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tic reductive hydrogenation of an
organic dye by Ag decorated graphitic carbon
nitride modified MCM-41

Manas Ranjan Pradhan,a Braja B. Nanda,b Asima Subhadarshini,a Lipsa Pandaa

and Binita Nanda *a

Utilization of efficient, stable and reusable catalysts for wastewater treatment and catalytic elimination of

toxic pollutants is a challenge among researchers. This present work shows the synthesis of high-

surface-activity Ag nanoparticle decorated gC3N4 modified MCM-41 and its efficiency towards catalytic

hydrogenation of organic dye in the presence of reducing agent NaBH4. The proposed mechanism is

based on the transfer of H+ and 2e− between the dye and the catalyst. Adsorption of dye stuff on the

catalyst is a rate-determining step and is accelerated by the MCM-41 support which enhances the

surface area. The catalytic efficiency and optimum time requirement were examined through the

adsorption–desorption equilibrium, pseudo-first-order reaction kinetic model for the dye. The result

obtained was 98% catalytic efficiency followed by the catalytic hydrogenation reaction.
Introduction

A current worldwide concern, water pollution is constantly
caused by humans and is being addressed using a variety of
calculated strategies.1–5 Discharge of a wide variety of pollutants
like organics, pharmaceuticals, textile dyes etc. from industries
leads to wastewater treatment being more complicated. In
particular, the presence of organic dyes and non-biodegradable
pollutants like alcohols in wastewater represents a high risk to
human health and entire ecosystems.6–11 Different wastewater
techniques like coagulation, biological processes, adsorption,
catalytic processes, and photocatalytic processes are
adopted.10–13 Catalytic and light-derived processes are of low
cost, energy saving, simple to operate and green methods to
reduce the concentration of pollutants and convert them into
harmless byproducts. The presence of C]N, N]N, and N]O
in organic dyes means that catalytic hydrogenation using
NaBH4 is a promising method to reduce the toxicity.14–16 In
another way, photocatalytic oxidation of alcohols and their
derivatives to harmless products is challenging to the scientic
community. In this context, development of new catalysts is
essential to carry out these reactions.

In this scenario, metal nanoparticles play an important role in
the decolorization of organic dyes and in the presence of reducing
agent NaBH4 can accelerate electron transfer during the reduction
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reactions.17–19 In heterogeneous catalysis processes, control of
nanoparticle morphology contributes a major role in catalytic
efficiency. A number of nanoparticles (Au, Ag, Cu, Fe etc.) have
already been used in different catalytic applications.20 But today it
is a challenge to use nanoparticles in catalytic processes which
leads to a decrease in the active catalytic sites because of the
obstacle of their aggregation into larger particles. To avoid these
problems, immobilization of nanoparticles through doping and
coating on support materials overcomes the aggregation problem.
To overcome the aggregation problem, immobilization of nano-
particles on the surface of graphitic carbon nitride (gCN) is
a feasible alternative.21–23 The surface of gCN acts like an active
support favoring the process of adsorption and transfer of elec-
trons between metal nanoparticles and organic molecules,
enhancing the catalytic process. gCN is a p-conjugated two-
dimensional (2D) material with sp2 hybridization showing
improved performance in catalytic applications, high condensa-
tion increasing the thermal and chemical stability, faster charge
transport and suitable band gap (∼2.7 eV).24–26 Though gCN shows
good catalytic activity, photocatalytic activity is still not satisfactory
because of (i) limited absorption of broad-spectrum UV/visible
light, (ii) absence of interlayer hybridization of electronic states
inhibiting charge carrier mobilization, and most importantly (iii)
less surface area. To overcome these drawbacks, various strategies
are adopted, with doping, formation of heterojunctions, and
manipulating thematerial with an appropriate textural porosity to
increase the surface area having been emphasized.

MCM-41, having a structure with a hexagonal array, is the
best studied mesoporous siliceous material with high surface
area (∼1000 m2 g−1), wide pore diameter and pore volume. With
this excellent textural property, it is considered as a good
© 2024 The Author(s). Published by the Royal Society of Chemistry
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support material. Though it is amorphous by nature, it
possesses semiconducting property aer modication with
transition metals/metal oxides or polymeric semiconducting
materials, which are active under visible and UV light. This
modication of the MCM-41 support increases the surface-
active sites of the semiconducting material and facilitates
photogenerated charge transfer to the surface. To date, our
group has been attempting a number of works by taking
a mesoporous support for various applications. Binita and her
group synthesized metal/metal oxide modied MCM-41 (Cu/
ZrO2-MCM-41), ZnFe2O4/Al2O3-MCM-41, MnO2-MCM-41, Cu/
Al2O3-MCM-41, red mud/MCM-41, and Cu/CuO/gC3N4-MCM-41
for various photocatalytic oxidation and reduction
reactions.27–30

The synergistic combination of gCN andmetal nanoparticles
on a mesoporous support improves the conductivity of nano-
composites. The high surface area provides good adsorption
sites for better catalytic applications. During the preparation of
gCN/nanoparticle composite, the use of strong reducing agent
NaBH4 prevents the oxidation of gCN and promotes the
reduction process. Among the modications with different
nanoparticles (Au, Ag, Cu, Pt, etc.), the gCN/Ag composite has
attracted attention because of superior optical and electrical
properties and high catalytic hydrogenation activity among
other gCN/NPs composites.31 The presence of plasmonic Ag
nanoparticles enhances the photocatalytic activity due to the
localized surface plasmon resonance (LSPR) effect. The LSPR
effect is mainly due to the injection of hot electrons which
enhances the scattering of photons and leads to high photo-
catalytic performance. A handful of works have been attempted
by taking Ag/gCN for various applications. Plasmonic Ag
nanoparticle decorated g-C3N4 was synthesized by the Ding
group for the photocatalytic degradation of MO and H2 evolu-
tion.32 Khan et al. fabricated an environmentally sustainable Ag/
g-C3N4 nanostructure for the photocatalytic degradation of MB
and rhodamine B (RhB) and for its antibacterial activity.33 Li
and his team synthesized Ag/g-C3N4 nanosheets for photo-
catalytic oxidation of RhB.34

In this present study, we synthesized exfoliated gCN, which
was then anchored onmesoporous support MCM-41 to enhance
its surface-active sites. To increase the catalytic efficiency, the
surface of gCN/MCM-41 was modied with Ag nanoparticles.
Synthesis of Ag/porous exfoliated g-
C3N4-MCM-41

The detailed procedure is divided into four steps.
Step 1: Graphitic carbon nitride powders were prepared by

heating melamine and urea in a muffle furnace. A semi-closed
alumina crucible was lled with 5 g of melamine and 5 g of
urea with a cover. And the crucible was heated to 500 °C and for
2 h at a heating rate of 5 °C min−1. Aer the de-ammonization
was performed, the alumina crucible was cooled to room
temperature. The product was collected and crushed into
powder with the help of a mortar and pestle and named CN. 1 g
of porous g-C3N4 along with 135 mL distilled water were taken
© 2024 The Author(s). Published by the Royal Society of Chemistry
in a 250 mL beaker. Then, the contents were thoroughly mixed
and the solution was sonicated for 4 hours, followed by
centrifugation at 2000 rpm. Aer that, the obtained residue was
placed inside a hot air oven for 5 hours for 70 °C. The exfoliated
porous CN was collected and converted into powder with the
help of a mortar and pestle.

Step 2: 2.4 g of CTAB was mixed with 120 mL of distilled
water and stirred for 30 minutes with the help of a magnetic
stirrer. 0.8 g of exfoliated porous CN was added to the mixture
and stirred continuously for another 1 hour. Aer that, 8 mL of
NH4OH and 10mL of tetraethyl orthosilicate (TEOS) were added
and again stirred vigorously for 4 hours. The mixture was
centrifuged at 2000 rpm and the nal sample was calcined at
550 °C for 5 hours. Aer the calcination, the material was
converted into powder and named as CNM.

Step 3: 30 mL of 0.002 M sodium borohydride (NaBH4) was
taken in an Erlenmeyer ask and kept in an ice bath and stirred
continuously. 30 mL of 0.001 M AgNO3 was added dropwise and
the stirring was stopped as soon as all the AgNO3 was added and
slight heat was applied to the solution. At last, it was centri-
fuged, dried in a hot air oven for 5 hours for 80 °C and the
residue was collected.

Step 4: Different weight percentages (10, 50 and 90) were
impregnated on the surface of CNM through a wetness
impregnation method and air dried, and termed as 10 Ag/C3N4/
MCM-41 (10ACM), 50 Ag/C3N4/MCM-41 (50ACNM) and 90 Ag/
C3N4/MCM-41 (90ACNM).

Formation mechanism

CNM had been synthesized by facile incorporation (in situ) of
CN into the surface of MCM-41. Then, Ag(0) nanoparticles were
dispersed onto the surface of CNM. During the fabrication, the
silanol (Si–OH) groups present in MCM-41 and the available
lone pair of electrons present in N atoms of CN were responsible
for the reduction of Ag+ / Ag(0). Ag(0) nanoparticles are well
dispersed on the surface and get reduced over CN and Ag–O–Si
bonds are formed. This indicates the strong interaction of Ag
nanoparticles and SiO2. With a high loading of Ag, it may
encapsulate the pores of MCM-41 and form Ag2O particles. The
detailed formation mechanism of CNM is explained in two
steps as shown in Scheme 1.

Photocatalytic hydrogenation reaction

The catalytic hydrogenation reaction of RhB was evaluated
using NaBH4 as a reducing agent in a batch reactor. In a typical
experiment, 100 ppm of RhB (25mL) was taken in a closed Pyrex
ask and mixed with an appropriate amount of catalyst and
kept in a closed reactor. To maintain the adsorption–desorption
equilibrium, the reaction was stirred in the dark for 30 minutes
and then to it was added 25 mL of freshly prepared NaBH4. The
nal solutions were subjected to irradiation with a 150 W xenon
lamp with a 420 nm cutoff lter for a xed period of time, 90
minutes. The solutions were collected aer the xed period of
time and were evaluated through UV-visible spectroscopy at
lmax = 554 nm for RhB. In the reaction medium, the catalyst
RSC Adv., 2024, 14, 1072–1081 | 1073
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Scheme 1 Step by step mechanistic pathway to synthesize Ag nanoparticle modified gCN/MCM-41 (ACNM).
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dose was varied from 2 mg to 8 mg. The results for the
composite were compared with those for neat CN and CNMwith
same reaction conditions. The removal efficiency (%) of RhB
was calculated by the following formula:

Removal efficiency = (C0 − Ct)/C0 × 100%

where C0 is the initial concentration of dye solution in mg L−1

and Ct is the dye concentration aer the catalytic hydrogenation
process in mg L−1.
X-ray diffraction study

X-ray diffraction was used to determine the structural identity
and crystal structure of the synthesized composites, as shown
in Fig. 1. In the low-angle XRD pattern of MCM-41, the strong
intense (100) peak delineates the presence of mesoporosity
and the two less intense (110) and (200) peaks suggest the
existence of hexagonal long-range order in the channels.35

Aer the modication of CN with MCM-41, the strong (100)
peak proves that the mesoporosity is maintained, but there is
a slight broadening of the (100) peak, indicating the slight
reduction in hexagonal symmetry as shown in Fig. 1 (inset). In
1074 | RSC Adv., 2024, 14, 1072–1081
the broad-angle XRD pattern, two diffraction peaks of exfoli-
ated CN at 2q = 13.2° and 27.6° describe the planar structure
indexed as (100) plane and interlayer stacking of conjugated
aromatic system indexed as (002) plane, respectively.36,37

There is no signicant peak visible aer the modication of
MCM-41 with CN because of uniform distribution of very low
percentage of CN over the large surface area of MCM-41. The
2q peak near 22.8° represents the presence of SiO2. The
crystallinity decreased and shows a partial amorphous nature
because of hybridization of SiO2 with CN. Aer the modi-
cation of CNM surface with different percentages of Ag
loading, the crystallinity increases. The peaks at 2q = 38.4°,
45.3°, 65.7°, and 79.1° corresponding to (111), (200), (220),
and (311) planes, respectively, represent the presence of Ag
nanoparticles. As the Ag loading increases, the peak intensity
is more prominent and conrms the presence of Ag on the
surface of CNM. The crystallite size can be calculated by the
Scherrer equation (Table 1).
XPS

Formal oxidation state and surface chemical environment
were analyzed through XPS spectra, as demonstrated in Fig. 2.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05608b


Fig. 1 Broad-angle XRD patterns of (a) gC3N4 and exfoliated gC3N4, with inset (b) small-angle XRD patterns of MCM-41 (a) and gC3N4/MCM-41
(b). (c) Comparison of broad-angle XRD patterns of gC3N4/MCM-41, neat Ag nanoparticle along with Ag modified (10 wt%, 50 wt%, and 90 wt%)
gC3N4/MCM-41.

Table 1 Calculated crystallite size using the Scherrer equation

Sample
Crystallite
size (nm)

g-C3N4 6.85
g-C3N4/MCM-41 0.28
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The survey spectrum of Ag/C3N4-MCM-41 (ACNM) is shown in
Fig. 2a with signals from C, N, Si, Ag elements. Fig. 2b depicts
the high-resolution XPS spectrum of C 1s which, aer
Gaussian curve tting, was deconvoluted into three single
peaks representing functional groups at 284.8 eV (C]C),
285.8 eV (N–C–O), and 288.2 eV (C]N). From the observed
peaks it is clear that the binding energy of 284.8 eV mainly
corresponds to surface and adventitious sp2 hybridized
carbon atoms attached to nitrogen atoms present in the
atomic ring of the CN lattice. Again, the peak at 288.2 eV
corresponds to a carbon atom bonded to three nitrogen atoms
in the same way as that of carbon atoms in melamine mole-
cules. The XPS tting of N 1s in Fig. 2c gives the result of
deconvoluted peaks in the identication of three chemical
states of nitrogen at 394.3 eV, 398.1 eV, and 399.9 eV which
correspond to sp2 hybridized aromatic N bonded to carbon
atoms in the form of C]N–C. Another two peaks at 398.1 and
399. 9 eV are ascribed to tertiary nitrogen atom bonded to
three carbon atoms N–(C)3 in the CN matrix and to H atom in
N–H bonding. Fig. 2d shows the deconvoluted XPS spectrum
of Si 2p with peaks observed at 101.5 eV and 100.8 eV. The
binding energy peaks at 100.8 eV and 101.5 eV are assigned to
the presence of Si–Si (Si substrate) and Si-OHx bonds,
respectively. The XPS study shows a peak for O 1s at 532.6 eV,
as shown in Fig. 2e, which might be due to the Si–O bond
which indicates the close relation between silicon and
oxygen. Further, the high-resolution XPS spectrum of Ag 3d
© 2024 The Author(s). Published by the Royal Society of Chemistry
has two peaks obtained due to the spin–orbit coupling and
related to 3d3/2 and 3d5/2, as shown in Fig. 2f. As per
a previous report, the binding energy peaks at 374.2 eV and
368.2 eV are due to the presence of bulk Ag or Ag nano-
particles and binding energies at 374.7 and 368.7 eV suggests
the existence of Ag+ oxidic state. Aer the incorporation of
different weight percentages of Ag onto the surface of g-C3N4-
MCM-41, the peaks are slightly shied and the binding
energies are located at 366.0 eV, 366.9 eV, 371.8 eV, and
372.5 eV by peak-differentiating technique. The two peaks at
366.9 eV and 372.5 eV are mainly due to the presence of
metallic Ag and the shoulder peaks at 366.0 eV and 371.8 eV
are in good agreement with Ag+ state.
N2 adsorption–desorption isotherm

The N2 adsorption–desorption isotherm technique was used
to measure the surface area and porosity of the samples
through BET analysis. Fig. 3 shows the BET surface area, pore
size and pore volume of all the composites (CN, CNM, and
50ACNM). From our previous study, the specic surface area
of MCM-41 was recorded as 878 m2 g−1.38 The surface area of
pristine CN is found to be 4.7 m2 g−1. Aer modication of
CN with MCM-41 (CNM), this was increased to 200 m2 g−1

and the type IV isotherm is maintained. This conrms the
mesoporosity is maintained. But the surface area is again
reduced aer modication of the uid–uid interaction as
well as uid-wall attraction in mesoporous materials.
Hence at pore walls there occur capillary condensation
and multilayer adsorption of uid which facilitate the
condensation process. The N2 sorption process did not
follow the same path as that of adsorption and hence a loop
is observed which affects the tensile strength and
capillary condensation. Again, there is a decrease in surface
area with loading of silver nanoparticles on the surface of
RSC Adv., 2024, 14, 1072–1081 | 1075
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Fig. 2 (a) Survey spectrum of 50Ag modified gC3N4/MCXM-41. XPS spectra of (b) C 1s, (c) N 1s, (d) Si 2p, and (e) Ag 3d.
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CNM. Though the surface area of the modied materials is
less as compared to CNM, the active sites are uniformly
distributed on the surface, increasing the catalytic activity.
The pore volume and pore size follow the same trend as that
of surface area and mesoporosity is maintained. The
pore size and pore volume of all the materials are shown in
Table 2.
Fig. 3 BET analysis of gC3N4 (CN), gC3N4/MCM-41 (CNM), and Ag/gC3N

1076 | RSC Adv., 2024, 14, 1072–1081
UV-visible diffuse reflectance
spectroscopy

UV-visible diffuse reectance spectroscopy provides the optical
properties, adsorption sites, and band gap energy of the
prepared samples, as displayed in Fig. 4A. From our previous
study it was seen that CN shows an absorption band in the 300–
4/MCM-41 (ACNM).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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400 nm range. Aer modication with MCM-41, a strong UV
and blue absorption band with absorption edge around 350 nm
is observed. The spectrum of ACNM shows a signicant
improvement in the absorption region. The loading of Ag
remarkably increases the absorption of ACNM and there is a red
shi and a broad absorption in the visible region from 400 to
600 nm. This is mainly due to the SPR excitation of Ag nano-
particles which shows an efficient plasmon resonance in the
visible region. This leads to more light absorption which facil-
itates a greater number of electron–hole pairs and subsequently
increases the photocatalytic activity. Moreover, the SPR effect of
the metallic Ag causes an enhancement of the local electro-
magnetic elds which speeds up the separation rate of photo-
generated electron–hole pairs in the near-surface region of CN.
The photogenerated electrons can be instantly scavenged by Ag
nanoparticles at the interface of the Ag/g-C3N4 catalyst, creating
a Schottky barrier that effectively reduces the probability of
recombination of photogenerated electron–hole pairs.

To investigate the charge transfer, separation capacity and
recombination of electron–hole pairs, photoluminescence
spectroscopy was used. Fig. 4D presents the PL spectra of CN,
CNM, and ACNM with excitation at 380 nm at room tempera-
ture. All the materials exhibited a strong PL band centered at
425 nm, similar to the UV-visible spectra. PL intensity showed
a trend with increasing order of ACNM < CNM < CN. PL inten-
sity is directly proportional to electron–hole recombination and
ACNM exhibits a signicantly lower PL intensity than the other
two materials. This conrms that there is a channelization of
electron–hole pairs due to the electron relay effect and increases
the catalytic efficiency.
Catalytic hydrogenation reaction

Decolorization of 100 ppm RhB was examined using all the
prepared catalysts (CN, CNM, and ACNM) in the presence of
NaBH4 as a reducing agent. It is observed that in the presence of
NaBH4, the dye molecule is converted to the leuco form, which
is shown in Scheme 2. A handful of literature studies have been
reported to date using NaBH4 in dye degradation processes.
Dasari et al. synthesized g-C3N4 nanosheet-supported CuS for
photocatalytic degradation of 4-NP using NaBH4.39 Bruno and
Leudemir prepared Ag decorated reduced graphene for catalytic
hydrogenation of MB and RhB using NaBH4.15 Mengqing and
his team synthesized silver decorated silica for photocatalytic
degradation of MB using NaBH4.40 In the proposed mechanism,
Ag nanoparticles act as an electron relay system. That means the
process involves the transfer of electrons from an e− donor
(NaBH4)

− ion to an e− acceptor (RhB). The reduction using
Table 2 Surface properties of the as-synthesized materials

No. Catalyst
Surface area
(m2 g−1)

Pore volume
(cm3 g−1) Pore size

1 CN 4.7 0.009 3.30
2 CNM 200 0.077 3.11
3 ACNM 22 0.037 3.23

© 2024 The Author(s). Published by the Royal Society of Chemistry
NaBH4 is thermodynamically favorable because there is
a signicant difference between the reducing potential of the
acceptor and donor species. The detailed mechanism of cata-
lytic hydrogenation of RhB is explained in several steps. In step
I, NaBH4 decomposes and H2 and e− are formed in the reaction
as follows:

2NaBH4 / 2Na+(aq) + 2BH4
−
(aq) / B2H6 + H2 + 2e−

The H2 and 2e− are taken by Ag/gC3N4/MCM-41. Step II
involves the adsorption of H2 molecules followed by dissolution
onto the Ag(0) nanoparticle surface. Ag nanoparticles act as an
electron relay, producing hydrogen species partially charged on
their surface. In step III, the dye (RhB) molecules are adsorbed
on the catalyst surface due to the presence of high surface
activity of MCM-41 and p–p interactions in graphitic carbon
nitride, being the rate-determining steps. In step IV, the
adsorbed dye is captured by the electrons (2e−) present in the
active sites of Ag nanoparticles along with the hydrogen species
(1H+) adsorbed with positive partial charge. In step V, the
colorless leuco dye aer reduction is desorbed from the catalyst
surface leading to reactivation. In the proposed mechanism of
the RhB degradation process (i.e., hydrogenation reaction), the
dye molecules are adsorbed on the surface of the catalyst in the
presence of BH4

− ions and redox reactions occur to produce the
colorless products. Of the two electrons generated during the
hydrogenation reaction, one electron reacts with the central
carbon atom of RhB, neutralizing the iminium cation charge
along with the radical carbon. The second electron reacts with
the radical carbon to generate a carbanion. This carbanion
captures the hydrogen having partial positive charge that is
adsorbed on the surface of the silver nanoparticles leading to
the hydrogenation process and converting RhB to the leuco
form.

During the photocatalytic reaction, the adsorption–desorp-
tion spectra of RhB were obtained, as shown in Fig. 5a. An
intense absorption band is seen at lmax = 554 nm for RhB. At
different time intervals, the intensity (time-dependent curve)
gradually declines. It shows that 120 min is the optimum time
set for the photocatalytic degradation of RhB. It implies the
complete disappearance of bands associated with chromophore
group of the dye. In the reaction process, pH plays a major role,
the dye (RhB) changing its spectra at different pH. Fig. 5b
depicts the RhB decolorization at different pH. It is seen that in
alkaline medium, RhB can undergo a pH-reversible catalyzation
reaction giving rise to colorless, non-uorescent leucoform.
Originally, the pH of RhB solution is 7 and aer the addition of
NaBH4, it increases to nearly 10, leading to decolorization of
RhB. The photocatalytic rate was calculated for different catalyst
doses (2, 4, 6, 8, and 10 mg) using ACNM as the standard
catalyst at different time intervals. As seen from Fig. 5c, when
the amount of catalyst increases from 2 mg L−1 to 6 mg L−1 the
reaction rate undergoes a process of rst increasing, and then
decreasing from 8 mg L−1 to 10 mg L−1. The apparent rate
constant with an increase in catalyst dose rst increases and
then decreases (−0.0225 min−1, -0.0223 min−1, -0.0221 min−1,
-0.0233 min−1, and -0.0237 min−1). From the experimental
RSC Adv., 2024, 14, 1072–1081 | 1077
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Fig. 4 (A) UV-visible absorption spectra of (a) Ag/gC3N4/MCM-41, (b) gC3N4, and (c) gC3N4/MCM-41. (B) Band gap of gC3N4/MCM-41, (C) band
gap of Ag/C3N4/MCM-41, (D) PL spectra of (a) gC3N4/MCM-41, (b) gC3N4, and (c) Ag/gC3N4/MCM-41.
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result, it is seen that 6 mg catalyst could promote the decolor-
ization reaction efficiency to 98% within 90 min, as exhibited in
Fig. 5c. With a further increase in catalyst dose, the degradation
efficiency decreases. This is because with an increase in catalyst
dose active sites may be occupied and there is repulsion
between adsorbed molecules and the free ions in the solution.
Scheme 2 Schematic representation of catalytic hydrogenation of RhB

1078 | RSC Adv., 2024, 14, 1072–1081
The photocatalytic degradation of RhB requires the simul-
taneous involvement of organic molecules and oxygen. As
oxygen is abundant, its concentration is said to be constant
throughout the photocatalytic reaction. According to the law of
mass action, the photocatalytic reaction follows a quasi-rst-
order reaction with photocatalytic rate as follows:
using NaBH4 as a reducing agent.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) 100 ppm RhB adsorption–desorption spectra with 50Ag/gC3N4/MCM-41 at different time intervals. (b) Effect of pH on performance of
50Ag/gC3N4/MCM-41. (c) Effect of catalyst dose on RhB degradation. (d) Catalytic hydrogenation rate over all synthesized catalysts. (e) 1st order
kinetics mechanism of different concentrations of 50Ag/gC3N4/MCM-41 with 40 ppm RhB solution. (f) Reusability test of 50Ag/gC3N4/MCM-41.

Table 3 Representation of the kinetic parameters of RhB decolor-
ization and the correlation coefficient (R2)

No.
Concentration of
CIP (ppm) Kapp (min−1)

Regression
coefficient (R2)

1 20 0.0046 0.978
2 40 0.0026 0.963
3 60 0.0024 0.960
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r = −dC/dt = kC

where k is the rate determining constant and C is the concen-
tration of RhB that adsorbs on the photocatalyst surface at time
t.

The adsorption of RhB on the surface of the photocatalyst is
a vital process for the photocatalytic reaction. The adsorption–
desorption (A–D) equilibrium is considered to follow a Lang-
muir isotherm. If the A–D equilibrium is still satised during
the photocatalytic experiment under visible light illumination,
the model can be represented as:

r = −dC/dt = kKC/1 + KC

This is the Langmuir–Hinshelwood (L–H) model. In the
equation, K is the A–D equilibrium constant and C is the reac-
tion concentration in the solution at time t. By integrating the
above equation from 0 to t, another form of the L–H model can
be written:

−ln Ct/C0 = Kat + b

where Ka is the apparent rate constant, which is the product k
and K, C0 is the initial concentration and Ct is the nal
concentration. The slope of the linear correlation between ln(Ct/
Co) and t provides the apparent rate constant. Table 3 summa-
rizes the kinetic parameters of RhB decolorization using
different composites including blank. It is seen from the table
that the correlation coefficient (R2) is nearly equal to 1, sug-
gesting that the kinetic model is suitable in describing the RhB
decolorization. It is seen that Ag nanoparticle modied CNM
© 2024 The Author(s). Published by the Royal Society of Chemistry
exhibited the highest percentage of catalytic reduction of RhB in
the presence of NaBH4. The potential of a catalyst for reuse or
recycling is an important aspect in the wastewater treatment
process. During evaluation of decolorization, the catalyst
(ACNM) was reused for four consecutive cycles shown in Fig. 5f.
Aer each run, the catalyst was rinsed, dried and reused for the
next run. It was observed that aer four consecutive runs the
efficiency of decolorization of RhB was not decreased appre-
ciably. However, there is a modest decrease in decolorization
response with increasing number of cycles due to the incom-
plete sorption of dye molecules from the surface of the catalyst.

The ACNM respond the fast decolorization because of the
following factors: (i) high surface area, (ii) surface plasmon
resonance effect of Ag nanoparticles, (iii) role of NaBH4, and (iv)
reduced rate of electron–hole recombination.

High surface area

The modication of the composite by the mesoporous support
(MCM-41) increases the surface area and acts as a support. The
CN sheet also has a key role in the decolorization process by
avoiding the aggregation of Ag nanoparticles and the p–p
4 80 0.0002 0.971
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stacking interaction enhances the adsorption of the dye onto
the surface. This increases the transfer of electrons from donor
to acceptor and increases the reaction rate.

Surface plasmon resonance effect of Ag nanoparticles

The photocatalytic hydrogenation reduction reaction with the
prepared catalyst depends upon the LSPR effect of Ag(0). Loading
of Ag increases the absorption of visible light through the surface
plasmon resonance effect and creates a Schottky contact between
Ag and gCN. Apart from this, Ag nanoparticles act as an electron
relay, producing hydrogen species partially charged on their
surface and helping in the catalytic reduction process.

Role of NaBH4

NaBH4 acts as a reducing agent for the catalytic hydrogenation
reaction of RhB. It is itself reduced and produces molecular
hydrogen and diborane as byproduct along with the release of
extra electrons. These generated electrons are captured by the
adsorbed dye which is reduced to the leuco form.

Reduced rate of electron–hole recombination

During the absorption of light energy on the surface of the
catalyst, electrons jump from the valence band to the conduc-
tion band of gCN. Loading of Ag on the surface of gCN acts as
a co-catalyst. The electrons in the conduction band of gCN are
transferred to Ag nanoparticles and act as an electron relay
agent. This approach provides a better channelization of elec-
trons and helps in the reduction of electron–hole recombina-
tion and increases the catalytic hydrogenation efficiency.

Conclusion

Exfoliated gCN was synthesized by a simple thermal poly-
condensation reaction and then it was incorporated into MCM-
41 to enhance the surface-active sites. Lastly, plasmonic Ag
nanoparticles were anchored onto the surface of gCN/MCM-41
by a wetness impregnation method. Ag/gCN-MCM-41 showed
excellent catalytic activity for the catalytic hydrogenation of
RhB. This is because of the LSPR effect which enhanced the
scattering of photons towards the absorption of more light. The
Ag nanoparticle decorated catalyst promotes the catalytic
reduction of RhB in the presence of NaBH4 as reducing agent to
an efficiency of 98% within 90 minutes, converting the dye to
colorless hydrogenated form. The catalyst reuse data indicated
that the catalyst showed nearly 80–85% efficiency aer four
consecutive cycles. The catalyst is environmentally benign, of
low cost and maintains sustainability for further use.
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