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of porphyrin and NiO in chitosan/
graphene oxide aerogels for enhanced
photocatalytic degradation of cationic and anionic
dyes

Angelos Faraos, a Konstantinos N. Maroulas, a Emmanouil Nikoloudakis, b

Charalampos Drivas, cd Mark A. Isaacs, de George Z. Kyzas a

and Kalliopi Ladomenou *a

The need for clean water has driven the search towards better ways to remove pollutants from wastewater,

especially dyes from industrial sources. In this study, we introduce a novel multifunctional aerogel

composite CPGNiO(5%)PyP(1%), that brings together five carefully selected components: chitosan,

polyvinyl alcohol, graphene oxide, nickel oxide nanoparticles, and a porphyrin-based photosensitizer. By

combining these materials, we created a porous, light-responsive system that works exceptionally well

under visible light. Using a range of techniques (FT-IR, XRD, SEM/TEM, UV-vis, and XPS), we confirmed

the structure and interactions within the hybrid network. When tested against two common dyes,

Victoria Blue R (cationic) and Reactive Black 5 (anionic), the composite achieved impressive removal

efficiencies of 96.3% and 90.5%, respectively. Further analysis showed that different reactive species

(such as holes, hydroxyl, and superoxide radicals) play important roles in the breakdown process.

Notably, the material could be reused across multiple cycles without significant loss of performance, and

it remained effective even in mixtures of dyes. These results suggest that this composite offers

a promising, scalable solution for eco-friendly water purification using visible light, an important step

toward more sustainable environmental technologies.
1. Introduction

Over the past few decades, rapid industrialization, particularly
in the textile, pharmaceutical, printing, and food sectors has led
to the widespread use of synthetic dyes, including azo, triphe-
nylmethane, and xanthene derivatives.1 Although these
compounds play a vital role in various manufacturing
processes, their discharge into aquatic environments has
become a serious environmental issue. Due to their complex
aromatic structures and high chemical stability, synthetic dyes
are resistant to natural degradation and tend to persist in water
bodies.2 When the dyes are released without adequate treat-
ment, they disrupt aquatic ecosystems and pose health hazards
to humans. Prolonged exposure to certain dyes has been asso-
ciated with skin disorders, carcinogenic effects, and damage to
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internal organs such as the liver and kidneys. Additionally, their
tendency to bioaccumulate in aquatic organisms contributes to
food chain disruption and long-term ecological imbalance.3,4

Despite the increasing of environmental awareness, the
effective removal of dye pollutants from wastewater remains
a major challenge.5 Conventional treatment methods such as
biological degradation, adsorption, and electrochemical oxida-
tion, oen suffer from signicant limitations. Biological
processes struggle to break down persistent pollutants,
adsorption simply transfers the problem to solid surfaces
requiring further treatment, and electrochemical methods can
be energy-intensive and may produce harmful by-products.6–10

Photocatalysis has emerged as a promising and sustainable
alternative method.11 This light-driven process relies on semi-
conducting materials to generate reactive species that can break
down complex organic pollutants into harmless by-products
like carbon dioxide and water.12 Photocatalysis offers several
advantages: it operates under mild conditions, can utilize solar
energy, and enables complete mineralization without the need
for added chemicals.13 However, traditional photocatalysts like
TiO2, ZnO, and CdS face signicant drawbacks, including poor
absorption of visible light, rapid recombination of photoin-
duced electron–hole pairs, and limited long-term stability.14–16
RSC Adv., 2025, 15, 27685–27699 | 27685

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra04647e&domain=pdf&date_stamp=2025-08-02
http://orcid.org/0009-0000-7170-5487
http://orcid.org/0009-0002-7597-7505
http://orcid.org/0000-0002-2320-6672
http://orcid.org/0000-0002-7865-1124
http://orcid.org/0000-0002-0335-4272
http://orcid.org/0000-0003-1516-3761
http://orcid.org/0000-0002-8508-1369
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04647e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015034


Table 1 Summary of catalysts and the ratio (% w/w) of each material
used

Material Cs GO PVA NiO PyP

CPG 1 0.01 0.25 — —
CPGNiO(5%) 1 0.01 0.25 0.05 —
CPGNiO(5%)PyP(0.5%) 1 0.01 0.25 0.05 0.005
CPGNiO(10%)PyP(0.5%) 1 0.01 0.25 0.1 0.005
CPGNiO(5%)PyP(1%) 1 0.01 0.25 0.05 0.01
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To overcome these limitations, recent research has focused
on developing advanced photocatalytic materials with
enhanced visible-light absorption, improved charge separation,
and larger surface areas. Materials such as metal organic
frameworks (MOFs), graphitic carbon nitride (g-C3N4), and
carbon-based nanostructures including graphene, carbon
nanotubes, and carbon dots, have shown notable potential.17–19

In particular, heterojunction and Z-scheme systems have
gained attention for their ability to enhance charge carrier
separation and improve overall photocatalytic performance
under visible light.20–23 Among these innovative materials, some
composites combining biopolymers with nanostructured
semiconductors stand out for their environmental friendliness
and multifunctionality. One promising example is the ternary
composite of chitosan (Cs), polyvinyl alcohol (PVA), and gra-
phene oxide (GO). This combination creates a exible, hydro-
philic matrix rich in functional groups, enhancing dye
adsorption and facilitating electron transfer. The incorporation
of nickel oxide (NiO), a p-type semiconductor with strong
oxidative potential, further enhances photocatalytic activity.24

For instance, adding just 5 w/w% NiO into Cs/PVA matrices, the
methyl orange removal efficiency under visible light becomes
more than doubled, while imparting antibacterial properties.25

To further exploit visible-light photocatalytic activity,
researchers have introduced a cationic porphyrin photosensi-
tizer meso-tetra(N-methylpyridyl)porphyrin (PyP), onto GO-
based composites.26,27 PyP-GO hybrids exhibit rapid photoin-
duced electron transfer with efficiencies exceeding 90%,
signicantly improving dye degradation.28 Some photocurrent
analyses conrm that these systems enhance charge separation
and reactive oxygen species (ROS) generation under visible
light. Chitosan/GO-based hydrogels have demonstrated
remarkable reusability and dye selectivity, effectively removing
both cationic (methylene blue, rhodamine B) and anionic
(methyl orange, Congo red) dyes over multiple cycles.25

Furthermore, PyP-immobilized platforms, such as porphyrin–
MOF systems, have shown enhanced visible-light absorption
and ROS generation toward dyes like methyl orange.29

Beyond their photocatalytic potential, Cs-PVA-GO compos-
ites have found use in a range of applications, including
biomaterials, supercapacitors, and mechanically robust
supports.28,30–33 The inclusion of NiO nanoparticles signicantly
modies their functionality, introducing new photocatalytic
and antibacterial properties. Meanwhile, PyP has been widely
studied for its applications in photocatalysis and hydrogen
evolution.34–37

Despite the promising results from individual two and three
combinations such as Cs–NiO, Cs-porphyrin, Cs-GO, GO–NiO,
and GO-porphyrin, there remains a lack of studies integrating
all ve components (Cs, PVA, GO, NiO, and PyP) into a single,
visible-light-responsive nanocomposite system.38–45 To address
this gap, ve composite materials: (i) a reference Cs–PVA–GO
(CPG), and four functionalized variants: CPG with 5 w/w % NiO
(CPGNiO(5%)); CPGNiO(5%) with 1 w/w% PyP [CPGNiO(5%)
PyP(1%)]; CPGNiO(5%) with 0.5 w/w% PyP [CPGNiO(5%)
PyP(0.5%)]; and CPG with 10 w/w% NiO and 0.5 w/w% PyP
[CPGNiO(10%)PyP(0.5%)] were synthesized and characterized.
27686 | RSC Adv., 2025, 15, 27685–27699
The inuence of varying NiO and PyP concentrations on the
photocatalytic activity of the composites under visible-light
irradiation was investigated.

As model pollutants, two structurally and functionally
distinct dyes were selected; Victoria Blue R (VBR), a mutagenic
cationic triphenylmethane dye which is commonly used in
cosmetics, and Reactive Black 5 (RB5), which is a persistent
anionic azo dye widely employed in textile applications. These
dyes were used as representative models to evaluate the selec-
tivity and broad-spectrum applicability of the photocatalysts.
The synergistic photocatalytic mechanisms operating within
these hybrid composites are elucidated, and their potential for
scalable, visible-light-driven water purication applications is
highlighted.
2. Materials and methods
2.1. Materials

All materials were used as received. Graphite akes (75% over
150 mm, 332 461), sulfuric acid (98% w/v), potassium perman-
ganate (ACS reagent,$99.0%) and hydrogen peroxide (30% w/w
in H2O) were supplied from Merck Ltd. Chitosan (310–375 kDa,
DDA > 75%), poly(vinyl alcohol) (MW 13,000–23,000 g mol−1,
87–89% hydrolysed), sodium tripolyphosphate (TPP, Na5O10P3)
and NiO were purchased from Sigma-Aldrich. Meso-tetra(N-m-
ethylpyridyl)porphyrin (PyP) was synthesised according to the
literature.46
2.2. Synthesis of photocatalysts

GO was synthesized based on a previous work.47 A solution of
1% w/v Cs (solution A) was prepared by dissolving a certain
amount of Cs in 2% v/v acetic acid aqueous solution. Then, PVA
powder was dissolved into DI water at 80 °C and was stirred for
4 h to obtain 1% PVA solution (solution B). Finally, GO was
mixed with DI water, NiO and PyP followed by ultrasonication
until a homogeneous solution was obtained (Solution C). The
three solutions were mixed and stirred for 3 h and then PyP was
added as the crosslinking agent, turning the solution to gel
phase. The sol–gel that was formed was put in the freezer for
24 h. It was freeze-dried at −104 °C for 48 h to produce the
aerogel. Finally, the aerogel was puried with water/methanol
mixture in a Soxhlet apparatus for 24 h, thus obtaining
CPGNiOPyP. Similar procedure was followed for the control
materials. Table 1 summarizes the catalysts prepared and tested
in the current study.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.3. Characterization techniques

All materials were analyzed with various characterization tech-
niques. Fourier transform infrared spectroscopy (FT-IR) anal-
ysis was used to characterize the functional groups of all the
materials. The laboratory utilized the PerkinElmer Frontier
attenuated total reectance Fourier transform infrared spec-
trometer with a nominal resolution of 2 cm−1. The spectra range
of the FT-IR analysis was 4000–550 cm−1. For the UV-vis
measurements we used a UV-2600 Shimadzu instrument.
Using a BRUKER D8 FOCUS X-ray diffractometer with CuKa
radiation (l = 0.154 nm), crystallinity was detected over a 2q
degree range of 5–90°. To scan the surface and characterize the
morphology of the materials, JEOL JSM6390LV scanning elec-
tron microscope (SEM) was used. A transmission electron
microscopy (TEM) system (Model JEM-2100F electron micro-
scope (JEOL, Japan)) was used for morphology characterization
of C-Dots. A dilute stock solution was deposited onto the grid
for subsequent HRTEM imaging, using an 80 kV accelerating
voltage. Kratos XPS data was acquired using a Kratos Axis
SUPRA using monochromated Al ka (1486.69 eV) X-rays at 15
mA emission and 15 kV HT (225 W) and an analysis area of 700
× 400 mm. The instrument was calibrated to gold metal Au 4f
(83.95 eV) and dispersion adjusted give a BE of 932.6 eV for the
Cu 2p3/2 line of metallic copper. Ag 3d5/2 line FWHM at 10 eV
pass energy was 0.54 eV. Source resolution for monochromatic
Al Ka X-rays is ∼0.3 eV. The instrumental resolution was
determined to be 0.29 eV at 10 eV pass energy using the Fermi
edge of the valence band for metallic silver. Instrument reso-
lution with charge compensation system on determined to be <
1.33 eV FWHM on PTFE. High resolution spectra of the
elements of interest were obtained individually using a pass
energy of 40 eV, step size of 0.1 eV and dwell time of 280 ms,
resulting in a line width of ca. 0.7 eV for Au 4f7/2. The survey
spectrum was obtained using a pass energy of 80 eV. Charge
neutralization was achieved using an electron ood gun with
lament current = 0.4 A, charge balance = 4 V, lament bias
= 5 V. Successful neutralization was adjudged by analyzing the
C 1s region wherein a sharp peak with no lower BE structure was
obtained. Spectra have been charged corrected to lowest BE
component of the C 1s spectrum at 284.8 eV, attributed to the
C–C/C–H bonds. All data was recorded at a base pressure of
below 9 × 10−9 Torr and a room temperature of 294 K. The
sample was mounted on the stage prior to its introduction into
the vacuum chamber by pressing the powder into copper tape.
Utilizing a SHIMADZU UV-vis spectrophotometer at lmax =

610 nm, the degradation rate of VBR was estimated by
measuring the change in VBR absorption vs. irradiation time, by
using different materials each time. As a blank sample, deion-
ized water was used.
2.4. Experimental procedure of photocatalytic degradation

An amount of 5 mg of catalyst was dispersed in 10 mL of an
aqueous VBR solution (initial concentration of 15 mg L−1) in
a test tube and stirred continuously at room temperature (22 °C)
in the dark for 30 min to establish adsorption–desorption
equilibrium between the catalyst and the dye.48,49 The
© 2025 The Author(s). Published by the Royal Society of Chemistry
photocatalytic activity of the materials that were used, were
evaluated under visible irradiation with a 100 W white led
emitting lamp, every 30 min for their dye breakdown efficiency.
The distance between the test tube and the lamp was xed at
12 cm. Same experiments were carried out on RB5 dye solution
(with initial concentration of 75 mg L−1).50,51

In order to elucidate the mechanism of the catalyst, various
scavengers were added during the photocatalytic reactions.
Aer dark equilibration, the appropriate scavenger was added
to the suspension. All scavengers were added to the dye solution
at a xed concentration of 5 mM. Each scavenger test was per-
formed independently to avoid interference.52 Following the
addition of each scavenger, the suspension was irradiated
under visible light and analysed using a UV-vis spectropho-
tometer by monitoring the absorbance at the maximum wave-
length (lmax) of the target dye. Control experiments without
scavengers were also conducted under identical conditions to
assess the unperturbed photocatalytic activity. The percentage
removal R (%) of VBR and RB5 was determined with eqn (1),

Rð%Þ ¼ C0 � Cf

C0

� 100% (1)

where C0 is the initial concentration (mg L−1) and Cf is the nal
concentration (mg L−1), of each dye. To examine the photo-
catalytic kinetic parameters for the dye's degradation, a pseudo
rst-order kinetic model was employed with eqn (2),

ln

�
C0

Cf

�
¼ k1 � t (2)

where k1 is the pseudo rst-order rate constant (min−1) and t is
the time (min).53
3. Results and discussion
3.1. Physicochemical properties of the materials

3.1.1. FT-IR spectra. FT-IR spectra of the materials were
investigated, as shown in Fig. 1(a). CPG exhibits the character-
istic peaks of Cs, PVA and GO, which were previously described
by our lab.54,55 In particular, the broad peak at 3500–3000 cm−1

corresponds to the intra- and inter-molecular O–H units of all
materials, as well as the N–H units of Cs.56 Furthermore,
symmetric and asymmetric C–H groups, carbonyl, amide I and
amide II are clearly visible at 2890, 1713, 1650 and 1532 cm−1,
respectively.57 Lastly, the peak at 1035 cm−1 is attributed to
epoxy units, while the peak at 890 cm−1 is caused by the inter-
action of the saccharide structure of Cs and skeletal vibration of
PVA.32 Aer the addition of NiO, no new peaks are present but
only some shis in wavenumbers. This is possibly due to the
low amount of NiO in the composite and also indicates inter-
action of intermolecular bonds.58 With the introduction of PyP,
there are again mostly some shis in the wavenumbers of the
characteristic peaks. However, a new peak appears at
∼610 cm−1, indicative of Ni–O conrming the presence of NiO
in the composites.59

3.1.2. X-ray diffraction experiments. The X-ray diffraction
patterns of CPG, CPGNiO(5%) and CPGNiO(5%)PyP(1%) are
presented in Fig. 1(b). In all cases there is a common peak at
RSC Adv., 2025, 15, 27685–27699 | 27687
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Fig. 1 (a) FT-IR spectra of composites (b) XRD patterns, (c) SEM image,
(d–f) TEM images of CPGNiO(5%)PyP(1%).
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∼20° which can be attributed both to Cs and PVA and is
common in the Cs/PVA composites.60 In the materials con-
taining NiO, the presence of Ni is further conrmed by the
characteristic structures of NiO which are (111), (200) and (220).
It is also visible that the intensity of the Ni peaks in the two
composites is reduced, and the corresponding peaks appear
broader, compared to pristine NiO. This can be attributed both
to the strong interfacial interactions between CPG and NiO
particles, which disrupt the crystalline order of the oxide, well as
to the uniform dispersion of NiO particles within the composite
structure.61,62 Furthermore, the addition of PyP resulted in
sharper peaks and enlarged peak area, indicating expanded
crystalline region. Other studies have reported that porphyrins
can orient and stabilize metal oxide crystals, leading to stronger
diffraction intensities, or that their interaction with graphene
can induce structural changes.63,64

3.1.3. SEM and TEM images. The Scanning Electron
Microscopy (SEM) image of the CPGNiO(5%)PyP(1%) nano-
composite reveals a layered, wrinkled microstructure with
overlapping akes, consistent with GO sheets integrated within
a polymeric matrix (Fig. 1(c)). The morphology indicates a well-
dispersed hybrid structure, benecial for electron transfer and
active surface area, enhancement. Compared to analogous
systems in the literature39,65,66 this composite exhibit superior
structural integration of photosensitizers and metal oxides,
27688 | RSC Adv., 2025, 15, 27685–27699
which is expected to synergistically improve its photocatalytic
and adsorptive performance.

The morphology of CPGNiO(5%)PyP(1%) was shown in
Transmission Electron Microscopy (TEM) images (Fig. 1(d–f)).
The representative images reveal a heterogeneous structure
with well-dispersed nanoparticles within a continuous poly-
meric matrix. The graphene oxide (GO) sheets appear as thin,
wrinkled, and semi-transparent layers which form the founda-
tional framework of the material.67 Their large surface area and
exible morphology provide an ideal support for anchoring
both nanoparticles and organic molecules. Scattered across
these GO sheets are nickel oxide (NiO) nanoparticles, which
show up as small, dark, nearly spherical spots.68

These particles are well-dispersed and uniform in size typi-
cally within the 5–20 nm range, indicating that they have been
successfully nucleated and stabilized on the GO surface. His
observation parallels ndings of ∼18 nm cubic NiO particles in
PVA-based blends.69 This even distribution is likely the result of
favorable interactions, such as hydrogen bonding and electro-
static forces, between NiO and the functional groups present in
both GO and chitosan. Although chitosan and polyvinyl alcohol
(PVA) are not directly visible in the images, owing to their low
electron contrast, their presence is suggested by a faint, amor-
phous halo surrounding the GO-NiO structures. This “coating”
effect implies that these polymers wrap around or embed the
inorganic components, contributing to better stability in solu-
tion and improved lm-forming capabilities. In some regions,
we can also spot faint, globular features with higher electron
density, which likely correspond to the TMPyP porphyrin
molecules. These tend to localize near the NiO nanoparticles
and the GO surface, hinting at strong p–p interactions between
the porphyrin rings and GO.70–72 This close proximity is prom-
ising, as it could help enhance charge separation and light
absorption, key factors for efficient photocatalysis. Ahamed
et al. showed that adding graphene oxide and nickel oxide to
a chitosan-PVA blend led to a more uniform structure, with
nanoparticles dispersed more evenly throughout the material.69

Overall, the TEM observations conrm that the composite has
formed as intended: a well-integrated hybrid structure where
the porphyrin and NiO are anchored within a chitosan-PVA
polymeric network on GO sheets. This multi-component
architecture is expected to promote synergistic effects, particu-
larly in photocatalytic applications, by combining effective
charge transport, structural stability, and light-harvesting
functionality.

3.1.4. UV-vis diffuse reectance spectroscopy (DRS). The
optical properties of the synthesizedmaterials were investigated
using UV-vis diffuse reectance spectroscopy (DRS) in solid
state, employing the BaSO4 as a reection standard (Fig. 2(a)).
The Kubelka–Munk function was applied to convert reectance
data into absorption spectra and estimate the optical band gaps
(Fig. 2(b–d)).

Among the tested samples, CPGNiO(5%)PyP(1%) exhibited
characteristic absorption peaks attributed to the porphyrin
structure, conrming the successful incorporation of PyP. In
detail the Soret band at 425 nm along with the four Q-bands at
522, 563, 581 and 646 nm were clearly observed. In contrast, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) UV-vis DRS spectra, (b) Tauc plots of CPG, (c) Tauc plots of
CPGNiO(5%) and (d) Tauc plots of CPGNiO(5%)PyP(1%).
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spectra of CPGNiO(5%) and CPG did not show signicant
differences, indicating minimal contribution from NiO in terms
of distinct absorption features. The estimated band gap ener-
gies were 2.2 eV for CPGNiO(5%)PyP(1%), 2.3 eV for
CPGNiO(5%), and 2.1 eV for CPG, reecting slight variations
inuenced by the composite composition.

These variations, particularly the enhanced visible-light
absorption of CPGNiO(5%)PyP(1%) due to porphyrin incorpo-
ration, suggest improved potential for photocatalytic activity,
which will be discussed in detail in Section 3.

3.1.5. X-ray photoelectron spectroscopy (XPS) analysis. X-
ray photoelectron spectroscopy (XPS) was performed to inves-
tigate the detailed elemental information of the composites
CPGNiO(5%) and CPGNiO(5%)PyP(1%). The survey spectrum,
Fig. 3, revealed the presence of C, O, N, P, Na, Ni, and Cl at both
Fig. 3 XPS survey spectra.

© 2025 The Author(s). Published by the Royal Society of Chemistry
samples. For the C 1s region, Fig. 4(a), an asymmetric peak is
observed, which upon tting reveals 4 components at 284.8,
286.3, 287.8, and 288.8 eV attributed to C–C/C–H (61.8%), C–O/
C–N (27.9%), C]O (9.2%), and O–C]O (1.1%) respectively.73

The relative areas for the chemical species are the same, within
10%, for the two samples. One key difference is that the FWHM
of the peaks is higher aer the addition of the porphyrin, from
1.4 eV to 1.8 eV. This can be explained from the addition of
similar carbon species with small variations in binding ener-
gies, causing the resulting tted peaks to appear broader. As will
be seen later, the other peaks did not display a change at their
FWHM, so charging effect can be ruled out.

The O 1s spectrum, Fig. 4(b), is quite complex because it
should contain multiple oxidised carbon species, along with
P–O and Na–O bands. Because of that an arbitrary tting was
performed to aid in the understanding of the changes occur-
ring. Only two peaks were used for tting, and one additional
for the Na KLL, one for C]O, (PO4)

3−, and Na–O and one more
for C]O and (PO3)

−.74 From the tting it can be seen that upon
the porphyrin introduction the lower binding energy peak is
increasing compared to the high binding energy one. This
means that there is a charge redistribution, the lower the
binding energy of the O peak the higher its electron density. For
the N 1s region, Fig. 4(c), two peaks can be seen, which aer
deconvolution appear at 400.1 and 402.6 eV corresponding to
N–C (86.5%) and C–N]C (13.5%) respectively.75 No change is
observed between the two samples. The Ni 2p region is pre-
sented in Fig. 4(d). At a rst glance, it can be seen that the signal
for the Ni is about two times more for the sample with the
porphyrin. Given that both samples contain the same amount
of Ni, we can safely assume that at the one with the porphyrin it
is more concentrated at the surface or more exposed. As for its
speciation, given the low signal to noise ratio, due to its low
Fig. 4 XPS spectra (a) C 1s, (b) O 1s, (c) N 1s regions, (d) Ni 2p region
spectra of CPGNiO(5%) and CPGNiO(5%)PyP(1%).
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Table 2 Kinetic parameters for the degradation of VBR and RB5

Material k1 (min−1) R2 RRem removal(%)
VBR
CPG 0.00164 0.9225 37.4
NiO 0.00282 0.9982 49.8
CPGNiO(5%) 0.00248 0.9741 47.2
CPGNiO(5%)PyP(0.5%) 0.00861 0.9929 86.2
CPGNiO(10%)PyP(0.5%) 0.00517 0.9967 72.1
CPGNiO(5%)PyP(1%) 0.01500 0.9585 96.3

RB5
CPG 0.00419 0.9970 31.9
NiO 0.00407 0.9365 31.9
CPGNiO(5%) 0.00792 0.9897 49.5
CPGNiO(5%)PyP(0.5%) 0.01698 0.9903 78.9
CPGNiO(10%)PyP(0.5%) 0.00996 0.9807 58.0
CPGNiO(5%)PyP(1%) 0.02937 0.9470 90.5
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concentration, a reliable tting cannot be performed. Judging
from the position, 856.5 eV and the shape of the peak, it is, most
likely, a mixture of NiO and Ni(OH)2.76

Detailed scans of the most prominent peak for each element
were collected. Because of the low intensity of some elements
the quantication was done using the detailed scans and it
shown in Table S1. For the P 2p, Fig. S1a, one peak is observed.
Fitting the peak revealed two components, one at 133.5 eV
(91.0%) and another small component at 134.9 eV (9.0%)
attributed to (PO4)

3− and (PO3)
− respectively.77 Sodium was

present in both samples, possibly due to contamination, as it
can be seen in Fig. S1b with the second sample containing 3
time more Na. Additionally, the Cl 2p region was examined to
check for contamination. Only traces of Cl were detected,
Fig. S1c.
3.2. Efficiency evaluation of the materials

3.2.1 Effect of irradiation time-degradation kinetics. The
performance of the catalysts was evaluated through a series of
degradation experiments. Firstly, the effect of irradiation time
was examined. All the composites were put under stirring for 30
minutes with the dye solutions in order for the system to reach
equilibrium (shaded area). Then, irradiation under visible light
began and measurements every 15 minutes were taken. For
VBR, Fig. 5(a), it can be observed that the materials without PyP
exhibited a removal of less than 50% within 210 minutes.
However, the composites with PyP showed a remarkably
increased removal efficiency and rapid kinetics. Especially,
CPGNiO(5%)PyP(1%) removed about 80% in the rst 60
minutes and reached equilibrium at 180 minutes. The highest
degradation ability was exhibited by CPGNiO(5%)PyP(1%)
reaching a R% = 95%, followed by CPGNiO(5%)PyP(0.5%). The
Langmuir–Hinshelwood kinetics model following rst-order
kinetics was applied for the photocatalytic degradation of
VBR. All the studied materials showed high correlation coeffi-
cient, and their kinetic constants (k1) were calculated and pre-
sented in Table 2. As expected, the highest k1 was achieved by
CPGNiO(5%)PyP(1%) reaching 0.015 min−1, a value triple than
CPGNiO(10%)PyP(0.5%) (0.00517 min−1) and almost double
than CPGNiO(5%)PyP(0.5%) (0.00861 min−1).
Fig. 5 Degradation kinetics of (a) VBR, (b) RB5 (pH 7, dosage: 0.5 g
L−1).

27690 | RSC Adv., 2025, 15, 27685–27699
In the case of RB5, a similar trend was observed with
CPGNiO(5%)PyP(1%) and CPGNiO(5%)PyP(0.5%) being again
the best materials achieving over 80% degradation, Fig. 5(b).
This time faster reactions occurred, with the composites
reaching equilibrium within 1 h. Again, the Langmuir–Hin-
shelwood kinetics model was examined and the k1 were calcu-
lated. The values obtained were far greater than those of VBR,
with the highest being 0.02937 min−1 for CPGNiO(5%)PyP(1%).

The NiO content signicantly inuenced the photocatalytic
degradation efficiency of both VBR and RB5 (Fig. 5). Moderate
incorporation of NiO (5 wt%) enhanced photocatalytic activity
under visible light irradiation. However, a further increase to
10 wt% NiO led to a noticeable decline in degradation efficiency
for both dyes. This reduction in photocatalytic performance at
higher NiO content can be attributed to several interrelated
factors. Excessive loading of NiO nanoparticles tends to cover
the surface of the CPG matrix, including the active porphyrin-
based photosensitizing sites. This coverage hinders light
absorption at the catalyst interface, thereby impairing the
excitation of the photosensitizer. As a result, the generation of
reactive oxygen species (ROS) is suppressed, reducing the
overall efficiency of the photocatalytic process. In addition, the
aggregation of excess NiO particles leads to a decrease in the
effective surface area and limits intimate contact between NiO
and the underlying matrix, thus inhibiting interfacial charge
transfer. Similar effects have been reported in the literature,
where agglomerated NiO weakened physical integration with
Fe2O3, leading to reduced charge separation and photocatalytic
performance.78 Moreover, larger NiO agglomerates tend to act
as recombination centers, promoting the rapid recombination
of photogenerated electron–hole pairs—another factor that
further diminishes photocatalytic activity.79 These observations
collectively explain the activity trend observed with increasing
NiO content: while moderate NiO loading promotes charge
separation and enhances visible light absorption, excessive
amounts adversely affect performance due to aggregation, light
shielding, and increased charge recombination.

The p–p interactions between the aromatic rings of the dyes
and the graphene oxide moieties, as well as electrostatic
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of pH on degradation of (a) VBR, (b) RB5 (dosage: 0.5 g
L−1, shaded area: equilibrium period).

Table 3 Effect of pH on the photocatalytic rate constant k1 of both
dyes

pH k1 (min−1) R2 RRem removal
(%)

VBR
3 0.00337 0.9646 56.7
5 0.00752 0.9952 81.7
7 0.01500 0.9584 96.3
9 0.01022 0.9893 89.8
11 0.01341 0.9530 93.6

RB5
3 0.03074 0.9262 91.9
5 0.02817 0.9694 91.0
7 0.02937 0.9469 90.5
9 0.00663 0.9899 45.1
11 0.01632 0.9758 74.5

Fig. 7 Effect of catalyst dosage on degradation of (a) VBR, (b) RB5 (pH
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attractions, are key factors in the observed adsorption capacity.
For RB5 (an anionic dye), the interaction with the positively
charged sites (due to TMPyP and NiO) appears to enhance
adsorption, especially in CPGNiO(5%)PyP(1%). Compared the
behavior towards VBR and RB5, observing that while VBR
removal is predominantly photocatalytic due to its cationic
nature and favorable photodegradation pathway, RB5 shows
a more signicant adsorption component. This difference likely
arises from the dye charge, molecular structure, and interaction
with the material's functional groups.

3.2.2 Effect of pH. The pH of the solution is a vital
parameter in the photocatalysis process, because it can affect
the performance of the catalyst by altering its surface charge.80

In this study, 5 different pH values (3–11) were examined with
the same increment step. For the adjustment, 0.1 M HCl and
0.1MNaOHwere used. As it can be seen in Fig. 6(a), the removal
of VBR is favoured in neutral to alkaline media. At these levels,
the surface of the both dye (pKa 4.24) and the catalyst are ex-
pected to be negatively charged.81 It can be observed that faster
kinetics were achieved at pH 11 in the rst 60 minutes, but the
removal efficiencies at pH 7 and pH 11 have been almost
similar, eliminating >90% of the particular dye. For this reason,
pH 7 was selected as the optimal pH value for the rest of the
experiments.

For RB5, Fig. 6(b) shows that at pH 3, during the equilibrium
period almost 60% of the dye was removed. Aer irradiation,
the process was favoured at acidic to neutral environment, since
pH values of 3, 5 and 7 have the same degradation capabilities
at 60 minutes, more than 90% degradation of RB5. In contrast,
alkaline media reduces signicantly the efficiency of the mate-
rial, especially at pH 9 the removal efficiency is only ∼40%. The
latter can be attributed to the repulsive forces between the
catalyst and dye molecules.82 Thus, pH 7 was again selected as
the optimal value. Table 3 presents the effect of pH on the
degradation rate. For VBR pH 7 and 11 exhibited the fastest
kinetics, signicantly higher than the other conditions, with the
lowest k1 observed at pH 3. In contrast, RB5 showed higher k1
values at the pH range of 3–7, with only minor differences
among these values.

3.2.3 Effect of dosage. Another critical parameter is the
dosage of the catalyst. Four different amounts of CPGNiO(5%)
© 2025 The Author(s). Published by the Royal Society of Chemistry
PyP(1%) were selected and examined, at the optimal pH values
for VBR (Fig. 7(a)) and RB5 (Fig. 7(b)). This is highly signicant
in photocatalytic research investigations, because it assists to
build a cost–effectiveness relationship and avoid decreased
removals owing to catalyst aggregation and sedimentation. For
both cases, by increasing the concentration of the catalyst the
removal % increased, as well as faster kinetics were achieved. A
greater catalyst dose increases the surface area accessible for
catalyst interactions, as well as the concentration of free radi-
cals in the solution.83,84 This leads to a higher proportion of dye
removal. The best results were obtained from 5 and 10mg of the
material, which presented the same removal efficiency when
equilibria were reached. For this reason, the dosage of 5 mg was
selected as the optimal for the rest of the experiments. Table 4
presents the effect of catalyst mass on the kinetic constant. For
VBR, it was observed that increasing the catalyst dosage led to
an increase in the k1 value which reached a plateau at 5 mg.
Upon further increase to 10 mg, a slight decrease in the reaction
rate was observed. A similar trend was observed for RB5
removal, with 5 mg again exhibiting the fastest kinetics.

3.2.4 Reusability. Reusability of the catalyst is vital in the
practical application of photocatalysts. Previous studies have
shown that the efficiency of the photocatalysts gradually fells
7, shaded area: equilibrium period).
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Table 4 Effect of dosage on the photocatalytic rate constant k1 of
both dyes

Dosage (mg) k1 (min−1) R2 RRem removal(%)

VBR
1 0.00581 0.9900 72.9
3 0.01025 0.9774 90.2
5 0.01500 0.9584 96.3
10 0.01342 0.9303 96.7

RB5
1 0.00105 0.7874 11.3
3 0.00516 0.9884 35.6
5 0.02937 0.9469 90.5
10 0.02729 0.9662 91.2

Fig. 8 Catalyst reusability for (a) VBR, (b) RB5 (pH 7, dosage: 0.5 g L−1).

Fig. 9 Double dye degradation efficiency for VBR : RB5 ratios (a) 1 : 1,
(b) 2 : 1, (c) 1 : 2.

Fig. 10 Scavenger effect on photodegradation of (a) VBR, (b) RB5
(shaded area: equilibrium period).
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aer each cycle.85,86 In the case of VBR, Fig. 8(a), CPGNiO(5%)
PyP(1%) seemed extremely stable, maintaining its excellent
performance for ve cycles, losing only 16% of its initial
performance. The same trend was followed for the removal of
RB5, Fig. 8(b). The catalyst lost 5% of its efficiency in the second
cycle and then stabilized at 80–85% R%up to the h cycle. The
reduction in both cases could be explained by the occupied
active sites by the adsorption of each dye on the composite's
surface.87,88 Another reason may be the mass loss aer each
cycle, mainly to the centrifugation process to collect the mate-
rial. This comes in agreement with the FT-IR studies aer
photocatalysis, which showed that the composite maintained
its structural integrity.

Aer 4 h of photocatalysis, the FT-IR spectra of CPGNiO(5%)
PyP(1%) show that the functional groups still exist, with lower
intensity (Fig. S2). The lower intensity may be due to the
reduction in the number of functional groups of the material.89

However, it does not dramatically affect the photocatalysis
process, since it can be reused up to 5 times with a degradation
efficiency of up to 80%, according to the photocatalytic cycles of
Fig. 7.

3.2.5 Mixtures study. The effectiveness of CPGNiO(5%)
PyP(1%) towards binary dye mixtures was also examined, with
various VBR/RB5 ratios and the results are presented in Fig. 9(a–
c). In all studied cases, the catalyst kept its high performance,
eliminating more than 76% of both dyes. By increasing the RB5
quantity in the solution, the removal efficiency decreased. At pH
27692 | RSC Adv., 2025, 15, 27685–27699
7, VBR is negatively charged (pKa 4.24), as well as RB5 is slightly
negatively charged (pKa 3.8 and 6.9). Thus, these interactions
between two dyes could possibly hinder the degradation effi-
ciency. Similar behaviour was observed in other studies.90–92

3.2.6. Mechanism of photocatalytic degradation of dyes.
Experiments with various radical scavengers were performed to
examine the role of active species in degradation of VBR and
RB5. The trapping agents used were ethylenediamine tetra-
acetic acid (EDTA) as a hole (h+) scavenger, isopropanol (IPA) as
a hydroxyl radical (cOH) scavenger, acrylamide (AC) as super-
oxide radical (cO2

−) scavenger and silver nitrate (AgNO3) as
electron (e−) scavenger. The effects of these scavengers on the
photodegradation of VBR and RB5 are presented in Fig. 10a and
b, respectively. The addition of EDTA signicantly suppressed
the degradation of VBR conrming that photogenerated holes
(h+) play a dominant role in its oxidative degradation. In
contrast, for RB5, the presence of EDTA was unexpectedly
enhanced the dye degradation. This suggests that EDTA does
© 2025 The Author(s). Published by the Royal Society of Chemistry
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not act primarily as a hole scavenger. Instead, it may enhance
degradation by preventing electron–hole recombination
through hole capture, thus prolonging the lifetime of electrons.
These electrons can subsequently reduce O2 to superoxide
radicals (cO2

−), which contribute indirectly to dye oxidation.93

The use of IPA and AC had negligible effects on the degradation
of VBR, whereas for RB5, both caused moderate inhibition,
implying the partial involvement of cOH and cO2

− radicals in its
degradation pathway. Electron scavenging using AgNO3 resul-
ted in modest suppression of VBR degradation, suggesting that
although electrons are not the primary reactive species, they do
contribute to the generation of secondary oxidants such as cO2

−

and cOH. These ndings point toward a multi-pathway photo-
catalytic mechanism for both dyes.

In the case of VBR, hole-mediated oxidation appears to be
the dominant pathway, supported by electron–driven processes.
For RB5, the mechanism is primarily driven by cOH radicals,
with additional contribution from superoxide species. These
mechanistic insights highlight the well-optimized and syner-
gistic architecture of the CPGNiO(5%)PyP(1%) composite. The
intimate interaction between nickel oxide, the porphyrin
photosensitizer, GO and CS-PVA polymer matrix promotes
efficient charge separation, effectively minimizing electron–
hole recombination. The composite's structural conguration
ensures the availability of photogenerated holes at the surface
for direct pollutant oxidation, while also facilitating the gener-
ation of reactive oxygen species such as cOH and cO2

− through
enhanced electron transfer effects amplied by the conductive
and catalytic properties of GO and NiO. This integrated, multi-
pathway mechanism underlies the robust and sustained pho-
tocatalytic activity observed for both dye systems.

The photocatalytic performance of CPGNiO(5%)PyP(1%) was
systematically evaluated using VBR and RB5 dyes under
different degradation mechanisms: adsorption, photolysis, and
photocatalysis (Fig. 11). In the case of VBR, the adsorption
process resulted in only a slight decrease in dye concentration
over 210 minutes, suggesting minimal dye removal through
surface interactions alone. Photolysis caused a gradual reduc-
tion in dye concentration, indicating moderate degradation due
to light-induced processes in the absence of a catalyst. In
contrast, the photocatalytic process exhibited rapid dye degra-
dation, achieving nearly complete removal within 150 minutes,
Fig. 11 Comparison of degradation mechanisms (adsorption,
photolysis, photocatalysis) for (a) VBR, (b) RB5 (shaded area: equilib-
rium period).

© 2025 The Author(s). Published by the Royal Society of Chemistry
thereby highlighting the superior efficiency of the photocatalyst
in generating reactive species under light irradiation.

For RB5, photolysis had a negligible effect, with dye degra-
dation remaining nearly unchanged, whereas adsorption
resulted in a 44% removal of the dye. The photocatalysis
pathway, however, achieved rapid and near-complete degrada-
tion of RB5 within 60 minutes. These results underscore the
crucial role of CPGNiO(5%)PyP(1%) as an effective visible-light-
responsive photocatalyst, with both high electron–hole separa-
tion efficiency and optimal dye–surface interaction facilitating
signicant pollutant breakdown across varied dye structures.

To conclude, the combined mechanistic and performance
insights clearly highlight the synergistic efficacy of the
CPGNiO(5%)PyP(1%) composite. While adsorption and
photolysis separately proved only modestly effective, the pho-
tocatalytic process, powered by efficient electron–hole separa-
tion and robust visible-light absorption, drove a rapid and near-
complete degradation of both VBR and RB5. Mechanistic
studies conrm that both dyes are primarily oxidized by
photogenerated holes. Additionally, the cationic dye VBR
undergoes degradation through electron-mediated processes,
while the anionic dye RB5 is mainly decomposed via superoxide
radicals.94,95 In the case of RB5, adsorption onto the composite
played a signicant role in dye removal, which was subse-
quently enhanced by photocatalysis. This behaviour is attrib-
uted to favourable electrostatic interactions between the
anionic dye and the surface of the material. Altogether, these
ndings conrm that the tailored architecture of NiO,
porphyrin, GO, and chitosan-graphene oxide in CPGNiO(5%)
PyP(1%) enables a potent, multi-pathway photocatalytic mech-
anism that is highly effective across diverse dye types under
visible light irradiation. The mechanism of charge transfer
within the material upon excitation, as well as the associated
photocatalytic process, is depicted in Fig. 12.

The photocatalytic activity of the CPGNiO(5%)PyP(1%)
composite was initiated upon exposure to visible light, which
Fig. 12 Proposed photocatalytic degradation mechanism of
CPGNiO(5%)PyP(1%) under visible light.
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induced the generation of electron–hole pairs. Photoexcited
electrons migrated to the conduction band (CB), while the
corresponding holes remained in the valence band (VB), as
illustrated in eqn (3). These conduction band electrons subse-
quently reacted with molecular oxygen to form superoxide
radicals (cO2

−), whereas the valence band holes oxidized surface
hydroxyl groups or water molecules to produce hydroxyl radicals
(cOH), as described in eqn (4)–(6). These reactive oxygen species
(ROS), including cO2

− and cOH, are primarily responsible for
the degradation of dye molecules, as represented by eqn (7) and
(8).

CPGNiO(5%)PPyP(1%) + hv / e−(CB)+ h+(VB) (3)

e− + O2 / cO2
− (4)

h+ + OH− / cOH (5)

h+ + H2O / cOH + H+ (6)

cOH + dye / CO2 + H2O + photodegradation products (7)

cO2
− + dye / CO2 + H2O + photodegradation products (8)

The band gap of the composite was determined to be
approximately 2.2 eV, conrming its ability to harness light
from the visible region of the electromagnetic spectrum. This
visible-light-responsive behavior, combined with the compos-
ite's photostability under experimental conditions, enabled
efficient photocatalytic performance. Moreover, the catalyst
demonstrated excellent reusability over multiple photocatalytic
cycles without signicant loss in activity, highlighting its
potential for sustainable applications in pollutant degradation.

To better situate our work within the current research
landscape, we compared the performance of the CPGNiO(5%)
PyP(1%) composite with several recent visible-light-responsive
photocatalysts (Table 5). Notably, our system achieved high
degradation efficiencies for both cationic (Victoria Blue R,
96.3%) and anionic (Reactive Black 5, 90.5%) dyes, which is
comparable or superior to many state-of-the-art materials such
as rGO/Ni-BDP (86.2% for Methyl Orange) and MRGO/Zn0.5-
Cu0.5Fe2O4 (96% for Methyl Orange). While other systems oen
focus on single dye types or require acidic conditions, our
composite demonstrates broad-spectrum activity, strong reus-
ability (retaining >80% activity aer ve cycles), and effective-
ness in multi-dye environments under visible light. These
advantages are attributed to the synergistic integration of NiO
nanoparticles and a porphyrin-based photosensitizer within
a graphene oxide–chitosan aerogel matrix, which promotes
efficient charge separation and reactive oxygen species (ROS)
generation. This comparison highlights the promising potential
of our CPGNiO(5%)PyP(1%) composite as a scalable, sustain-
able solution for wastewater treatment.
4. Conclusions

In this study, a novel, visible-light-responsive photocatalyst was
successfully developed by integrating nickel oxide nanoparticles
© 2025 The Author(s). Published by the Royal Society of Chemistry
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and a porphyrin photosensitizer into a chitosan–graphene
oxide aerogel matrix. Among the synthesized materials, the
CPGNiO(5%)PyP(1%) composite exhibited outstanding photo-
catalytic activity, achieving high degradation efficiencies for
both cationic (Victoria Blue R) and anionic (Reactive Black 5)
dyes. This enhanced performance is attributed to the synergistic
interaction between the components, which promotes effective
charge separation and facilitates the generation of reactive
oxygen species under visible-light irradiation. Mechanistic
investigations revealed distinct degradation pathways for each
dye, highlighting the role of photogenerated holes, hydroxyl,
and superoxide radicals. The composite also demonstrated
excellent stability and reusability, maintaining over 80% of its
activity aer ve cycles, and performed effectively in a double
dye system, underscoring its practical applicability. Overall, the
tailored multi-component architecture of CPGNiO(5%)PyP(1%)
offers a promising platform for solar-driven wastewater treat-
ment. Its ease of fabrication, strong visible-light activity, and
broad-spectrum dye degradation capabilities position it as
a scalable and sustainable solution for addressing dye
pollution.
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