mate-
rial can be attributed to its efficient photon-energy harvesting and 
enhanced charge separation, which is achieved through exciton-coupled 
charge transfer processes at the interfaces of the two semiconductors. 
The high photocatalytic activity exhibited by the g-C3N4@porphyrin 
nanorods suggests their potential as a promising photocatalyst for the 
removal of pollutants from wastewater. 
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